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Basic Anatomy and Embryology of the Heart

Frank L. Confon, Christopher E. Slagle, Andy Wessels

ORIGINS OF CARDIAC PRECURSOR POPULATIONS

Heart development begins as the primary germ layers—ectoderm, meso-
derm, and endoderm—are induced and progressively changed 1o various
cell types during the morphogenctic processof gastrulation, Combinato-
ral nc[lm:lrk'. of i:lwtw”lﬂu‘r sil;n.ttiliﬁ evenls ﬂ:n'rpl:r.il:u with 1llaui1rq'
tissue migrations and internalizations (o lay out the basic body plan of
the vertebrate embryo, Mesoderm-derived cardiac precursors areamang
ihse first ccll populations to internalize, coalescing into 2 bilateral popula-
tions toward the anterior end of the embryo between 13 and 15 days of
human development. The identity of these progenitor pools as cardiac
precursors is defined and maintained by expression of a core cobort of
developmental gene regulators or wranscription factors. These cardiac
transcriptien factors function cooperatively and hicrarchically to induce
expression of appropriate structural proteins, including componcents of
the specialized cardiomyocyte contractile apparatus and jon channels,
Many cardiac transcription factors function not only in the initial speci-
fication of cardiac precursors, but also in later aspects of heart morpho-
genesis, such as establishing chamber identity, chamber-vessel alignment,
and conduction svstem development, Therefore proper spatial and
temporal functions of cardiac transcription factors dictate development
of a healthy and functional heart. This requirement of correct genetic
regulation is exemplified by the numerous congenital heart defects asso-
ciated with or causcd by mutations in cardiac transcription factors.

Even at such early stages of embryonic development, the cardiae
precurser pools have been subdivided into twe distinet sources of pro-
genitors according to expression of different subsets of cardiac tran-
scription factors. The first, designated as the first heart field, will form
the primitive lingar heart tube, which will give rise to the lefi ventricle
and maost of the atrial tissues, The second heart field, incorporated into
the primitive embryonic heart at various stages of development, con-
'|rib'ub\'x 1 (4] IIM.: ri;hl 1.\¢nlr.i:l\: am.l uulﬂnw trach. '"q, duﬂ:h,:pins }n;nrl
receives further contributions from the cardiac neural crest and the
mesothelium, The cardiac neural crest is made of ectodermal cells arising
outside the heart fields at the Lateral borders of the neural plate and
because of neural induction from the midline ectoderm, The cardiac
mewral crest migrates to the heart-forming region, where it contributes
iy sepiation of the outflow tract into the arterial and pulmonary vessels.
The mesothelium is the embryonic cell source that gives rise to the
cpicardium, an cpithelium that covers the surface of the heart and that
plays a role in a number of processes, such as the development of the
coronary system and the formation of the annulus Abrosis,

FORMATION OF THE PRIMITIVE LINEAR
HEART TUBE

Even before gastrulation has compleied, the internalized bilateral cardiac
precursar pools continue 1o migrale in response 1o signaling cues from
neighboring tissues, Remaining as cohesive cpithelia, the heart ficlds

2

move anteriorly and ventrally between 15 and 20 days of development,
fusing at the embryonic midline to form the transient cardise crescent
(Fig. 1.1). Proper midline fusion of the bilateral cardiac primordia is
essential for development of the heart, Several cardiac transcriprion
factors are required for this process, and loss of function of any one of
them causes extensive defects in further morphogencis, including cardia
bifida in severe cases,

Mewly united as the cardiac crescent, the multipotent cardiac pro-
genitars coalesce further to form a linear wbe by 3 weeks of develop-
ment, segregating into the future endocardial lining and myocardial
walls ( Fig. 1.2). The lincar heart twbe consisis exclusively of differentiated
first heart field cells; the second heart ficld persists as a mesenchymal
population, which is a leose association of rapidly dividing precursor
cells adjacent to the heart tube, Although no specialized electrical con-
duction system has yet arisen, the myocardium of the linear heart wbe
already exhibits awtonomous contractions. Compared with those of a
mature heart, these contractions are show and weak, driven only by the
intrinsic depolarizing activity and conductivity of the still-maturing
cardiomyocytes. Once the conduction system develops and connects
to the mature working myvocardium, it will serve as an extrinsic regula-
tor of the dectrical impulses within the myocardium, Sufficient con-
tractile force will, in turm, allow the heart 1o beat at the strength required
to circulate blood throughout the body,

LOOPING OF THE LINEAR HEART TUBE

As a consequence of its formation, differentiation, and rudimentary
functionality, the lincar heart tube is mostly postmitotic. During the
fourth week of human gestation, growth and clongation of the lincar
heart tube occur by mcans of contribution and division of second heart
field cells at both the sinus venosus and truncus arteriosus | posterior
and anterior ‘m\l\;x. r:'spc\q.‘lhﬂ:,']. (_hn:urrcnﬂ}', ian nl\l:r!m,h\ﬁd:' B\m;cli:(‘
program breaks the final axis of symmetry—the lefi-right axis, Asym-
metrical intercellular signaling on the left side of the embryo governs
the migration and division of second heart field cells in the lengthening
heart tube, leading to two major morphological cardiac asymmetries,
First, the entire linear heart tube displaces to the right and rotates
W degrees about its amerior-posterior axis, so thar the original
ventral surface of the lingar tube is now the left side of a C-shaped tube
[Fig. 1.3). Second, asymmetrical mitotic expansion of the sccond heart
fiedd contribations leads to lecalized “ballooning™ of the primitive atrial
and ventricular regions of the heart wbe, transforming the C-shaped
tube into an S-shaped heart (Fig. 1.3).

Further gross morphogenetic movements of the embryo bring the
twi proles i close apposition, anterior to the primitive chambers, This
repositioning prepares the inflow and outflow tracs for appropriate
connections to the developing vasculature, thereby coniributing to
proper segregation of oxygenated and deoxygenated blood flow among
the heart, lungs, and body, By 30 days of gestation, the prospective atria




Approximately 20 days postconception

Ventral view Sagittal view

Approximately 21 days postconception

Ventral view Sagittal view
FIG 1.1 Formation of the heart tube.

Approximately 22 days postconception

Ventral view Sagittal view

Ventral view Sagittal view
FIG 1.2 Formation of the heart tube (continved).
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Approximately 23 days postconception

FIG 1.3 Formation of the heart loop.

are repositioned anterior to the ventricular region, marking the first
resemblance of the embryonic heart to its future adult structure,

Formation of the S-looped heart overlaps with the beginnings of
ventricular and outflow tract septation and valve develop as endo-
cardial cushions emerge within the atrioventricular junction and the
outflow tract.

CHAMBER FORMATION

During the time of cardiac looping, at approximately 3 weeks of devel-
opment, the arterial and venous poles of the heart decrease or cease
cell division. At the same time, cardiomyocytes at two distinct locations
within the intervening tissue reinitiate cell proliferation. This localized

ion of ¢ yocytes gives rise anteriorly to the atria and pos-

Contribution of cells from the second heart field to the heart is
complete by the fifth week of h develop At this stage, chamb,
identity can be established by inspecting anatomic features and/or by
the expression of left or right ventricular chamber-specific genes. As
the cardiovascular system develops to support postnatal sy ic and
pulmonary circulations, the heart goes through a series of complex
remodeling events. Critical steps in this process are the formation of
the septa between individual components of the heart, with the purpose
of scparating the respective blood flows within the heart, and the for-
mation of valves facilitating unidirectional flow among the respective
components, Together, these two events are commonly referred to as
valvuloseptal morphogenesis.

SEPTATION

teriorly to the left ventricle, with the arca scparating the two regi
giving rise to the atrioventricular canal. Studies in chickens and mice
demonstrated that the atria grow not only through proliferation but
also by the recruitment of cells 1o the venous pole of the heart. The
left ventricle and the atria are largely derived from a common pool of
progenitors termed the first heart field (Fig. 1.4). In contrast, the second
Beart field gives rise to the dorsal mesenchymal protrusion and primary
atrial septum, which are tissues that are critically important for atrio-
ventricular septation, the outflow tract, and the right ventricle. A con-
served role for the second heart field is supported by the observations
that abnormalitics that affect the expansion of the second heart ficld
are associated with congenital heart disease in mouse models and humans,
including atrial and atrioventricular defects, as well as outflow tract
abnormalities.

Atrial septation is initiated when the second heart ficld—derived dorsal
mesenchymal protrusion and the myocardial primary atrial septum
(or septum primum) extend ventrally into the, yet undivided, common
atrium. In the mouse, this process takes place between embryonic day
(ED) 9.5 10 10.5; in humans the process occurs around day 30. The
space between the leading edge of the atrial septum and the fusing
atrioventricular cushions in the atrioventricular canal is the primary
atrial foramen. As the primary atrial septum grows toward the mesen-
chymal atrioventricular cushions, thereby ddosing the primary interatrial
foramen, perforations appear in the upper part of the primary atrial
septum. These perforations will ev lly coalesce and form the sec-
ondary interatrial foramen. As this part of atrial septation process nears

pletion, the dary atrial septum (or septum secundum) appears
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Heart tube primordia
Aortic arches (AA}

Truncus arteriosus (TA)

Bulbus cordis (BC)

Cfackud
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Ascending aorta
Pulmonary trunk

Aortic vestibule of left ventricle
Conus arteriosus of right ventricke

Ventricle (V) = Trabecular walls of keft and right ventricles

Atrium (A)— Auricles/pectinate muscle walls of left
and right atria (smooth wall of leit
atrium from pulmonary veins)

> Coronary sinus
A _[Smumh wall of right atrium

Heart tube derivatives
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Adult heart, anterior view

FIG 1.4 Summary of heart tube derivatives

in the space between the primary atrial septum and the left venous
valve in the roof of the right atrium. Eventually, the upper part of the
primary atrial septum will fuse with the secondary atrial septum, thercby
closing off the secondary atrial foramen and completing the atrial sep-
tation process. Failure of fusion of the two atrial septa will lead to the
congenital defect patent foramen ovale,

Compared with atrial septation, the creation of the ventricular septum
is a rather straightforward p As the tubular heart expands, under-
goes looping, and remodels, distinctive left and right ventricular
components appear. During this process, a myocardial ridge, the inter-
ventricular uplum. emerges between the left and right ventricle. Sub-
pansi oflhc\mmdcs.npmmsomduncsrdmrd

1 as “ball 8" in combi with upward growth of the inter-
wnmcular sq.uum .md eventual fusion of crest of the septum with the
atri ular ¢ letes the process of ventricular septation.

Cell lincage tracing experiments in the mouse demonstrated that, like
the right ventricle, the interventricular septum is largely derived from
the second heart ficld,

The third septal structure that is required for separating the respec-

ventricle. The cardiac neural crest is also important in the septation
P that sep aorta and p v trunk, Abnormal develop-
ment of the cardiac neural crest specifically affects the formation of

the aorticopul d of the semil valves (Fig.
1.5). This can mull n lln genital defect arterial trunk
(or truncus ar ) or in aorticopul y wind

FORMATION OF THE CARDIAC VALVES

The fully formed heart contains two sets of one-way valves. In the
atrioventricular junction, the atrioventricular valves facilitate unidirec-
tional flow through the left and right atrioventricular orifices, whereas
at the ventriculoarterial junction, the semilunar valves serve the same
function at the junction of the left ventricle and the aorta, and at the
junction of the right ventricle and the pulmonary trunk.
Atrioventricular valve formation is initiated at the atrioventricular
junction of the looping heart (see previous description); two atrioven-
tricular cushions appear as a result of local accumulation of extracellular
matrix between the alviovmlricular endocardium and myocardium. A

of endothelial-t hymal i leads to the

tive blood flows in the heart is found in the outflow tract. After compl

tion of cardiac looping, a single outtlow tract can be found connected
to the right ventricular component of the yet unseptated heart, Septation
of this outflow tract is required for the formation of an aorta, which
eventually connects to the left ventricle, and a pulmonary trunk that
comes from the right ventricke, Two sets of endocardial ridges are located
within the outflow tract, and as a result of their fusion, these will separate
the common outflow tract into an aorta and a pulmonary trunk, Failure
of fusion can lead to congenital defects, including a double outlet right

¥

of a population of hymal cells that colonize the cush-
|ons. As the heart grows, and these major atrioventricular cushions
become bigger, they eventually fuse, thereby separating the common
atrioventricular junction into the left and right atrioventricular orifices.
As this process takes place, on the lateral walls of these respective orifices,
two additional atrioventricular cushions form. These are known as the
left and right lateral atrioventricular cushions. These lateral cushions

also become populated with endocardially derived mesenchyme. Recent
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FIG 1.5 Nervous tissue of embryo at 24 days and 4 weeks.

cell fate studies in mice showed that epicardially derived cells migrate
into these lateral cushions. Epicardially derived cells do not populate
the major cushions. Further r ling of the cushion-derived tissues
eventually leads to the formation of the mitral valve Jeaflets in the left
atrioventricular orifice and the tricuspid valve leaflets in the right atrio-
ventricular orifice.

In many respects, the develop of the semil valves is similar
to that of the atrioventricular valves. It involves the fusion of two mes-
enchymal tissues, the parictal and septal endocardial ridges, which result
in the separation of the left and right ventricular outflows. The emer-
gence of a set of smaller endocardial ridges, the intercalated ridges at
the opposite sides of the formed septum, resembles the process of for-
mation of the lateral cushions in the atrioventricular junction. The

time of their formation; their ultimate fate is a reflection of their rela-
tive position along the anterior-to-posterior axis of the embryo. In the
cranial portions of the embryo, classic fate mapping studies showed
that a subpopulation of ncural crest cells enter the arterial pole or the
venous pole of the heart to give rise to all of the parasympathetic
innervation of the heart, the smooth muscle layer of the great vessels,
and portions of the outflow tract. This population is termed the cardiac
neural crest. Ablation studics in chicks and genetic studies in I
demonstrated not only that the cardiac neural crest cells contribute to
these regions of the heart but also that they are also essential for the
proper formation of cach of these structures.

EPICARDIUM AND EPICARDIALLY DERIVED CELLS

remodeling of these two sets of mesenchymal ridges will ¢ Hly
lead to the formation of the semilunar valves,

CARDIAC NEURAL CREST

The neural crest is a transient population of cells that form from the
dorsal ectoderm at the time of neural tube cdlosure (Fig. 1.5). The neural
crest popuhlion arises through a series of inductive interactions with
sur g tissues d the fourth week of development. Once
formed lhc chs undergo nn epithelial-to-mesenchymal transition,
ly and laterally to contribute to a wide array of tissue

types. mcludmg the epinephrine-producing cells of the adrenal gland,
the parasympathetic neurons, cartilage, bone, connective tissue, and
pigment cells. The neural crests themselves are multipotential at the

The walls of the developed heart essentially consist of three cell layers:
the endocardium, the myocardium, and the epicardium. The endocar-
dium and myocardium are g ed carly in develop during the
formation of the primitive lincar heart tube (see previous description).
However, the epicardium, a layer of epithelial cells covering the heart,
is like the cardiac neural crest, a late addition to the developing heart.

The source of the epic is the procpicardium, a local proliferation
of the mesothelium found in association with the sinus venosus at the
venous pole, In the the proepicardium can be seen around ED
9.5:inh this happ d day 30, Shortly after its gencration,

the proepicardium attaches to the myocardial surface in the atrioven-
tricular junction, From there, the cells spread out as an epicardial sheet
and eventually cover nearly the entire heart. Cell fate studies in animal



