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Building the vertebrate heart -
an evolutionary approach to cardiac development
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ABSTRACT The vertebrate heart is unique among the blood pumps described in metazoans. In
contrast to the myoepithelial tubes found in most animal phyla, the vertebrate heart is made up
of multilayered myocardial cells surrounded by connective tissue derived from epicardium and
endocardium, and endowed with complex valvular, coronary vessel and conduction systems.
Despite these profound differences, a common genetic program seems to underlie the specifica-
tion and differentiation of all the cardiac tissues. In this article, we will review the similarities in
the transcriptional networks and signalling mechanisms regulating cardiac development in
different animals, as well as the origin of the main differences existing between vertebrate and
invertebrate hearts. We will pay special attention to the hypotheses concerning the evolutionary
origin of the endothelium and the epicardium from ancestral blood cells and pronephric progeni-
tors, respectively. We can summarize the transition between the invertebrate and the vertebrate
heart as the result of the thickening of the primarily myoepithelial cardiac tube which was
concomitant with: 1) an inner lining by an endothelium with the ability to transform into
mesenchyme; 2) an outer lining derived from an ancestral pronephric glomerular primordium with
vasculogenic potential; 3) a neural crest cell population which reaches the heart from the
pharyngeal region; 4) the incorporation of new myocardium at both ends from a second heart field
and 5) the formation of specialized chambers. The complex interactions between all these
elements originated an exceptionally powerful blood pump which allowed vertebrates to reach

their characteristically large size and activity.
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Introduction

Hearts, considered in a broad anatomical and functional sense
as single, specialized blood-pumping organs localized in the
midline of the organism, are found in many animal taxa, including
those phylogenetically closer to vertebrates (for a detailed de-
scription and evolutionary analysis see Xavier-Neto et al., 2007).
Notwithstanding, the vertebrate heart is unique in the Animal
Kingdom. The large volume of striated muscle surrounded by
connective tissue, the multichambered structure with complex
valvular systems between chambers, the presence of epicar-
dium, endocardium, coronary vessels and conduction system
and, especially, its high mechanical performance, place the
vertebrate heart very far away from all the other blood-pumping
organs from Metazoans. These unique features, however, should
not lead us to consider the vertebrate heart as a “phylogenetically
isolated” organ lacking of an evolutionary history. Common devel-

opmental blueprints for the determination of the cardiac progeni-
tors in different animal phyla have been revealed in the last two
decades by the advances in the knowledge of gene expression
patterns. NK homeodomain proteins, Hand, GATA and T-Box
transcription factors are involved in cardiac specification in verte-
brates as well as in insects, while BMP and FGF signals are
required for cardiac induction in both cases (Zaffran and Frasch,
2002). Finally, the main anatomical difference which is usually
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Fig. 1. Development of the hemal sys-
tem and evolutionary origin of the
heart. (A) In coelomate animals, the
nutrients (green arrows) absorbed through
the digestive tract (DT) arrive to the coelo-
mic cavity (CO), from where they reach
the viscerae (V). In this way, the nutrients
have to cross twice the coelomic epithe-
lium (CE). (B) The hemal system (in light
orange, HS) developed from a network of
spaces between the basal laminae (in
dark orange, BL) of the gut epithelium (in
yellow) and the coelomic epithelium, and
also between the basal laminae of the
mesenteries (MES). In this way, the nutri-
ents are conveyed directly to the viscerae
surrounded by hemal spaces. (C) The
heart (H) arose from transformation of the
mesenteric coelomic epithelia into myo-
epithelial cells (MEC), which acquired con-
tractile abilities and pumped the hemal
fluid (i.e. the blood) between the digestive
tract and the viscerae. (D) The hemal

system (HS) can be observed stained in dark blue in this oligochaete annelid (Lumbricus) between the epithelium of the digestive tract (DT) and the
coelomic epithelium (CE). (E) The heart (H) of the same specimen is an enlarged dorsal vessel surrounded by myoepithelial cells (MEC).

claimed between the hearts from protostomes (annelids,
arthropods, molluscs) and the vertebrate (deuterostome) heart,
i.e. a dorsal and ventral localization, respectively, has been
effaced by new concepts in developmental biology as it is now
known that the dorsoventral axis has shifted in these organisms,
a radical change probably related to the development of a novel
mouth in deuterostomes. Thus, all the metazoan hearts share not
only a common gene expression basis, but also a defined topo-
logical localization (Lowe et al., 2006; Gerhart, 2006).

The existence of great morphological differences among meta-
zoan hearts together with a hypothetical common origin for these
organs (grounded both on comparative and molecular evidences)
drives us to a question which will constitute the leitmotiv of this
review: How did these differences arise in evolution? Or, put in
other words, how was the vertebrate heart built? Surprisingly, this
evolutionary approach to the origin of the features of the verte-
brate heart is missing in the specialized literature, which has
specifically focused on the shared genetic programs displayed
during cardiogenesis (Holland et al., 2003; Liu et al., 2006; Olson,
2006, Srivastava et al., 2006) or on the evolution of the heart
within vertebrates (Moorman and Christoffels, 2003). Exceptions
to be mentioned are two excellent reviews by Sim6es-Costa et al.
(2005) and Xavier-Neto et al. (2007), where the origin of the
chambered heart in vertebrates and the issue of the homology of
the animal pumping organs are discussed, respectively. We can
also quote the studies on the heart of the urochordate Ciona,
including an interesting discussion on the origin of some of the
evolutionary novelties leading to the vertebrate heart (Davidson
and Levine, 2003; Davidson, 2007). It is the main aim of this
review to further develop this point of view, based on comparative
anatomical and developmental data. In order to do so we will also
elaborate on some of our recent work on cardiac development,
especially the new models that try to answer some of the hitherto
unexplained features of the vertebrate heart, such as the pres-

ence of three tissue layers (endocardium, myocardium, epicar-
dium) instead of the single myoepithelial-like cell layer found in
the majority of invertebrate hearts.

Before starting with other considerations we would like to
comment on the term “invertebrates” which we will use throughout
this article. We are aware that “invertebrates” cannot be consid-
ered a monophyletic group, and for this reason we are not
intending to use the term with a taxonomic meaning. However, the
purpose of this review is, as stated above, to account for the origin
of the differences between the vertebrate heart and all the other
blood-pumping organs which have been described in the meta-
zoans. Thus, we will use “invertebrates”, for sake of simplicity,
when referring to a set of animal taxa excluding the vertebrates.

The vertebrate heart is unique among Metazoans

As we have stated above, the vertebrate heart is a chambered
organ, constituted by a multilayered myocardium lined externally
and internally by epicardium and endocardium, respectively. This
heart is thus very different to all the other blood-pumping organs
found in metazoans (differences are summarized in Table I; see
also Xavier-Neto et al., 2007). Within invertebrates we also find a
high degree of variability in their hearts, as we will briefly describe
in this chapter.

Due to the extensive genetic, developmental and morphologi-
cal studies performed in Drosophila, the insect heart is a well-
known structure. In Drosophila, the heart is the only vascular
structure that remains in the adult. It consists of a single, poste-
riorly blind tube of contractile cells located in the dorsal midline
and surrounded by “pericardial cells”. The function of these cells
is probably excretory, and they should not be confused with a true
pericardium. During relaxation, hemolymph enters the heart
through orifices, and it is pumped to the anterior part of the body
by contractions originated in the posterior end (Bodmer and



Frasch, 1999). The phylogenetically advanced condition of the
Drosophila heart is demonstrated by comparison with crusta-
ceans. Heart in decapods is constituted of a single-chambered
sac located into a pericardial chamber (Martin and Hose, 1992).
The cardiac wall is composed of several layers of striated muscle,
externally covered by a coelomic epithelium. Muscular valves
have been described in some species (McMahon, 2001).

Annelids also show a patent heart constituted by a dorsal
vessel composed of a myoepithelium which is able of peristaltic
contractions (Jamieson, 1992). Blood is received from posterior
vessels and is pumped in an anterior direction (Figure 1E).

The most complex hearts in invertebrates are found in the
molluscs, and more specifically in the cephalopods (Budelmann
et al., 1997), which are the biggest invertebrates known. Cepha-
lopod hearts are multichambered, constituted by two atria (four in
Nautilus) and a single ventricle. Valves composed of muscular
tissue are located between the atria and the ventricle. The atria
are formed by 1-2 layers of striated muscle cells surrounded by a
collagen-rich matrix. The ventricle is thick, trabeculated, with up
to 45 layers of striated muscle cells. This myocardium is covered
by a coelomic epithelium (named “epicardium” by analogy). There
isno endocardiumin these hearts, although the thick basal lamina
which is in contact with the blood frequently shows attached
circulatory cells (amoebocytes, see below). Myocardial cells are
supplied either by the blood circulating through the intertrabecular
spaces or by a marginal sinus comprised between the outer
myocardial layer and the coelomic epithelium. Octopods lack of
marginal sinus and blood microvessels have been described in
the surface of the heart. This is the only reported case of a
structure similar to coronary vessels in invertebrates, although
these vessels lack of endothelium as described below.

Hearts in deuterostomes, with the exception of vertebrates, are
farless developed. Echinoderms actually lack of aheart. The axial
organ, an enlarged blood vessel constituted of myoepithelial
cells, has been claimed to be a pumping organ for the hemal fluid,
but many other vessels of these animals are also contractile and
contribute to the circulatory function (Chia and Koss, 1994;
Smiley, 1994). Hemichordates show contractile dorsal and ven-
tral median vessels, derived from the mesenteria. Additionally, a
“heart vesicle” has been described in the hemichordate proboscis
(an elongated anterior appendage characteristic of this taxon).
This structure is a sac constituted by the coelomic epithelium
which surrounds the central blood sinus of the head and com-

Building the vertebrate heart 1429

presses it against the stomochord (an anterior diverticulum of the
mouth cavity, formerly regarded as a notochord-related structure)
(Benito and Pardos, 1997). The heart vesicle is associated to a
glomerulus, a labyrinth of blood sinuses lined by podocytes,
which are coelomic cells with a filtering function. The metabolic
waste filtered from the blood is released to the coelom of the
proboscis and finally evacuated outside the body through a pair
of coelomic pores. Stomochord, heart vesicle and glomerulus
constituted the so-called preoral heart-kidney or proboscis com-
plex of hemichordates.

Urochordates show a tubular heart composed of a single
layered myoepithelium surrounded by a pericardial cavity, the
only coelomic cavity of the adult. Pericardium and myoepithelium
derive from the same coelomic vesicle which invaginates in the
embryo. The heart is V-shaped in Ciona, and shows striated
myofilaments (Davidson, 2007). The cardiac myoepithelium pumps
the blood, changing the direction of pumping every few minutes
due to the alternating predominance of a pair of myogenic
pacemakers placed at the ends of the tube (Burighel and Cloney,
1997). Instead, Cephalochordates do not show a definite heart,
although the progenitors of a midventral-subintestinal vessel,
constituted of a simple myoepithelial tube, expresses AmphiNk2-
tin, a gene similar to the NK2 class of vertebrates (Holland et al.,
2003). However, blood circulation is caused by pulsation of the
walls of many vessels, including the afferent pharyngeal arteries
(Ruppert, 1997).

A common coelomic origin for animal hearts

Despite the large differences between the metazoan hearts,
summarized in the previous section, all of them share a common
involvement of the coelomic epithelium in their development. The
heart can simply be a fold of this epithelium, whose cells develop
myofibrils and contract, pumping the blood through the hemal
spaces (myoepithelial heart), or it can be, as it happens in
vertebrates, a complex pump formed by multiple layers of striated
muscle. But even in this case, the earliest stages of the cardiac
development are characterized by the presence of a cardiac tube
continuous with the coelomic epithelium. In order to discuss this
close cardiac/coelomic relationship we need to briefly describe
first the nature and origin of the circulatory system in the meta-
zoans.

The exchange of nutrients, waste or disolved gasses in acoe-

TABLE 1

COMPARISON OF VERTEBRATE AND INVERTEBRATE HEARTS

Invertebrates

Vertebrates

Chambers
as it known

Working cells
45 in cephalopods)

Origin of contraction
Conduction system
Endocardium

Neurogenic or autonomous

Always absent except for the myogenic pacemakers
Always absent

Valves

Epicardium
cells to the cardiac wall

Vascularization

Sometimes present, but always derived from the muscular walls of the heart
In some groups a coelomic epithelium invests the heart but it does not supply

Luminal blood flow. Some “capillaries” lacking of endothelium in cephalopods

Usually one (except cephalopods), derived from a single cardiogenic field as far Originally four, arising from a primary and a secondary cardiogenic field

Usually a myoepithelium, sometimes a few layers of striated muscle cells (up to Multilayered striated myocardium

Autonomous (intrinsic myogenic pacemaker)
Present at least in Tetrapods
Always present

Always present, derived from myocardium (sinoatrial), or with leaflets derived from the
endocardium, with contribution of other populations (epicardially derived cells, neural crest)

Always present, and originated from an extracardiac primordium. It gives rise to cardiac
vessels and connective tissue

Coronary cardiac vessels, well developed except for small fish and some amphibians
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lomate animals (cnidarians, ctenophores, platyhelminthes) oc-
curs by diffusion throughout the intercellular medium. Fluid-filled
cavities of the so-called “pseucoelomates” and specially the
coelomic cavities of the coelomates, lined by a mesodermal
epithelium, were the first structures which allowed for a better
diffusion of these substances (Figure 1A). We are aware that
coeloms probably appeared through different mechanisms in
protostomozoans and deuterostomozoans, and it is possible that
many “pseudocoelomate” taxa derive from coelomate ancestors
that have lost the coelomic lining (Wallace et al., 1996). Anyway,
the existence of a cavity around the gut and the main viscerae,
irrespectively of its origin, contributed to the supply of nutrients to
the organs and allowed for larger body sizes.

The hemal or circulatory system probably originated in coelo-
mate animals from the opening of spaces between the basal
laminae of the endodermal and coelomic epithelia (Ruppert and
Carle, 1983; this is known as the “R&C model”). These spaces
progressed between the coelomic epithelia which are juxtaposed
forming the mesenteries. The expansion of this network of fluid-
filled spaces, lined by the basal laminae from different epithelia,
reached and surrounded most viscerae giving rise to the vessels
of the hemal system (Figure 1B-D). It is important to emphasize
that invertebrate vessels are always lined by basal laminae (i.e.
extracellular matrix). In some groups, coelomic myoepithelial
cells acquired occasionally the ability to grow into other tissues
thus forming microvessels in non-visceral areas. This is the case
of the vascularization of the mollusc mantle, which could in this
way become a high-performance locomotory organ. It is impor-
tant to remark the differences between this “invertebrate angio-
genesis” and the typical angiogenic process of vertebrates, since
the latter is a result of the activity of the endothelial cells whereas
invertebrate microvessels are composed only of myoepithelial
cells.

The primitive hemal systems, established between endoder-
mal and mesodermal basal laminae, had two advantages respect
to the coelomic circulation of nutrients. First, they were closer to
the endodermal epithelium and thus to the nutrients absorbed
through the gut, which reach the hemal space before than the
coelomic cavity. Second, and probably mostimportant, the hemal
spaces are originally lined by the visceral layer of the coelomic
epithelium, that frequently undergoes myoepithelial differentia-
tion or it even gives rise to perintestinal smooth muscle. The
evolutionary transition from coelomic epithelium towards a
myoepithelium and a visceral smooth muscle has been described
by Ruppert (Ruppert, 1991; Figure 2). The contractile ability of the
visceral coelomic epithelium or their derived cells was soon used
to pump the hemal fluid (i.e. the blood) and to actively drive the
nutrients towards the viscerae. The evolutionary origin of the
heartcan be regarded as the specialization of a precise area of the
myoepithelium covering the hemal spaces for blood pumping
from the gut towards the anterior part of the body and the head
(Figure 1C, E). Coelomic cavities never developed a similar
pumping system. However, hemal and coelomic cavities have
“competed” for being the main circulatory systems in some
metazoan phyla. In nemerteans, for example, the well-developed
circulatory system, which was once thought to be exceptional in
an acoelomate group, is now reinterpreted as a system of coelo-
mic channels which acts as a circulatory system (Turbeville,
1986). In arrhynchobdellid hirudineans (leeches) a system of

coelomic channels is extended throughout the body and share
with the hemal system the circulatory function (Fernandez et al.,
1992). The ambulacral system of echinoderms is another in-
stance of well developed coelomic system of channels that, in this
case, becomes specialized in locomotion and food capture being
the nutrient supply function assumed by the hemal system.

In summary, the origin of the heart in metazoans can be
regarded as linked to the network of hemal cavities primarily
organized between the basal laminae of the endoderm and the
contractile visceral coelomic epithelium. The primitive heart is,
basically, a fold of the dorsal (protostomes) or ventral (deuteros-
tomes) coelomic myoepithelium enclosing the hemal cavity and
its contractile ability can be traced back in this way to the intestinal
peristaltic mechanisms.

Heart fields and the making of a heart

The vertebrate heart is mainly composed of mesodermal
tissues. These tissues originate once gastrulation is initiated
with the ingression of cells from the epiblast (Tam and
Beddington, 1987, 1992). Although different fate-mapping stud-
ies (including direct cell tagging and tracing as well as sophis-
ticated genetic clonal analyses) have shown that a main part of
the cells in the early primitive streak have unrestricted differen-
tiation potency (Schoenwolf and Alvarez, 1991; Tam and Zhou,
1996; Garcia-Martinez et al., 1997; Tam and Schoenwolf,
1999). It is also clear that a certain regionalization of tissues
closely follows the appearance of the mesoderm and that many

Fig. 2. Model of the evolutionary origin of myoepithelial cells and
visceral smooth muscle. Redrawn from Ruppert (1991). (A) Original
coelomic cells show cilia (CIL), intercellular junctions (IJ) and a basal
lamina (BL). (B) A subset of coelomic cells develop myofilaments,
acquiring contractile ability. (C,D) Myofilament-containing contractile
cells become myoepithelial cells and relocate most of their cytoplasm
towards the basal side, giving rise a pseudostratified epithelium. (E,F)
Myoepithelial cells become visceral smooth muscle (VSMC) covered by
a typical coelomic epithelium (CE).



positional cues are determinant in conferring specific develop-
mental competences to distinct cell populations. The cell pre-
cursors of the primary vertebrate heart tube originate during
early-mid gastrulation. From their original midline primitive
streak location they move anterolaterally as a dense mass of
mesodermal mesenchyme to form the classic heart field(s)
(HFs). The exact distribution of this tissue is still under debate,
and many of the discrepancies seem to originate in the differ-
ences found in between different animal models. The precardiac
mesoderm is often described as a cardiac crescent (horseshoe-
shaped area) located cranially to the prechordal plate that
extends from the right to the left side crossing the midline from
very early on (Rosenquist, 1970). This is still accepted to be the
case of the mammalian HFs, but recent studies suggest that
avian and amphibian embryos have two HFs (left and right) that
remain separated for a significant period of time (Colas et al.,
2000; Collop et al., 2006). Some authors decided to consider
the left and right HF populations as two independent fields
(Kirby, 2002) but for the sake of simplicity we will consider them
as only one. In any case, the “crescent” concept is linked to the
expression domains of some genes (see below).

The bilateral heart fields initiate their differentiation into the
endocardial and myocardial lineages while moving to the mid-
line due to the forces generated by the closure of the anterior
intestinal portal and the general folding of the embryo. Thus,
heart progenitors converge medially to give rise to a single
cardiac tube, being the process faster in mouse than in chick
embryos (Abu-lssa et al., 2004). Most interestingly, the fusion
of a paired primordia is an event also reported for the Droso-
phila heart (Bodmer, 1990; Bodmer et al., 1993), revealing an
ancestral characteristic of early heart-organ development in
Metazoans.

The idea that HFs can be fully characterized by their early
expression of transcription factors like Nkx2.5, GATA4, SRF
and MEF2c (Croissant et al., 1996; Evans, 1999; Black and
Olson, 1998) is well extended. Two of these molecules, SRF
and Nkx2.5 provide important information relevant to the phy-
logenetic twist of this review. First, the characteristic SRF
expression of the HFs evidences the well known fact that the
transcriptional networks that regulate myocardial and smooth
muscle differentiation have common elements that are not
included in the regulation program of the skeletal striated
muscle; this would suggest that, from an evolutionary point of
view, smooth muscle and myocardium are closely related.
Then, Nkx2.5 expression in the cardiac fields has opened a
discussion to define whether the topographical location of
precardiac mesoderm absolutely overlaps with the domain of
some these so-called “molecular markers” of HFs. In this
respect, an elegant work by Redkar and collaborators (2001)
has shown that Nkx2.5 may not define the boundaries of the
precardiac mesoderm during critical stages of avian develop-
ment (see Eisenberg, 2000 for a full discussion on the subject).
Nkx2.5 is also known to be expressed in anterior endodermal
cell populations (Schultheiss et al., 1995), and such finding,
irrespectively of the mesodermal specification role associated
to this transcription factor, is relevant to this review. Early
endodermal expression of Nkx2.5 should be emphasized in
here because this gene could be partially regulating the endo-
dermal-mesodermal interaction known to initiate certain mus-
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cular developmental programs (Lough and Sugi, 2004). From
the comparative point of view it is interesting to remark that an
Nk2-class gene closely related to Nkx2.5, Ceh-22, is expressed
in myogenic pharyngeal cells of the nematode Caenorhabditis,
a worm which lacks of any blood pump. In fact, induced
expression of zebrafish Nkx2.5 in Caenorhabditis activates
expression of Myo-2, a gene that switches on the myogenic
program in these cells. (Okkema and Fire, 1994; Haun et al.,
1998). This suggests that the ancestral role of Nkx2.5 (before
to be recruited for the cardiac specification program) was
probably related with the visceral myogenic program.

The linear cardiac tube was thought to contain all the com-
ponents of the adult heart that would later on develop into
distinct elements of the mature organ (Davis, 1927). The con-
cept has survived until recent times (Srivastava and Olson,
2000) but the enormous advance of our knowledge on how
heart develops has changed this vision of heart morphogenesis
along the last 5 years (Moorman and Christoffels, 2003;
Christoffels et al., 2004; Moorman et al., 2004). It is now
accepted that the straight heart tube only contains the outlines
of the left ventricle and part of the atrioventricular (AV) region
and atrial regions, and therefore the classic precardiac popula-
tions (HFs) have been renamed as first or primary heart field
(PHFs). To complete the embryonic cardiac outline, myocardial
precursors are added to both the arterial (anterior) and venous
(posterior) heart poles. The experimental evidence supporting
this relevant aspect of cardiac development (Stalsberg and de
Haan, 1969; Viragh and Challice, 1973; Arglello et al., 1975)
has been overlooked for years and it has only been quite
recently accepted that some pre-eminent components of the
heart like the right ventricle derive, in both mammals and
avians, from an alternative source of cardiac precursors (Kelly
et al., 2001; Rana et al., 2007). The exact location of these
“new” progenitors at different stages of embryonic development
are also controversial, and different terms like “anterior heart
field” (AHF), “secondary heart field” and “second heart field”
(SHF) have been used to dub this cell population (Kelly et al.,
2001; Mjaatvedt et al., 2001; Waldo et al., 2001, 2005; Abu-Issa
and Kirby, 2007; Kirby, 2007). The early indiscriminate use of
the three terms has created controversy, but a certain consen-
sus has been now metin considering “anterior” and “secondary”
heart fields as subpopulations of the “second” heart field
(Buckingham et al., 2005; Abu-Issa and Kirby, 2007). However,
it has been pointed out that such confusion could also originate
in the differences between the animal models and the tracing
techniques used in those studies (Kirby, 2007). The “second
heart field” is thus defined by molecular (Isl1 expression) and
spatio-temporal criteria (mainly based on “clonal” or “retrospec-
tive clonal” analyses, Meilhac et al., 2004; Buckingham et al.,
2005). Aspects related to “heart fields” are illustrated in Figure
3.

This conceptual frame is apparently supported by the char-
acteristic second heart field (SHF) expression of some mol-
ecules like the LIM homeodomain transcription factor /sletl
(Isll) (Cai et al., 2003; Laugwitz et al., 2005) but since Isl1 has
also been reported to be expressed in part of the PHFs (Yuan
and Schoenwolf, 2000; Prall et al., 2007) it is not clear anymore
that this transcription factor should be considered as SHF-
specific. As a matter of fact, SHF prospective myocardial
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Fig. 3. Cardiac progenitors and heartfields. The
drawings represent an ideal vertebrate embryo
(not the specific case of the chick or the mouse),
Y and therefore the location of the heart fields is
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potential seems to be, at a certain point, regulated by a set of
transcription factors similar to that expressed in the PHF (e.g.
Nkx2.5, GATA4 and MEF2c). These transcription factors seem
to be expressed under the induction of growth factors of the
BMP and FGF families, as it is also known to occur in the PHF
(Buckingham et al., 2005). Therefore, although the expression
of some SHF-specific molecules like Foxh1 have been recently
described (von Both et al., 2004) and the PHF expresses genes
which are not characteristic of the SHF (Hand1, Tbx5), the main
differences between the two fields are likely to be dependent on
the differential regulation of a similar transcriptional network.
We would like to suggest that the SHF transcriptional pro-
gram seems to be complex likely because of the overlapping
domains of the SHF and both an anterior “pharyngeal” mesen-
chymal domain and a posterior “pronephric” one (see Figure 3).
This program has been hypothesized to include Foxhl a gene
that would act as a coordinator of FGF8 and 10 inductive
activities over a population of progenitors expressing Isl1 and
Thx1 (Buckingham et al., 2005) that could then activate a basic
pan-myocardial set of transcription factors including GATA4
and Mef2c. Mutations in these genes can lead to a complete
distortion of the development of the arterial pole of the heart as

based on an anatomical consensus. The spatial
distribution of the different cardiac populations in
a cardiac crescent is shown together with the
changes affecting to such groups of cells as devel-
opment proceeds. (A") A simplified diagram repre-
senting the domains of the primary heart field
(PHF, shadowed central area characterized by the
expression of Nkx2.5, GATA4, Mef2c and SRF)
and the second heart field (SHF, white inverted-U
domain characterized by Isl1 expression) in the
forming heart. The expression of characteristic
anterior and posterior markers (in white, Tbx1,
Foxh1, Wt1, Tbx18, Pod1) may be interpreted as a
consequence of the overlapping of myocardial
precursors with other non-muscular mesenchy-
mal populations with inherent strong signalling
properties (anterior pharyngeal domain or APD and
posterior pronephric domain or PPD, arrows). (A-
D) The PHF is colouredin orange, the SHF in green,
the endocardium in red (E) and the progenitors of
the septum transversum area (STP) are presented
by a blue line. All the cartoons display a dorsal view
as indicated in (D). The illustrations in (E,F) (em-
bryos in a left lateral view placed next to the proper
crescent stages) help to understand the relative
position of the PHF and SHF in the context of the
whole embryo, specifically in (E) the mesenchy-
mal anterior pharyngeal (APD) and the posterior
pronephric domains (PPD) are shown overlapping
with the arterial and venous poles of the heart,
respectively. For more details, please refer to the
text.

it happens to be the case with Thx1 deficiencies, which are
closely related to DiGeorge syndrome (Baldini, 2005). GATA
factors play essential roles in heart specification in vertebrates
and invertebrates, by cooperation with Nkx2.5/Tinman and
BMP/Dpp signals to induce the expression of cardiac-specific
genes such as Hand (Han and Olson, 2005). In Drosophila the
expression of the GATA factor pannier is regulated by the
Nkx2.5 orthologue tinman, and the pannier protein interacts
with tinman activating, in a synergic way, downstream cardiac
genes (Gajewski et al., 2001).

The spatial relocation of the SHF as precardiac progenitors
change from a 2D to a 3D conformation has been beautifully
shown by Moorman and colleagues (2004). This review clearly
illustrates the positional relevance of SHF cells as contributors
to the development of the heart inflow, a complex area that has
recently tempted some cardiovascular developmental biolo-
giststo think about the existence of a “third” posterior heart field
(Gittenberger de-Groot et al., 2007). In our opinion, this reflects
the real complexity of the region rather than a developmental
reality (see the discussion below and Figure 3 for more details).
In the context of this review, the differences between the most
anterior (outflow) and posterior (inflow) subdomains of the SHF



would be related to the topological domains where each cell
population resides (“pharyngeal” and “pronephric”, respec-
tively) rather than to intrinsic differences between SHF sub-
populations, as we would like to suggest that the interaction
between SHF and non-cardiac mesoderm is critical to define
and modulate its final developmental fate.

Our novel proposal of an “ancestral pronephric” domain
associated to the most posterior (outflow) SHF progenitors (see
below for more details) is derived from our studies on cardiac
development in lampreys, representatives from the most primi-
tive living vertebrate lineage (Pombal et al., 2008). These
studies have shown that the posterior pole of the heart of
primitive vertebrates is closely related to the pronephros, and
not to the liver, as it happens in gnathostomes (jawed verte-
brates). We will develop this point in the section devoted to the
development of the epicardium. This ancestral pronephric do-
main in which the posterior SHF is located accounts for the
expression in the venous pole cells of the transcription factors
Tbx18 and Wt1, critically involved in kidney development and
also in the morphogenesis of the heart inflow (Airik et al., 2006;
Christoffels et al., 2006). The expression of other kidney-
related genes (e.g. podoplanin) has also been described in the
posterior SHF (Gittenberger de-Groot et al., 2007).

What about considering cardiac fields from an evolutionary
perspective? It would be easy to argue that the SHF is a sort of
outcome of the physiological needs generated in the water-to-
land transition (Moorman et al., 2007). This is, however, a
contentious hypothesis, because the cellular contributions of
the PHF and the SHF to the pulmonary or systemic heart
domains overlap in space. It has also been proposed that the
two myocardial lineages (PHF and SHF) may already pre-exist
in vertebrate ancestors (Meilhac et al., 2004), a suggestion that
seems further supported by with the possible homology be-
tween the two lineages of the zebrafish heart muscle (atrial and
ventricular; see Keegan etal., 2004) and PHF and SHF. Finally,
it could also be argued that the SHF formed by incorporation of
a given mass of originally non-heart specified mesoderm
(Schoenebeck et al., 2007).

Although the presence of more than one “heart field” has not
been reported, it is tempting to relate the secondary heart field
with the presence of anterior and posterior growth zones at the
ends of the developing heart tube of the urochordate Ciona. In
these cardiac areas cells proliferate and differentiate, adding
myoepithelial cells to the cardiac wall and allowing for longitu-
dinal growth of the heart. This growth process seems to be
active all along the organism lifespan (Millar, 1953, Davidson,
2007) and it is reminiscent of the embryonic recruitment of
mesodermal cells to the cardiac lineage in vertebrates. On the
other hand, and perhaps more significantly, the existence of
potential for a “posterior” SHF has also been experimentally
illustrated in Ciona, where the extension of the cardiac tube is
regulated by FGF signaling (Davidson etal., 2006). Progenitors
ofthe cardiac tube in Cionaexpress Mesp, a bHLH transcription
factor whose vertebrate orthologues Mesp1l and 2 are required
for the development of the heart (Kitajima et al., 2000). How-
ever, from the Mesp expressing progenitors in Ciona, only a half
will contribute to the heart, being the rest specified to anterior
tail muscle cells. When the expression of the transcription
factor Ets1/2 is forced in Mesp-expressing cells, all of them
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form heart, and this extended heart shows sometimes a two-
compartment structure that work in synchrony to pump blood.
This surprising result shows how originally non-cardiogenic
areas of the posterior pole of the heart (i.e. the ancestor of the
“posterior” SHF) could be recruited to form a two-chambered
heart as a transitional step towards the more complex heart of
vertebrates (Davidson, 2007).

Myocardial origin and diversity

Myocardial cells are believed to form once endocardial pro-
genitors delaminate from the polarized epithelium (Peng et al.,
1990) that forms the visceral layer of the lateral plate mesoderm.
This is in close contact with the pharyngeal endoderm, a tissue
that has been reported to be critical to cardiac muscle develop-
ment (Lough and Sugi, 1995, 2000).

The significance of myocardial diversity is obvious since the
adult heart will require different muscle types to sustain its
coordinated pumping function. A primary distinction can be made
in between the working myocardium of the developing chambers
and the remnants of the primitive myocardium, which are progres-
sively confined to the inflow tract, the AV region and in general the
inner curvature of the original heart tube. In this respect, true
hearts (considered from a histomorphological perspective) can
be defined as “chambered pumps containing inflow and outflow
segments invested at some point in an animal’s lifetime with
myocytes” (Simdes-Costa et al., 2005). The definition of cardiac
chambers is controversial itself and largely based in the animal
model considered, as it is not clear that apparent embryonic
cardiac compartments in certain vertebrates can be really consid-
ered as chambers (e.g. the sinus venosus or the outflow tract in
the mouse as compared with that of sharks). Furthermore, the
consideration of hearts as composed by inflow and outflow
compartments has its reflection not only in the original anatomical
arrangement of the two domains (dorsal versus ventral, respec-
tively) but also in gene expression asymmetry (for a detailed
discussion see Simdes-Costa et al., 2005). Finally, it is possible
to envision cardiac chambers not as discrete units but as the final
outcome of patterning events taking place on a pumping struc-
ture; retinoic (RA) acid has been proposed to determine cardiac
inflow and outflow segments in a model that includes localized
presence of the RA-converting enzyme RALDH2, RA diffusion
and perhaps a more efficient response to RA in the cells of the
inflow region as compared to the outflow one (Simdes-Costa et
al., 2005; Xavier-Neto et al., 2007).

The primitive primary myocardium, as opposed to chamber
myocardium, undergoes a deep remodelling through embryonic
development, being incorporated into part of the chambers as in
the case of the AV myocardium that integrates into the smooth
walled regions of the atria (Lamers et al., 1992; Wessels et al.,
1996). Whereas the chamber myocardium has a sustained prolif-
eration that only stops after birth, the primitive myocardium
proliferates at quite a low rate (Soufan et al., 2006). Most interest-
ingly, localized regions of extremely low mitotic activity in the
domain of primary myocardium correlate with the development of
part of the conduction system (Sedmera et al., 2003; Thompson
etal., 2003), a network of modified cardiomyocytes which consti-
tutes the pacemaker of the heart and the fibres that rapidly convey
the contraction impulses (Wessels et al., 1992; Oosthoek et al.,
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1993a, b; Takebayashi-Suzuki et al., 2000; Moorman et al., 1998;
Moorman and Christoffels, 2003; Mikawa and Hurtado, 2007).
The primary myocardium, which is a slow substrate for the electric
propagation mainly due to the absence of connexins like Cx40 or
Cx43 also has a characteristic high automaticity and will specifi-
cally contribute to the formation of the sinus and atrioventricular
nodes and the bundle of His. The distal portions of the conduction
system, including Purkinje fibers, form from modified chamber
myocardium (Moorman et al., 2005; Mikawa and Hurtado, 2007).

A complex transcriptional regulation network has recently
been reported to control the differences between primary and
chamber myocardium. In the centre of the network, the T-box
transcription factor Tbx2 acts as a repressor of the differentiation
of chamber myocardium. Such activity is exerted through the
repression of Nppa (or atrial natriuretic factor, ANF) (Christoffels
et al., 2004; Naiche et al., 2005; Hoogars et al., 2007a). Tbx2
expression domain is complementary to that of Nppa, Cx40, Cx43
and Chisel, genes that characterize chamber myocardium
(Christoffels et al., 2004). Some additional members of the Thx
family like Tbx3 regulate the development of specific parts of the
conduction systemasitisthe case ofthe sinus node (Mommersteeg
et al., 2007; Hoogaars et al., 2007b), while T-box factors like
Thx20 and Thbx5 collaborate with Nkx2.5 and GATA4 in setting a
chamber phenotype (Hoogaars et al., 2007a). The evolutionary
importance of T-box transcription factors in myocardial develop-
ment is illustrated by their conserved activity in regulating the
proliferation of heart muscle in lower vertebrates like the zebrafish
(Ribeiro et al., 2007).

T-box genes are also important in cardiac development in
invertebrates, although their diversity is much lower. Extensive
studies have been performed in the urochordate Ciona (Davidson
and Levine, 2003; Takatori et al., 2004; Davidson, 2007), where
nine T-box genes have been annotated (representatives of 7 of
the 8 T-box subfamilies, Davidson, 2007). Although there is not
Ciona ortholog of Tbx4/5 and Tbx20 is not expressed in the
embryo, Tbx6 (which is a duplicated locus in Ciona) seems to play
a main role in cardiac development (Davidson, 2007). Thx6b and
Tbx6c induce Mesp in cardiac progenitors in the stage of 110
cells. Onthe other hand, there is evidence that Tbx6 (dorsocross)
and Tbx20 (h15/midline) orthologs are involved in the develop-
ment of the Drosophilaheart (Reim and Frasch, 2005; Reim et al.,
2005; Qian et al., 2005; Miskolczi-McCallum et al., 2005). Itis thus
tempting to suggest that the number of Thx genes involved in
cardiac development could be evolutionary linked to the progres-
sive functional specialization of the myocardium and therefore to
chamber development.

Another evident difference affecting heart muscle populations
is that found between atrial and ventricular myocardial compo-
nents, which display different contractile and electrophysiological
activities. The regionalization of the working myocardium is a
complex issue. In the chick, the regionalization starts as soon as
in the straight heart tube as atrial myosin heavy chain proteins
preferentially accumulate in caudal (posterior) positions of the
tube (De Jong et al., 1987, 1990; Yutzey et al., 1994). The
development of the mouse heart is slower than the chick one, and
that can probably explain why regionalization of myocardial
genes in the mouse is clear only after the heart looping starts
(Lyons et al., 1990, 1994; Kelly et al., 1999). Defining boundaries
in the transcriptional domains of specific contractile proteins is

Fig. 4. Looping and layering of the heart. (A-D) The vertebrate heart
looping s illustrated with scanning electron micrographs from chick
embryos. (A) At HHI the two bilateral cardiac tubes (asterisks) have just
fused in the midline (arrow) forming a single straight heart tube. Anterior
arterial (An) and posterior venous (Po) poles of the heart are indicated. (B)
Shows a right lateral view of the same specimen with the same antero-
posterior orientation. (C,D) Around 20 hours later HH14 embryos have
initiated the C-shape phase of the cardiac looping. (C) A frontal view and
(D) a right lateral one. (E,F) The characteristic layering of the heart. In (E),
the endocardium (green), the myocardium (red) and the epicardium (blue)
in a chick heart transversal section have been counterstained using an
endothelium-specific lectin and antibodies against heavy myosins and
cytokeratins, respectively. The concentric arrangement of the layers is
shown in the cartoon in (F).

crucial to this process of regionalization. The issue is complex
because different myosin chains restrict their expression domains
early in development. This is the case of myosin light chain 2v
(MLC2V) or B myosin heavy chain (BMHC) which will basically
become ventricular isoforms starting at E8.5 and E10.5 respec-



tively (Lyons et al., 1990; O’Brien et al., 1993) whereas others
remain expressed by different heart segments for a longer period
of time. On the contrary other proteins like oo myosin heavy chain
(MHCa) or myosin light chain 1A (MLC1A) are expressed at
different levels in both atria and ventricles (Lyons et al., 1990).
MLC2v also accumulates in the ventricle of avians (Somi et al.,
2006). Nevertheless, how chamber identity is defined is an aspect
of cardiac development that still needs much attention. Different
genes like dHAND1 and eHAND, as well as Iroquois 4 (Irx4) or
Thbx5 have unique and restricted maps of expression but it is not
fully clear how these genes are responsible (or interact with other
informational or signalling systems) to influence at least three
different pivotal aspects of cardiac chamber formation: 1) deter-
mination of L/R asymmetry, 2) control of myocardial proliferation,
and 3) activation or blockade of specific contractile proteins
synthesis.

The origin of the endocardium

The endocardium is the endothelial, innermost cell layer of the
heart. The endocardial progenitor cells originate from the
precardiac epithelium by an epithelial-mesenchymal transition
(EMT) process. Whereas prospective endocardial cells
downregulate N-cadherin expression (Manasek, 1968; Linask
and Lash, 1993) and migrate away towards the endoderm,
muscle progenitors remain as an N-cadherin-expressing popula-
tion of cells covering the internal forming sheet of endocardium
(Linask and Lash, 1993; Sugi and Markwald, 1996). Thus, en-
docardial and myocardial progenitors apparently originate from a
same cellular population (Linask and Lash, 1993; Sugi and
Markwald, 1996). It is not known whether there is a common
endocardial/myocardial progenitor (Cohen-Gould and Mikawa,
1996), but a mesodermal cell line derived from quail embryos
(QCE-6), is able to differentiate into myocardial and endothelial
cells (Eisenberg and Bader, 1995).

Invertebrate hearts lack of endocardium, and this is another
main difference with the vertebrate heart. The lack of endocar-
dium is logically related to the lack of a true endothelium in the
invertebrate vessels. Thus, the question about the evolutionary
origin of the endocardium is directly connected to the hypothesis
about the origin of the endothelium in vertebrates. We have
published elsewhere a model about the origin of the vertebrate
endothelium (Mufioz-Chapuli et al., 2005). We think that the
endothelium derived in the vertebrate ancestors from a type of
blood cell (frequently called the amoebocyte) which is able to
adhere to the vascular basal laminae and migrate onto them.
Amoebocytes are sometimes so abundant that they line most of
the inner surface of the vessels, as it occurs in cephalopods
(Budelmann etal., 1997). However, even in these cases, they lack
of intercellular junctions and are still able to freely move, and
therefore these cells cannot be considered a true endothelium.

The transition from specialized blood cells to an endothelium
involved the acquisition of intercellular junction complexes. It is
significant that endothelial cells use, for these complexes, mol-
ecules that are also found in blood cells or their progenitors, such
as PECAM-1 (found in platelets and megacaryocytes) and
cadherin-5 (expressed by hematopoietic progenitors) (Fraser et
al., 2003). Thus, endothelium did not “invent” the system for
becoming an epithelium, but simply used a set of molecules
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already present in their evolutionary progenitors.

How the hypothetical common progenitor of endocardium and
myocardium can be reconciled with our model of blood cell-
derived endothelium? We think that this is possible if we consider
some features of the invertebrate hemopoiesis. The evolutionary
origin of blood cells resides probably in the coelomic epithelium
(Hartenstein, 2006), i.e. the same cell sheet which is able to
acquire contractile abilities and give rise to the cardiac wall.
Primitive blood cells probably were delaminated coelomocytes
with phagocytic abilities (Mufioz-Chapuli et al., 2005). Diversifica-
tion of this primitive cell type allowed for acquisition of further
functions inimmunological defence and oxygen transport, but the
coelomic evolutionary origin of the blood cells (and thus of the
vertebrate endothelium) is probably recapitulated in the embry-
onic origin of the endocardium from the same coelomic sheet that
gives rise to the myocardium. Thus, itis not surprising that the cell
line QCE-6 above mentioned, which is able to differentiate in
endocardium and myocardium, can also give rise to erythrocytes
in culture (Eisenberg and Markwald, 1997). It might also be
significant that a same transcriptional activator, Hand, be required
for both, cardiogenesis and hemopoiesisin Drosophila(Han et al.,
2006) under control of the GATA factors pannier and serpent,
respectively.

We discussed before on the diversity of the myocardium and
it is thus time to discuss if the endocardium can be regarded as a
homogeneous population. Regionalization of the endocardium is
not an evident phenomenon because the morphology and cellular
phenotype of endocardial cells does not reveal intrinsic differ-
ences affecting this cell population. However, it is well known that
only some endocardial cells (those lining the AV canal and the
conal region) have the ability of undergoing EMT and thus form
valvuloseptal mesenchymal cells (progenitors of cardiac valve
leaflets). Experimental studies in chick and mouse embryos using
the collagen gel explantassay strongly supportthis point (Bernanke
and Markwald, 1982; Runyan and Markwald, 1983; Mjaatvedtand
Markwald, 1989; Timmerman et al., 2004).

A diversity of members of the TGFf superfamily, their recep-
tors and transducers (including TGFBs, BMPs, TGFRs and Smads)
have been reported to be responsible for the triggering of en-
docardial EMT (Potts and Runyan, 1989; Brown et al., 1996,
1999; Ramsdell and Markwald, 1997; Nakajima et al., 1998;
Galvin et al., 2000; Romano and Runyan, 2000; Gaussin et al.,
2002, 2005; Jiao et al., 2003). Other signalling molecules like
VEGF or signalling pathways like the NFATc1/calcineurin one are
also known to be of extreme importance in modulating embryonic
valve development (de la Pompa et al., 1998; Dor et al., 2001;
Chang et al., 2004).

A special case is that of the Notch signalling pathway. Notch is
an ancient local cell-to-cell signaling system that has been nicely
preserved through evolution. Both the receptors (Notch1-4) and
ligands (Delta and Jagged family members) in the pathway are
membrane bound. Notch, which is involved in regulating cell fate
decisions in vertebrates and invertebrates (Artavanis-Tsakonas
et al., 1999), has been recently reported to be regulated by
microRNAs (miRNAS) during cardiac differentiation in Drosophila
(Kwon et al., 2005). miRNAs are small non coding RNAs known
to be expressed in a tissue-specific manner in vertebrates and
invertebrates and have been shown to represent an alternative
regulatory mode of development mainly based in cell-specific
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inhibition of translation (Kwon et al., 2005; Zhao et al., 2005, 2007;
Zhao and Srivastava, 2007).

In vertebrate development Notch activity is clearly different
between distinct endocardial domains, since the pathway is
involved in the promotion of AV valve EMT acting through the
cadherin repressor Snail (Timmerman et al., 2004) as well as in
the coordination of the endocardial signals (translocated from the
endocardium to the myocardium via the endocardially-secreted
neuregulin 1 and its myocardial Erb receptors) that activate the
trabeculated phenotype characteristic of the ventricular cham-
bers (Grego-Bessa et al., 2007). Local activation of Notch is
known to initiate a lateral inhibition mechanism acting as a pattern
generator in many tissues (Bray, 1998; Artavanis-Tsakonas,
1999; Kurata et al., 2000; Morrison et al., 2000). However, Notch
may also act eliciting lateral activation mechanisms that would
spread Notch activity in certain areas, what might in turn lead to
the appearance of territories of cellular competence (Timmerman
et al., 2004; Grego-Bessa et al.,, 2007). In the case of the
endocardium, Notch could thus be responsible for outlining devel-
opmental borders in the apparently homogeneous endocardium.

The origin of the epicardium and the cardiac vessels

The epicardium is the outer layer of the vertebrate heart. A
coelomic epithelium is sometimes found on the surface of the
invertebrate hearts, but the ontogenetic origin of the vertebrate
epicardium makes it unique among the outer cardiac cellular
linings. The vertebrate epicardium originates from an outgrowth
of coelomic cells, called the proepicardium, which developsin the
posterior limit of the heart, between the sinus venosus and the
liver, around the area of the transverse septum (Manner et al.,
2001). Proepicardial cells attach to and spread over the myocar-
dial surface giving rise to the epicardium. Mesenchymal cells
present in the proepicardium and delaminated from the epicar-
dium invade the subepicardial space and the myocardium and
contribute to the cardiac vessels and the connective tissue of the
heart (Fig. 5).

The proepicardium is paired in fish, only a right proepicardium
develops in birds and in mammals the two original primordia fuse
in the midline covering the whole septum transversum area. No
hypothesis was available in the literature about the origin of the
paired coelomic outgrowths which constitute the proepicardium.
We have recently studied the development of the epicardium in
lampreys, representatives of the most primitive vertebrate lin-
eage, the agnathans. We have shown that the proepicardium, in
lamprey prolarvae, derives from the primordia of a pair of primitive
pronephric external glomeruli, which are still functional in larval
stages (Pombal et al., 2008). The lamprey proepicardium is, in
this way, an element of the pronephros. In fact the venous pole of
the heart, in these primitive vertebrates, is anatomically related
with the pronephros, and not with the liver as it happens in other
vertebrates. This finding explains not only the evolutionary origin
of the proepicardium/epicardium, but also two intriguing features
of these tissues. First, the epicardial expression of genes related
with the excretory system. This is the case of the transcription
factors Wtl (Wilms’ tumor suppresor gene), Pod-1/epicardin
(Moore et al., 1998; Quaggin et al., 1999) and Tbx18 (Airik et al.,
2006; Christoffels et al., 2006). Second, the high vasculogenic
potential of the proepicardial cells (Pérez-Pomares et al., 2006)

can be related with its original function of developing a vascular
network for blood filtering in the external glomerulus.

We think that the involvement of a derivative from the external
pronephric glomerulus in cardiac development accounts for a
number of major differences between the vertebrate and inverte-
brate hearts, such as the development of cardiac vessels. On the
other hand we can speculate about an evolutionary relationship
existing between the heart-glomerulus connection in vertebrates
and the peculiar heart-kidney complex of hemichordates, the
deuterostome phylum phylogenetically closest to the chordates.
This complex, which we have mentioned above, is constituted of
a large glomerulus connected to a pulsatile vessel (Benito and
Pardos, 1997). The relationship between these organs could be
discarded at a first glance due to their different topological
location. The heart is ventral and postpharyngeal in vertebrates,
while the heart-kidney complex of hemichordates is preoral and
dorsal respect to the gut. However, as already indicated, this
difference could not be relevant because the dorsal-ventral axis
of hemichordates is probably reversed respect to that of verte-
brates. In fact, the expression of “dorsal” genes such as Chordin
is ventral in hemichordates, while “ventral” and cardiac-related
genes such as BMP2, Nkx2.5 or Tbx2-3are expressed dorsally in
hemichordates (Lowe et al., 2006). Thus, the primordium of the
pronephric external glomerulus which contacts to the heart in
lamprey prolarvae and the heart-kidney complex of hemichor-
dates show a similar topological localization. The hypothetical
homology of these structures suggests that the proepicardium
may represent the last vestige of a kidney-heart complex which
was present in the ancestors of chordates, although it was lost in
urochordates and cephalochordates.

The transfer of vasculogenic glomerular cell progenitors to the
primitive vertebrate heart was coupled with the development of a
multilayered and trabeculated heart wall that soon needed a
vascular supply other than the venous blood flow circulating
through the cardiac lumen. It is conceivable that the original
coronary system was constituted only by capillaries and veins. A
venous network over the cardiac surface, even in the absence of
coronary arteries, probably allowed for draining of blood from the
intertrabecular sinusoids, thus improving the circulation of blood
through the outer myocardial layer (Tota et al., 1983). The further
increase of the cardiac wall thickness and the subsequent cardiac
performance in large fish made this system not enough for the
metabolic needs of the myocardium. These needs were probably
satisfied by coronary arteries developing from the hypobranchial
arteries which receive oxygenated blood supply directly from the
efferent branchial arteries. This temporal uncoupling in the devel-
opment of coronary arteries and cardiac veins has been de-
scribed in embryos of the elasmobranch Scyliorhinus canicula(De
Andrés et al., 1993).

The contribution of the neural crest

A final difference between the vertebrate and invertebrate
hearts is accounted by the contribution of cells from the neural
crest, a cell population which is exclusive of vertebrates although
the genetic program leading to its development s partially present
in non-vertebrate chordates (Barrallo-Gimeno and Nieto, 2006).
The neural crest is constituted of a cell population which origi-
nates from the margins of the neural plate and migrates through-
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Fig. 5. Proepicardial contributions to heart development. (A,B)
Translocation of the epicardial progenitors from the “extracardiac”
proepicardium (Pro) to the primitive epicardium (Epi). The red-green
code color has been kept to indicate PHF or SHF contributions. In
(B) epicardially-derived cells (EPDCs) have already invaded the
atrioventricular and ventricular subepicardial space and compact
myocardial layers to form coronary vessels (CV). Invasive mesen-
chymal populations not associated to the coronaries remain in this
myocardium and reach the atrioventricular cushions (AVC). The
boxed area in (A) has been magnified in (C) to show a hypothesis
about the interaction of two pools of cardiac progenitors (from the
PHF in red and the SHF in green) with a
population of coelomic-derived cells (in blue)
at the heart inflow. This latter population of
cells would represent at least part of the pos-
terior pronephric domain (PPD, see text for a
detailed explanation) that coincides in time
and space with cardiac precursors contribut-
ing to the morphogenesis of the area, probably
by signalling (arrows) to the myocardial pro-
genitors. (D) Aspects of coronary vessel for-
mation from proepicardial cells in a quail to
chick proepicardial chimera (see Pérez-
Pomares et al., 2002 for details on the trans-
plantation procedure). Note that quail
proepicardial cells (green dots) form both the

endothelial layer (arrowheads) and smooth muscle wall (arrows, counterstained in red with antibodies against smooth muscle alpha-actin, o-SMA).
Some migratory EPDCs (a-SMA-positive) express the coelomic lineage marker Wilms tumor transcription factor (Wt1) in their nuclei (red) for a certain
period of time. Abbreviations: AVC, atrioventricular cushions; CC, conal cushions; LA, left atrium, LV, left ventricle; RA; right atrium, RV, right ventricle.

out the embryo giving rise to multiple derivatives. The so-called
“cardiac” neural crest originates between the otic vesicle and the
third somite. Besides the contribution of neural crest cells to the
parasympathetic ganglia of the heart, they are required to form the
aortico-pulmonary septum dividing the cardiac arterial pole into
the ascending aorta and the pulmonary trunk and also they
provide signals required for the maintenance and differentiation of
the other cell layersinthe pharyngeal arches (Brown and Baldwin,
2006; Hutson and Kirby, 2007). In zebrafish, even myocardial
differentiation of cardiac neural crest cells has been described (Li
etal., 2003; Sato and Yost, 2003). Recently, cardiac neural crest
cells have been shown to modulate signalling in the pharynx
during the lengthening of the outflow tract, and in fact the neural
crestis required for the addition of new myocardium to the outflow
tract from the secondary heart field (Waldo et al., 2005; Hutson et
al., 2006). Thus, anomalies in the interactions between cardiac
neural crest cells, endoderm and the cells of the anterior second-
ary heart field results in defective outflow tract development
(Chen et al., 2007; Goddeeris et al., 2007).

The role of tissue interactions and heart looping in
cardiac morphogenesis

At this point we should ask ourselves whether the regulation of
myocardial differentiation is intrinsic to this tissue and thus inde-
pendent and isolated from any other sort of external information.
Recent results seem to indicate that this is not the case as
targeted deletion of genes relevant to the development of non-
muscular tissues like the endocardium and the epicardium has a
greatimpact on the proliferation, differentiation and maturation of

the myocardium and thus the specific myocardial morphologies
found in different heart regions. The importance of the signals
provided by the endocardium on the inner surface of the heart and
the epicardium on the outer has clear examples in trabeculation
and compact myocardial layer proliferation.

The trabeculae are a characteristic feature of the early ven-
tricle (actually, the most characteristic feature of any vertebrate
heart ventricle) and confer to this embryonic cardiac chamber its
typical spongy appearance. Trabeculae are highly organized
sheets of cardiomyocytes that form muscular ridges or projec-
tions lined by endocardial cells (Ben-Shachar et al., 1985).
Trabeculae will progressively become part of papillary muscles,
the interventricular septum, and part of the conduction system
(Moorman and Christoffels, 2003).

Different molecules have been reported to be involved in
trabeculation (Gassman et al., 1995; Lee et al., 1995; Meyer and
Birchmeier, 1995; Wang et al., 1998; Gerety et al., 1999; Chen et
al., 2004), but a recent report indicates that the Notch pathway is
responsible for the coordination of the events leading to trabecu-
lae formation. Notchl is expressed by endocardial and not by
myocardial cells. Notchl is active specifically at the presumptive
trabecular regions. Embryos lacking Notch signalling elements
show defective trabeculation and reduced ventricle-specific en-
docardial and myocardial gene expression. Furthermore, en-
docardial specific Notch1 deletion shows similar defects (Grego-
Bessa et al., 2007). This suggests that the communication be-
tween the endocardium and the myocardium is impaired and that
the signals that emanate from the former are required by the latter
to develop. Notch signal has animpact on myocardial proliferation
through myocardial BMP10 expression, which is disrupted in
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Fig. 6. Extracardiac cell contributions give rise to the trilayered vertebrate heart.
Blood-pumping organs are shown in the context of the coelomic cavity. (A) Invertebrate
hearts are frequently constituted only by a single layer of myoepithelial cells. (B) The
vertebrate heart is characterized by a multilayered myocardium (MYQO) lined internally
and externally by an endocardium (EN) and an epicardium (EP). From the evolutionary
point of view, we suggest that the endocardium, as well as all the vertebrate endothe-
lium, derives from a specialized type of blood cell (Muroz-Chéapuli et al., 2005). On the
other hand, the epicardium develops from the attachment to the surface of the heart of
proepicardial cells (PE) which arose from an ancestral pronephric external glomerulus
(Pombal et al., 2008). Endocardium and epicardium have the potential to give rise to
mesenchymal cells which will contribute to the valvuloseptal mesenchyme, the coronary
vessels and the connective tissue of the heart. A third extracardiac contribution, that
from the neural crest, has not been included in the scheme. BC: blood cells; PN:

pronephros. Other abbreviations as in precedent figures.

Notch mutants. A second intermediate system related to Notch
effects is that represented by the cell-to-cell signalling system
EphrinB2/EphB4. EphrinB2 expression is actively promoted by
Notch in the endocardium, which in turn indirectly contributes to
the expression of the soluble Neuregulin 1 (NRG1). Myocardial
NRG1 receptors of the ErbB type finally receive the signal
promoting myocardial differentiation (Grego-Bessa et al., 2007).

Although the presence of a compact ventricular layer is not
characteristic of all vertebrate hearts, its presence can already be
recorded in primitive vertebrates like sharks. The compact layer
of the myocardium originates from the primitive epithelial walls of
the cardiac ventricles. The myocardial thickening of heart walls
coincides in time with the development of the epicardium. Disrup-
tion of the expression of epicardial-specific molecules in the heart
like Wtl does not only alter epicardial development, but also
reduces compact myocardium proliferation, yielding a character-
istic “thin myocardial” phenotype (Moore et al., 1999). Wtl-null
mice show a deficiency in RALDH2 synthesis. RALDH2 is the
main retinoic acid (RA)-synthesizing enzyme in the embryo. RA
seems to have an autocrine signalling function, acting on the
EPDC and inducing the production of an unknown trophic factor
which stimulates the myocardial proliferation (Perez-Pomares et
al.,2002b; Chen etal., 2002, Stuckmann etal., 2003; Lavine etal.,
2006). These results, taken together, are a strong support for the
concept of the epicardium as other non-muscular embryonic
tissue critical to myocardial development.

At the same time the heart becomes more diverse in terms of
its cellular components it also initiates and completes a torsion
movement. Itis easy to understand that the serial arrangement of
cardiac domains in the straight heart tube enormously limits the
progression towards a more complex heart. This limitation be-

comes obvious with the invasion of land territories
by primitive vertebrates. From the starting point of
the fish heart bauplan (a single tube looped to the
right side), the heart tube will rearrange in space
until being transformed into an organ with four
predominant chambers (two atria and two ven-
tricles) that work in parallel and are able to distrib-
ute the blood through systemic and pulmonary
circuitries. Dextral looping is a characteristic fea-
ture of the vertebrate heart. Evenin the rare cases
in which the invertebrate body develops asym-
metrically (e.g. In Amphioxus), the mid ventral
vessel which putatively correspond to the heart
remain as a linear straight tube. An exception to
this rule can be found in the urochordate Ciona,
where the heart tube is folded towards the dorsal
side and shows a typical V shape (Davidson et al.,
2007), but the relationship of this observation with
the vertebrate cardiac looping is uncertain.

In a certain way, the cardiac looping, consid-
ered as a sequential change in position of distinct
cardiac regions, cannot be separated from the
morphological changes that affect different car-
diac domains (i.e. formation of chamber myocar-
dium, remodelling of primary myocardium and so
on). Nevertheless, several characteristic move-
ments of the heart can be recognized as important
features of the looping process, mainly the “right-
ward” aspect ofit. Ina normal situation the heart starts to bend and
protrudes to the right side of the embryo in what is known as R-
loop; this movement involves a rotation of the tube in the cranio-
caudal axis, so that the original ventral side of the tube is
lateralized forming, at this stage, the outer curvature of the heart.
If this R-loop transforms the straight heart tube into a C-shaped
structure (De Haan, 1965; Stalsberg, 1970), then the lateral
displacement of the arterial and venous poles of the heart tube
and the “shortening” of the distance between these two areas
(following the cranio-caudal axis) determine the conversion into a
S-shaped conformation in which embryonic atria become cranial
to the ventricles (De la Cruz, 1998; Taber, 1998). Most authors
agree in considering the end of the S-shaped heart phase as the
end of cardiac looping (De la Cruz, 1998; Taber, 1998), whereas
others would like to consider that the looping is not really termi-
nated until cardiac chambers are completely aligned and septated
(Steding and Seidl, 1980; Manner et al., 1993; Manner, 2000;
Cardiac looping and layering events are summarized in Figure 4).

Conclusion

The vertebrate heart is unique among the metazoan blood
pumping organs but, at the same time, it is possible to account for
the origin of most of its exclusive features from the analysis of
developmental and comparative data. The establishment of a
specific program of myocardial differentiation superimposed to
the visceral myogenic original program, the recruitment of meso-
dermal cells from both ends of the primary cardiac tube, as well as
the incorporation of extrinsic cell populations with diverse origins
contributed to develop an organ which was pivotal for the evolu-
tionary expansion of vertebrates. The success of the vertebrate



heart depended on the morphogenetic and signalling properties
of mesenchymal tissues derived from the endocardium (that most
likely, like the rest of the vertebrate endothelium, originated from
blood cells), the epicardium or the neural crest (summarized in
Figure 6). All these tissues were crucial to the development of the
sophisticated vertebrate heart that allowed this group of organ-
isms to become exceptionally large and active animals.
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