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Early heart morphogenesis involves a process in which embryonic precursor cells are in-
structed to form a cyclic contracting muscle tube connected to blood vessels, pumping fluid.
Subsequently, the heart becomes structurally complex and its size increases several orders of
magnitude to functionally keep up with the demands of the growing organism. Programmed
transcriptional regulatory networks control the early steps of cardiac development. However,
already during the early stages of its assembly, the heart tube starts to produce electrochem-
ical potentials, contractions, and flow, which are transduced into signals that feed back into
the process of morphogenesis itself. Heart morphogenesis, thus, involves the interplay
between progressively changing genetic networks, function, and shape. Morphogenesis is
evolutionarily conserved, but species-specific differences occur and in mouse, for instance,
distinct phases of development become overlapping and compounded in an extremely fast
gestation. Here, we review the early morphogenesis of the chambered heart that maintains a
circulation supporting development of an organism rapidly growing in size and requirements.

GENERALIZED VIEW OF EVOLUTIONARILY
CONSERVED VERTEBRATE CHAMBERED
HEARTS

The vertebrate heart is a unidirectional mus-
cular pump controlled by an intrinsic

electrical signal. It consists of an outer layer of
muscle and inner layer of endothelial endocar-
dium. During development, an expanding cell
layer covers the muscle to form the epicardium
and invades the muscle wall to form interstitial
fibroblasts and other cell types and helps build-
ing the coronary vasculature (Cao et al. 2019). In
all vertebrates with a chambered heart (fromfish
to mammals), the heart tube forms a relative

constriction between the expanding atrial and
ventricular compartment, the atrioventricular
(AV) canal (Fig. 1; Kim et al. 2001; Moorman
and Christoffels 2003; Jensen et al. 2013). At this
position, on the inside of the tube, cushions and
unidirectional valves will form that support one-
way blood flow and prevent regurgitation to the
atrium during ventricular systole. Moreover, at
the inflow tract, small and relatively weak valves
form, and at the outlet, sturdy valves form that
perform similar functions to prevent filling of
diastolic compartments by downstream blood
(Fig. 1). In all vertebrate species examined, the
electrical impulse that sets calcium-mediated
contraction in motion is generated at the atrial
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inflow, travels rapidly over the atria causing
them to contract, propagates slowly through
the AV canal myocardium, and then travels rap-
idly through the ventricle causing this strong
muscle to contract subsequently (Van Mierop
1967; Silverman et al. 2006; Park and Fishman
2017; van Eif et al. 2018; Tyser and Srinivas
2019). In amphibians, reptiles, birds, and mam-
mals, the atrium is divided by a septum in a right
compartment that receives blood from the sys-
temic circulation, and a left compartment that
receives blood from the pulmonary circulation.
Inmammals, birds, and some reptiles (e.g., croc-
odiles) a muscular ventricular septum is present
that divides the ventricular compartment in a
high-pressure systemic (left) and low-pressure
pulmonary (right) compartment (Crossley et al.
2016). The septum is associated with a special-
ized AV conduction system, consisting of an AV
node, AV bundle, and bundle branches (Silver-
man et al. 2006; Jensen et al. 2018). Although
fish, amphibians, and reptiles have a predomi-
nantly trabecular ventricular wall, mammals
and birds have thick compact ventricular walls
with comparatively few trabeculations at the lu-

minal side, and a Purkinje system that rapidly
transmits and distributes the electrical signal to
the ventricular working myocardium (Sedmera
2011; Boukens et al. 2019). Besides cardiac mus-
cle cells, many other cell types are present, such
as fibroblasts, endocardial cells, endocardium-
derived cell types, smoothmuscle, resident mac-
rophages, etc., which play roles in structural and
functional homeostasis of the organ (Pinto et al.
2016). After almost two decades of claims, rais-
ing hope with misleading data, it has now been
widely accepted that resident stem cells for car-
diomyocytes are not present in numbers that
allow for significant regeneration after injury,
muscle loss, and scarring (Cai and Molkentin
2017; Eschenhagen et al. 2017). Nevertheless,
mature hearts of particular fish and amphibian
species show a striking ability to regenerate after
extensive damage, by reinitiating cell divisions
of surviving cardiomyocytes, as do mice and
possibly humans until shortly after birth. In con-
trast, postnatal mammals, in general, do not re-
generate lost muscle, but will respond to injury
by activating stress, survival, and scar-forming
processes (Vivien et al. 2016; Tzahor and Poss
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Figure 1. The building plan of the vertebrate heart. All vertebrate hearts develop from a heart tube with intrinsic
pacemaking caudally and in which the electrical propagation is slow giving rise to a sinusoid electrocardiogram
(ECG). During “ballooning,” chambers form locally on the outer curvature of the heart tube. Because fast
electrical propagation is part of the chamber program, the heart now acquires alternate regions of slow and
fast propagation and the resultant ECG is adult-like. Much of this configuration persists in the formed hearts of
vertebrates from fish to human. Note that the chamber configuration of the chambered embryonic heart, fish
heart, and adult human heart are essentially the same. (avc) Atrioventricular canal (myocardial), (avj) atrioven-
tricular junction (most of the myocardium is disrupted by the insulating plane), (RVOT) right ventricular
outflow tract. (Modified from Jensen et al. 2013, with permission, from Elsevier © 2013.)
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2017). The muscle cells formed shortly after
birth will last for the duration of mammalian
postnatal life with very little renewal of cardio-
myocytes (Bergmann et al. 2015).

In this review, we briefly summarize general
and evolutionarily conserved aspects of heart
morphogenesis from the specification of heart
field mesoderm to the formation of the cham-
bered heart with valves and a conduction
system. We emphasize (1) formation of the ini-
tial heart tube and its elongation by addition at
the inflow and outflow of cardiomyocytes
from rapidly proliferating progenitor pools; (2)
patterning of the heart tube and localized dif-
ferentiation and growth underlying chamber
morphogenesis; (3) the formation of the sinus
venosus, AV canal, and outflow tract and asso-
ciated valves; (4) the development of the pace-
maker and conduction system; and (5) the
impact of developing heart function on mor-
phogenesis. Cells comprising structures in the
embryonic heart are not the precursors of equiv-
alent structures in the mature heart. For ex-
ample, particular second heart field (SHF) pro-
genitor cells will initially form the embryonic
outflow tract, and perform outflow tract func-
tions (sphincter, slow conduction, long-lasting
contracted state), whereas they will differentiate
into ventricular working cardiomyocytes and
will be incorporated into the right ventricle in
the formed heart. The implications of this in-
sight will be highlighted as well.

EARLY HEART TUBE FORMATION AND
ELONGATION: SWITCHING FROM
PROLIFERATION TO DIFFERENTIATION

Cardiac morphogenesis involves a series of
iterative steps of progenitor cell expansion, in-
tercellular signaling, transcriptional response,
patterning, and differentiation into more spe-
cialized cell types. This cyclic process is at the
basis of the formation of structures comprised of
different cell types with specialized functions.
The exact moment heart development starts is
debatable. Gastrulation produces ectoderm,
primitive endoderm, and, in between the axial
and lateral plate, mesoderm from the epiblast.
The mesoderm is the main source of the cells of

the heart. Localized Wnt, Fgf, and BMP signal-
ing from the neural and dermal ectoderm and
from the endoderm localize induction of speci-
fication of cardiogenic mesoderm to the antero-
lateral zones of the intraembryonic mesoderm
(Harvey 2002). Cells expressing transcription
factor Mesp1 in mesoderm are specified into
cardiac precursors, activate Smarcd3 (encoding
an SWI/SNF-related chromatin-modifying en-
zyme), and subsequently cardiogenic transcrip-
tion factors, including Isl1, Tbx5, Gata family
members, andNkx2-5, causing the further spec-
ification of these cells, which are referred to as
the heart field(s) (Evans et al. 2010; Devine et al.
2014; Meilhac et al. 2015). Expression of these
factors in the heart fields is not homogeneous.
For example, Tbx1 and Fgf10 will be activated in
cells fated to form the outflow tract and right
ventricle, Tbx5 will be activated in the cardio-
genic progenitors giving rise to components up-
stream of the future right ventricle (everything
but the right ventricle and outflow tract), where-
as Tbx18 will be activated selectively in progen-
itors fated to form sinus venosus (sinus horns,
sinus node, venous valves) and epicardium
(Meilhac et al. 2015). Nkx2-5 is switched off in
the sinus venosus progenitors before their dif-
ferentiation (Mommersteeg et al. 2010), and Isl1
expression is switched off in progenitors that
differentiate and form the cardiac crescent and
heart tube, but maintained at high levels in the
progenitors and the formed sinus node (Cai
et al. 2003). Furthermore, many mesodermal
cells fated to form heart will only activate such
cardiogenic transcription factors at later stages,
indicating the heart fields expand during devel-
opment (Bressan et al. 2013). Taken together,
heart fields are heterogeneous in both time
and in space.

During the process of heart field specifica-
tion, the embryo folds around the endoderm,
which forms a primitive foregut (Fig. 2). Forma-
tion of the foregut and heart tube from fusing
bilateral fields are intimately related and con-
served across species and particularly well-
studied in chicken (Abu-Issa and Kirby 2007;
Hosseini et al. 2017). The heart fields migrate
with the invaginating foregut such that the lat-
eral edges of the heart fields (cardiac crescent)
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Figure 2. Early heart development and morphological changes. On the left, it is illustrated that the folding of the
embryo associates with foregut formation (green) and that the classically recognized heart-forming region
([HFR], gray, including first heart field [FHF] and second heart field [SHF]) swings toward ventral and medial
to progressively fuse at themidline.Within the HFR are cells of the future left ventricle (LV), right ventricle (RV),
and the outflow tract (OFT). Contiguous to this HFR are cells that will come to form the atrioventricular canal
(avc), proepicardium (PE), the atria, and the sinus venosus/sinus node (SAN). On the right, the illustrations show
schematic transverse sections of the changes that occur in association with the folding of the embryo. Note the
relation between the lateral HFR rim and the ventral heart tube. (Legend continues on following page.)
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fuse at the midline, from anterior to posterior
(Fig. 2). This forms a trough, closed at the ven-
tral side but open and in direct communication
with the ventral foregut endoderm. This trough
is often already referred to as the primitive heart
tube (Fig. 3). Simultaneously, endocardial cells
that differentiated and formed small tubes in the
crescent fuse and form an endocardial tube that
becomes enveloped by the embryonic cardio-
myocytes. At the dorsal side, the myocardial
trough wall forms a continuum with the peri-
cardial wall epithelium (the SHF cells; see be-
low) (Figs. 2 and 3). Subsequently, the trough
also closes dorsally, and the ridge that connects
the tube to the dorsal pericardial wall, the dorsal
mesocardium, is disrupted, leaving the tube
connected only at the inflow and outflow to
the pericardial wall (Fig. 2). Heart tube forma-
tion from progenitors in zebrafish and Xenopus
frogs, two model organisms used frequently in
developmental studies, differs in a number of
details, but is essentially comparable (Smith
et al. 2008; Evans et al. 2010). The underlying
regulatory networks are conserved between ver-
tebrate species, and even in model organisms
like tunicates (Ciona) and fruit fly (Drosophila)
homologous network components were found
to control heart tube formation (Zaffran and
Frasch 2002; Wang et al. 2019).

The heart tube increases four- to fivefold in
length during the next stages of development,
but the cardiomyocytes of the tube do not pro-
liferate (van den Berg et al. 2009). Early fatemap
studies by de la Cruz indicate that the early
chicken heart tube gives rise to the left ventricle,
and perhaps the AV canal, whereas the remain-
der of the cardiac components are added to the
heart tube thereafter (de la Cruz et al. 1977,
1989; de la Cruz and Markwald 1998). Virágh
and Chalice (1973) proposed that the splanch-
nic mesothelial (mesodermal) cells (dorsal peri-
cardial cavity wall epithelium) continuously

differentiate into myocardium to form the out-
flow tract, reminiscent to the contributions of
coelomic epithelium-derived cells to organo-
genesis in general (Ariza et al. 2016). Studies
from several laboratories identified subpopula-
tions of the progenitor pool in the dorsal peri-
cardial wall and pharyngeal region ofmouse and
chicken from which cardiomyocytes are added
to the outflow of the heart tube, to give rise to the
right ventricle and outflow tract (Dyer and
Kirby 2009; Kelly et al. 2014). Retrospective
clonal analysis studies have indicated that two
distinct lineages segregating early from a com-
mon progenitor contribute to the mouse E8.5
heart tube. The presumptive left ventricle and
outflow tract (which will become right ventric-
ular 1–2 days later), respectively, are derived
from a single lineage, whereas the remainder
of the heart tube compartments are colonized
by both lineages (Meilhac et al. 2004a). The pop-
ulation of progenitors giving rise to myocardi-
um (and endocardium) of all heart components
expresses Isl1 and Nkx2-5 (Ma et al. 2008). Isl1
expression is strikingly maintained in all pro-
genitors but switched off during myocardial
differentiation, allowing the visualization of
the progenitors in relation to the forming heart
tube (Cai et al. 2003). In sharp contrast to the
crescent/heart tube, the progenitors in the peri-
cardial cavity wall dorsally and medially from
the heart tube proliferate at high rates, and dye
labeling in chicken embryos has visualized their
migration and expansive growth and contribu-
tion to either the outflow tract or inflow tract
(Fig. 4; van den Berg et al. 2009). Thus, two
progenitor cell populations can be identified,
those that differentiate early, cease proliferation,
and form the cardiac crescent/heart tube by
E7.5–E8 of mouse development (mainly future
left ventricle andAV canal; see below), and those
that lie medially to the crescent and have main-
tained the progenitor state (undifferentiated,

Figure 2. (Continued) The medial HFR becomes the pericardial back wall (pbw), or SHF. (AIP) Anterior
intestinal portal, (c.c.) coelomic cavity, (dm) dorsal mesocardium, (Ectod) ectoderm, (Endod) endoderm, (fg)
foregut, (Lat) lateral, (Med) medial, (Mesod) mesoderm, (ng) neural groove. The asterisk indicates contact
between endocardium and myocardium. (Modified from van den Berg and Moorman 2009, with permission
from the authors. Fate-mapping of structures based on data in Bressan et al. 2013 and Dyer and Kirby 2009.)
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rapid proliferation) to be added progressively to
the elongating heart tube later and form the oth-
er structures. Just before their myocardial differ-
entiation and addition to the cardiac trough/
heart tube, these progenitors also cease prolifer-
ation (Fig. 4). The sources of these cells have
been named first heart field (FHF) and SHF,
respectively (Meilhac and Buckingham 2018).

Several additional geneticmarkers identified
subpopulations within the FHF and SHF, also
highlighting that the SHF cells added to the out-

flow (anterior SHF) aremolecularly distinguish-
able (e.g., Fgf10+, Tbx1+, Mef2-SHF-enhancer+)
from those that contribute to the inflow tract
(posterior SHF; e.g., Tbx5+, Osr1+, Tbx18+)
(Meilhac and Buckingham 2018). Strict bound-
aries between the FHF and SHF do not exist, as
heart tube assembly is progressive, with SHF
cells continuously differentiating and adding
to the heart tube. The distinction between the
fields was chosen arbitrarily at E7.5, when the
FHF has differentiated to form the cardiac

Carnegie stage 9 (ED 20)
“Trough” stage

Ventral
view

Ventral
view

Mouse

Human

Lumen Neuro-ectoderm Foregut

myo

LV LV

LV

LV

Coelomic wall

myo

“Trough”

Transverse
view

ED 8–

“Trough” stage
ED 8

Early heart tube
ED 8+

Looped heart tube

Carnegie stage 10 (ED 22)
Linear heart tube

Carnegie stage 11 (ED 24)
Looped heart tube

Figure 3. Early heart morphogenesis in human and mouse. In Carnegie stage 9, or approximately day 20 of
gestation, the heart resembles a “trough” because the heart has not yet closed dorsally. By Carnegie stage 10, or
approximately day 22 of gestation, the linear heart tube has formed around a single lumen and the heart tube has
liberated itself from the coelomic wall, except at the inflow and outflow. By Carnegie stage 11, or approximately
day 24 of gestation, the heart tube has looped and early stages of ballooning of the left ventricle (LV) can be seen.
In mouse, within few hours around embryonic day 8, the heart transitions from a trough to a looped tube with
early chamber formation. (myo) Myocardium. (The figure is based on 3D models in Sizarov et al. 2011 and de
Boer et al. 2012.)
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crescent. Indeed, the descendants of cells
marked by different genetic markers for (sub)
heart fields show a unique pattern in the heart
with distinct borders (Cai et al. 2003; Verzi et al.
2005; Xu et al. 2005; Christoffels et al. 2006; Tian
et al. 2010; Bertrand et al. 2011; Liang et al. 2013;

Devine et al. 2014; Zhou et al. 2015, 2017; Meil-
hac and Buckingham 2018). However, a border
is present between the anterior and posterior
SHF contributions to the outflow and inflow
side, respectively (see below). Moreover, a less-
well-defined border has also been identified by
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Figure 4. Additions of cells to the heart tube by cells of the coelomic wall. (A) Fluorescent labeling of cells in a
cultured chicken embryo (Hamburger–Hamilton stage 9) to track the substantial movement of cells from the
highly proliferative coelomic wall. (B) In Hamburger–Hamilton stage 10, corresponding to the second image
from the left inA, the linear heart tube shows virtually no proliferation (1 hour after BrdU exposure), whereas the
coelomic wall is highly proliferative. (C) At Hamburger–Hamilton stage 14, corresponding approximately to
rightmost image inA, proliferation is starting to reinitiate on the outer curvature of the looped heart tube (1 hour
after BrdU exposure). (D) At Hamburger–Hamilton stage 12, long exposure to BrdU (10 hours) reveals pro-
nounced differences in proliferation between the forming ventricle (high, ventral view) and the inner curvature
(low, dorsal view). (avc) Atrioventricular canal, (OFT) outflow tract. (A–C based on modified images and 3D
models in van den Berg et al. 2009; D based on a 3D model in Soufan et al. 2006.)
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several genetic lineage markers at the level of the
interventricular septum (Devine et al. 2014).
This is also implied by the retrospective clonal
analysis, if we assume that the right ventricle of
the E8.5 mouse heart tube is largely taken up by
the definitive interventricular septum, and the
E8.5 outflow tract forms the definitive right ven-
tricle. Equivalent heart fields/progenitor cells
have been identified in zebrafish and Ciona tu-
nicates (de Pater et al. 2009; Zhou et al. 2011;
Felker et al. 2018; Wang et al. 2019). In fish, the
(less-well-defined and lineage-marker-depen-
dent) border between the FHF and SHF contri-
bution is found halfway in the ventricle (Zhou
et al. 2011; Felker et al. 2018), suggesting that
perhaps the proximal fish ventricle (closer to the
AV canal) and distal fish ventricle (closer to the
outflow tract) are homologs to the left and right
ventricle, respectively, of mammals and birds,
and that the interventricular septum evolved at
this border. Although somewhat oversimplified,
the SHF has been a valuable concept that has
helped to understand the mechanisms underly-
ing particular congenital defects of the outflow
(e.g., tetralogy of Fallot or transposition of the
great arteries) or atria and AV canal.

PATTERNING, GROWTH, AND CHAMBER
FORMATION

The heart tube can be considered to undergo
four major processes: (1) elongation and direc-
tional looping to acquire an asymmetric S shape,
or left-handed spiral around an imaginary cau-
docranial axis facing the inner curvature, which
sets the definitive configuration of the chambers;
(2) localized differentiation and expansion of
ventricular and atrial myocardium at the outer
curvatures of the S shape (so-called “balloon-
ing”); (3) formation of valves and septa; and
(4) formation and ingression of the epicardium
and coronary vasculature. Of note, mouse heart
tube morphogenesis looks different from that in
chicken, human, or fish; as the distance between
the neural fold and anterior intestinal portal is
relatively small compared with embryo size in
mice, the initial heart tube (at∼E7.5–8) is much
shorter and broader than in the other species.
Therefore, it may appear similar to the develop-

mentally earlier crescent in human or chicken,
even though fusion is already advanced and
chamber differentiation may already have been
initiated. The latter species, but also fish and
amphibians, go through a proper (and attractive
to study) straight heart tube stage before exten-
sive looping and chamber differentiation occurs.

The heart tube is asymmetric along all three
spatial axes, and the asymmetry in morphology
becomes more and more apparent as chambers
develop. Atria develop dorsally and caudally,
ventricles ventrally and cranial of the atria (right
ventricle cranial of the left ventricle). Moreover,
the atria and sinus venosus show pronounced
left–right asymmetry as do the great arteries,
and the heart tube loops always in the same
direction (called “rightward”). This requires
patterning along all three axes before or during
heart tube formation (Harvey 2002; Moorman
and Christoffels 2003). Although the heart tube
elongates, the distance between its connections
with the body, the inflow tract and outflow tract
stay largely fixed. As a consequence, the heart
tube has to fold, or loop, within the pericardial
cavity as soon as the dorsal mesocardial connec-
tion has been disrupted (Männer 2009). The
initial ventral direction of looping is probably
caused by ventral-specific reinitiation of prolif-
eration (see below) of the middle portion of the
tube. The direction of looping is evolutionarily
conserved and always the same in uncompro-
mised individuals. In mammals and birds, the
inflow will point slightly to the left, the main
bulk of the tube (future left ventricle) then cross-
es from left to right (“rightward looping”), and
themost cranial, downstream part (future inter-
ventricular septum and right ventricle) then
turning from right to left and the last portion
to the right again to maintain a perpendicular
connection to the outflow orifice (Fig. 3). The
left side of the embryo has been subject to left-
ness signaling (Nodal, Lefty, etc.) during and
after gastrulation (Grimes and Burdine 2017).
This converges on selective Pitx2c expression
in the left heart field, which impacts on asym-
metric morphogenesis of the heart (Desgrange
et al. 2018). A recent study proposed that asym-
metries at the fixed heart poles generating
opposite deformations, associated with the pro-
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gressive release of the heart tube by disruption of
the dorsal mesocardium, are sufficient to gener-
ate looping of a tube growing between fixed
poles. This model explains how initial left–right
differences between heart precursors are ampli-
fied, resulting in directional looping morpho-
genesis (Le Garrec et al. 2017).

As soon as heart tube formation is initiated,
the ventral region initiates the expression of
a chamber myocardium–associated program
(mouse E8.5). This program includes Nppa,
Nppb and Gja5, Smpx, Bmp10, Atp2a2 (Ser-
ca2a), among others (Christoffels et al. 2000).
During and after looping, the chamber myocar-
dium, now at the outer curvature, will expand
dramatically to form most of the future left ven-
tricle (Fig. 5). The future right ventricle, also at
the outer curvature (former ventral side) too
initiates this program, albeit to a lesser extent.
At mouse E9–9.5, the dorsocaudal portion of
the heart tube also initiates a chamber myo-
cardium–associated program (Fig. 5). These re-
gions represent the future atrial myocardium.
The initiation of this program is also associated
by reinitiation of the cell cycle, which happens
only in chamber myocardium, causing it to ex-
pand exponentially (Blausen et al. 1990; Soufan
et al. 2006; Butcher et al. 2007; Sizarov et al.
2011; de Boer et al. 2012). On their differentia-
tion and reinitiation of proliferation, the ventric-
ular chambers immediately start to form trabe-
cules under control of Notch, Neuregulin,
Ephrin, and Bmp10 signaling, etc. (del Monte-
Nieto et al. 2018; MacGrogan et al. 2018). The
chambers expand exponentially in size and cell
number (de Boer et al. 2012). The growth of the
cardiomyocytes is clonal (daughter cells do not
disperse) and oriented, with specific orienta-
tions in the different compartments, which
likely contributes to compartment-specificmor-
phogenesis (Meilhac et al. 2003, 2004b). The
expansion and growth of the (compact) wall
are under control of intrinsic and extrinsic sig-
nals from the epicardium that will envelop the
heart muscle at the pericardial lumen side. Epi-
cardial cells will invade thewall, form interstitial
fibroblast and contribute to the coronary vascu-
lature that will develop from these stages onward
(He et al. 2019). The inflow (sinus venosus) and

outflow portions of the elongated tube, the
inner curvatures of the ventricular and atrial
zones, and the now visible AV canal between the
atria and ventricles maintain their embryonic
phenotype, and do not initiate the rapid prolif-
erative phase. Suppression of differentiation
and proliferation along with induction of cush-
ion formation at these sites involves a complex
BMP-Gata-Tbx2/3-Notch regulatory network
(Stefanovic et al. 2014; MacGrogan et al. 2018;
van Eif et al. 2018). The concept of chamber
differentiation and expansion at the outer cur-
vatures of the looping primary heart tube has
been named the “ballooning model” (Christof-
fels et al. 2000).

The dorsoventral patterning underlying
ventral ventricular and dorsal atrial chamber
differentiation is not well known. The ventral
side of the heart tube is derived from the lateral
rims of the heart fields (Fig. 2), which could
provide localized signals at that stage. Moreover,
it could also be a matter of timing. The ventral
side is the earliest mesoderm to differentiate to
myocardium, because the caudal side still forms
a continuity with the SHF progenitors in the
pericardial wall that add myocardium dorsally
until the mesocardium is disrupted. The tran-
scription factor Hand1, required for cardiac
development (George and Firulli 2019), and
expressed in the outer curvature of the cham-
ber-forming heart, shows a beautiful ventral-
restricted pattern in the heart tube stage (Chris-
toffels et al. 2000).

The most prominent pattern of the heart
tube is that along the anteroposterior, or cranio-
caudal, axis. Markers like atrial-specific myosin,
Myh6, Myh7, Myl2 (Mlc2v), Tbx5, Nr2f2
(Coup-TFII), and Irx4 were among the first to
reveal these patterns, as they were expressed in
anteroposterior patterns but not differentially
expressed along dorsoventral or left–right axes
(and as such also not strictly associated with
chamber myocardium, but with an anteroposte-
rior segment of the tube within which either
ventricular or atrial chamber myocardium de-
velops) (Christoffels et al. 2000). As discussed
above, the tube elongates at both cranial and
caudal poles. The cranially added cells will form
in chronological order the definitive interven-
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Figure 5. Ballooning chambers by proliferation (1 hour Brdu exposure) and formation of the building plan of the
heart. (A) In mouse embryonic day 8, ventral view, the heart is trough-shaped but unlike in human and chicken,
local high levels of proliferation are already revealing the future left ventricle. (B) In mouse embryonic day 8.5,
ventral view, expression ofNppa and high levels of proliferation identifies the developing left ventricle. (C) By 9.5
days of embryonic mouse development, viewed from the left, the atrium is also expressing Nppa, which again is
mirrored in higher levels of proliferation (bottom). In contrast, the atrioventricular canal and the outflow tract
maintain a heart-tube-like phenotype. (D)Much of the building plan of the heart is established by embryonic day
11.5 in mouse. (Modified from images in Christoffels et al. 2000 and de Boer et al. 2012, with permission, from
Elsevier © 2000.)
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tricular septum, right ventricle, right and left
ventricular outlets, and noncardiomyocyte in-
trapericardial portions of the great arteries
(Dyer and Kirby 2009; Mohan et al. 2018). Of
note, all of the cardiomyocytes added to the
outlet side briefly obtained the phenotype and
function of embryonic outflow tract before they
differentiated in accordance with their definitive
fate such as right ventricle. The caudally added
cardiomyocytes that will form definitive AV ca-
nal (AV node and transitional cells), atria, and
sinus venosus, first acquired an inflow tract
phenotype during caudal expansion, including
dominant pacemaker activity (Hcn4 expres-
sion), before theymoved on to their final destiny
such as (Hcn4-negative) atrial working myocar-
dium. Retinoic acid signaling likely plays a key
role in providing anteroposterior identity. Dur-
ing and after specification of the heart fields, the
caudal portion of the embryo expresses Raldh2,
the rate-limiting retinoic acid synthesis enzyme
in the embryo (Simões-Costa et al. 2005). The
caudal cardiac precursors overlap with this do-
main, receive retinoic acid signaling, and acquire
a caudal identity. Tbx5 is a target of retinoic acid
and is expressed in and required for the devel-
opment of the caudal heart components (De
Bono et al. 2018). Hox genes are targets of reti-
noic acid signaling as well, expressed in caudal
domains, and also involved in the development
of caudal structures (Bertrand et al. 2011). The
nuclear receptor Coup-TFII (NR2F2) was iden-
tified as a retinoic acid receptor. It is expressed
caudally and required for formation of the cau-
dal portion of the heart tube (Pereira et al. 1999).
Interestingly, Coup-TFII is required and suffi-
cient for atrial identity of chamber myocardium
(Wu et al. 2013). Whereas Tbx5, Osr1, etc. con-
trol deployment of the posterior SHF, Tbx1,
Fgf8, and Fgf10, etc. control anterior SHF de-
ployment. The border between anterior and
posterior SHF progenitors in the dorsal pericar-
dial wall is maintained by RA signaling, Coup-
TFII, Tbx1, Tbx5, Hedgehog/Gli, Osr1, and
other factors (Pereira et al. 1999; Niederreither
et al. 2001; Ryckebusch et al. 2008; Lin et al.
2012; Xie et al. 2012; Rana et al. 2014; Zhou
et al. 2015; De Bono et al. 2018). Disruption of
any of these factors causes border disruption,

dysfunction of the respective SHF, and defects
in outflow- and inflow-derived structures.

THE DEFINITIVE HEART CONFIGURATION,
WITH VALVES AND SEPTA

From mouse E9 onward, chamber differentia-
tion is well underway. Looping has completed
by E9.5 and between E9.5 and 10.5 the AV canal
expands (shifts) to the right to maintain the
connection of the right atrium with the right
ventricle. Bymouse E10-11 (human 4–5 weeks),
the basic building plan of the heart and the de-
finitive configuration of the chambers has been
established (Fig. 5). The first morphological
signs of interventricular septum formation oc-
cur at E9.25, when trabecular ventricular myo-
cardium visibly forms and a few trabecular
ridges seemingly fuse in between the future left
and right ventricles (Mohun and Anderson
2019). The septum grows by proliferation at
the same speed as the walls of the ventricles
expand (Sedmera et al. 2003). The jelly that ini-
tially filled the space between the myocardial
mantle and endocardial lining disappears where
chambers differentiate, causing the endocardi-
um and myocardium to make contact. The jelly
at the level of theAV canal, inner curvatures, and
outflow tract, in contrast, are maintained, and
even expand. Here, endocardial cells transition
to mesenchyme and populate the jelly and con-
tribute to the growth and morphogenesis of the
cushions. In addition, mesenchymal cells de-
rived from the cardiac neural crest migrate into
and populate the distal outflow tract cushions
(Waldo et al. 1998). These cushions play crucial
roles in valve formation and septation of the AV
junction and the systemic and pulmonary arte-
rial outlets. In addition, starting at E9.5, a “pro-
trusion” is seen to expand in thedorsalwall of the
atrium, the dorsal mesenchymal protrusion, or
vestibular spine (Mommersteeg et al. 2006; Snarr
et al. 2007).This protrusion is associatedwith the
forming pulmonary vein and additionally forms
a complex with the superior and inferior AV
cushions and together ensures correct septation
of the AV junction (Briggs et al. 2012). Errors in
dorsal mesenchymal protrusion patterning or
proliferation or cause severe AV septal defects.
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Involved transcriptional networks have been
described, including Tbx1, Tbx5, Osr1, Hedge-
hog, etc. (e.g., Xie et al. 2012; Rana et al. 2014;
Zhou et al. 2015). Although the superior and
inferior AV cushions form frommouse E9.5 on-
ward, the mural cushions (along the left and
right AV canal wall) only become prominent
later, from E11.5 onward, and will form the mu-
ral leaflets of themitral and tricuspid valves. The
outflow tract cushions, or ridges, will remodel,
the neural crest–derived cells will aid in the sep-
tation of the single outflow channel into two
vessels (aorta and pulmonary trunk) and be re-
moved, the proximal parts will partake in ven-
tricular septation and proper connection of the
great arteries to the respective ventricle, whereas
the more distal portion will also aid in the sep-
tation and remodel into semilunar valves with
three leaflets at the entrance to each great artery.

DEVELOPMENT OF HEART FUNCTION AND
CONDUCTION SYSTEM DEVELOPMENT

The first spontaneous rhythmic action poten-
tials were observed in the three somite rat
(E9.5) and mouse (E8.5) and stage 7 chicken
cardiac crescents, immediately followed by the
first contractions (Goss 1938; Fujii et al. 1981;
Hirota et al. 1985; Navaratnam et al. 1986).
High-resolution live imaging of mouse embryos
established Ca2+ oscillations in the E7.75 cres-
cent preceding contractions at E8 (Tyser et al.
2016). From that stage onward, spontaneous
action potentials become more regular and syn-
chronized. In heart tube stages, dominant pace-
maker activity is always observed in the caudal
end (but left or right side not fixed), the impulse
and induced slow peristaltic contraction waves
migrating toward the cranial outflow (Van
Mierop 1967). Thus, as soon as the heart tube
is established, pacing, synchronization, and uni-
directional contraction waves and flow have
been established. Taking into account that the
initial heart tube is comprised of little more than
the left ventricular primordium, and perhaps
the AV canal at its inflow (Aanhaanen et al.
2009), this means that during tube elongation
the cardiac cells added to the caudal end take
over dominant pacemaker activity, and the ac-

tual definitive pacemaker (sinus node in the si-
nus venosus) still has to be formed from the
caudal SHF. The latter will occur betweenmouse
E9.5–E11.5, when the sinus venosus and sinus
node primordia are being added from Tbx5+

Tbx18+ Hcn4+ posterior SHF progenitors
(Mommersteeg et al. 2007; van Eif et al. 2018).
During this time, the dominant pacemaker ac-
tivity will gradually move toward the definitive
sinus node region (Vicente-Steijn et al. 2010; Yi
et al. 2012).

The differentiating ventricular and atrial
chamber myocardium acquire properties of
fast intercellular conduction, driven by induced
expression of Gja5 (Cx40), Gja1 (Cx43) sub-
units of high-conductance gap junctions, Scn5a
(Nav1.5), and other ion-handling proteins
(Moorman and Christoffels 2003; Gros et al.
2004). Furthermore, functional sarcoplasmic re-
ticulum (SR) develops in chamber myocardium,
along with the expression of Serc2a, and their
contractile apparatus becomes more abundant
and organized (Moorman et al. 2000). In
contrast, the nonchamber differentiating myo-
cardium of the sinus venosus, AV canal, inner
curvatures, and outflow tract maintain the em-
bryonic slow conducting and poorly developed
SR and contractility phenotype (de Jong et al.
1992; van Eif et al. 2018). It is also in this period
of chamber differentiation that the electrocar-
diogram (ECG) transforms from sinusoidal
(uniform slow impulse propagation in tube) to
one that resembles that of themature heart, with
a P wave (fast atrial activation and contraction),
PR interval (slow propagation through AV canal
myocardium), QRS complex (fast ventricular
activation and contraction), and a “T” wave-
like signal resulting from slow activation of the
proportionally large embryonic outflow tract
(this wave is not the equivalent of the T wave
in the adult heart) (Fig. 1). Because of this func-
tionality resembling the mature heart, together
with the acquisition of the definitive configura-
tion of the chambers by these stages (see above),
one could argue that the basic building plan of
the vertebrate heart has been established.

The development of the conduction system
components in the different vertebrate species
has been extensively reviewed (Christoffels and
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Moorman 2009; Miquerol et al. 2011; Jongbloed
et al. 2012;Munshi 2012; Jensen et al. 2013; Park
and Fishman 2017; van Eif et al. 2018). Briefly,
the sinus node develops in the (right) sinus ve-
nosus, connected to the (right) atrium. The AV
canal myocardium is maintained, but in mam-
mals and chicken remodeled to a discrete AV
node and extensions/ring bundles. The crest of
the ventricular septum comprises the AV bun-
dle, the flanks of the septum the bundle branch-
es, and parts of the trabecular myocardium of
the ventricles remodel into the Purkinje fiber
network. Consistent with the concept that pro-
genitors for future compartments are progres-
sively added to the poles of the elongating heart
tube, the early heart tube outflow comprises the
AV bundle progenitors, whereas the early heart
tube inflow tract comprises the AV canal/AV
node progenitors (Mohan et al. 2018). The sinus
node progenitors (along with those of the atria
and AV canal) are initially found caudal/lateral
of the first differentiating (and cardiogenic fac-
tor-expressing) heart field progenitors (Fig. 2)
and are added relatively late to the caudal pole
of the heart tube (Mommersteeg et al. 2010;
Bressan et al. 2013; Ren et al. 2019).

FUNCTION INSTRUCTS DIFFERENTIATION
AND MORPHOGENESIS

The early embryo is so small, in human and
mouse just under 2–3 mmcrown to rump length
(de Bakker et al. 2016), that diffusion is sufficient
formuch of the exchange of nutrients and gasses
for development to proceed (Pelster and Burg-
gren 1996). The viability of zebrafish embryos
remain independent of a circulatory system for
a longer developmental period (Pelster and
Burggren 1996) enabling investigations of cardi-
ac developmental processes in fish embryos with
highly compromised cardiac function or struc-
ture. However, mammalian embryonic develop-
ment becomes dependent on heart function
soon after it is initiated (e.g., Papadatos et al.
2002; Huang et al. 2003; Stieber et al. 2003).
With proceeding development, cardiac mor-
phogenesis increasingly relies on both its elec-
trical and mechanical function, implicating
them as integral network components of the

morphogenetic process. Indeed, both functions
have been shown to influence particular aspects
of morphogenesis, and to cause structural de-
fects when perturbed. The mechanisms under-
lying the interaction between function and
morphogenesis of the vertebrate heart are cur-
rently being explored (Andrés-Delgado and
Mercader 2016; Happe and Engler 2016; Tyser
et al. 2016; Yalcin et al. 2017; Sidhwani and Ye-
lon 2019). Blood flow through the heart causes
shear stress, pressure differences, and stretch, all
of which are sensed by the different cell types of
the heart tube. During development, embryo
size, flow, and pressure will change. Moreover,
the remodeling of the heart, chamber expansion,
and alignment, etc., cause changes in shape and
local differences in shear stress, pressure, and
stretch. Chamber formation, cell size, endo-
cardium formation, valve formation, and car-
diomyocyte proliferation and maturation are
influenced by these mechanical cues. Primary
cilia, transient receptor potential Ca2+ channels
and integrins in the endocardium are among
the mechanosensors that in response to forces
change intracellular Ca2+ concentrations, activ-
ity of transcription factor Klf2 among others,
Rho, Tgfb, andHippo signaling in endocardium
or underlying myocardium. This, again, affects
cell proliferation, size, shape, differentiation,
maturation, extracellular matrix production,
etc. (Heallen et al. 2019) For example, a recent
study showed that increased expansion of the
atrial chamber volume increases junctional
forces within endocardial cells, and via biome-
chanical signaling triggers nuclear localization
Yap1 (of the Hippo pathway) and endocardial
proliferation (Bornhorst et al. 2019).

As gestation proceeds, the increased de-
mand for blood flow is largely met by increases
in heart size and more specifically by increases
in ventricular stroke volume (Kenny et al. 1986).
This is because heart rate is more or less con-
stant across gestational stages in human, mouse,
and chicken once it has accelerated in the early
embryo to ∼200 beats per minute (Bogue 1933;
Ishiwata et al. 2003; Lindsey et al. 2014). Mean
arterial blood pressure in the systemic circula-
tion also undergoes a pronounced gestational
increase from ∼1 mmHg in the first days of
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chicken heart development (Van Mierop and
Bertuch 1967) to ∼10 mmHg at the embryon-
ic–fetal transition in mouse (∼E14.5) (Ishiwata
et al. 2003) and reaches ∼40 mmHg around
hatching in chicken. Much has still to be learned
about the relative importance of myocardial
mass and myocardial maturation in sustaining
the rapid increases in ventricular work (the
product of stroke volume and blood pressure),
but hypoplastic heart syndromes can be ex-
tremely severe conditions for the developing fe-
tus (Feinstein et al. 2012).

Taken together, heart morphogenesis is the
product of an interplay between developing ge-
netic networks, shape, size, and biomechanical
and electrophysiological input in the context of
a constantly changing demand for pump func-
tion. The complexity of these interacting adapt-
ing networks is daunting if one appreciates how
the exponentially growing embryo’s changing
and increasing demand for flow and pressure
need to be delivered by a constantly growing
and remodeling heart pump.
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