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Mechanotransduction refers to the conversion of mechanical forces into biochemical or electrical signals that
initiate structural and functional remodeling in cells and tissues. The heart is a kinetic organwhose form changes
considerably during development and disease. This requires cardiomyocytes to bemechanically durable and able
to mount coordinated responses to a variety of environmental signals on different time scales, including cardiac
pressure loading and electrical and hemodynamic forces. During physiological growth, myocytes, endocardial
and epicardial cells have to adaptively remodel to these mechanical forces. Here we review some of the recent
advances in the understanding of how mechanical forces influence cardiac development, with a focus on fluid
flow forces. This article is part of a Special Issue entitled: Cardiomyocyte Biology: Integration of Developmental
and Environmental Cues in the Heart edited by Marcus Schaub and Hughes Abriel.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Vertebrate organisms livewith a beating heart from early in develop-
ment to the end of their lives. The vertebrate heart is composed of the
endocardium—an endothelial layer in contact with the blood flow, the
myocardium—the muscle in charge of heart contractions, and the
epicardium—the outermost mesothelial cell layer. The myocardium is
formed mainly by cardiomyocytes, but also contains intracardiac fibro-
blasts and stromal cells, and is nourished by the coronary vasculature.
Two myocardial layers can be distinguished: an outer compact layer
and an internal trabecular layer. In mammals and birds, the heart is
formed by two atrial and two ventricular chambers. The heart is
surrounded by the pericardium wall. Between the epicardium and the
pericardium is a cavity filled with pericardial fluid. At early developmen-
tal stages, the primitive heart consists of a straight tube of cardiacmuscle
(myocardium) lined by a single layer of endothelial cells (endocardium).
Extracellular matrix accumulates between the endocardium and the
myocardium, providing structural support to the developing heart
through intracardiac pressure [105].

The role of mechanical forces in shaping the heart during cardiovas-
cular development has been studied in a variety of animal models,
including chicken, mice or zebrafish [94]. An early demonstration of
yocyte Biology: Integration of
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the role of the heartbeat in cardiovascular development comes from
studies with Myosin light chain 2a knockout (KO) mouse embryos,
which have impaired cardiac contractility and as a consequence
reduced blood flow. This cardiac defect leads to impaired yolk sac vessel
remodeling [85].With the advent of live imaging, knowledge in thefield
of mechanobiology is expanding rapidly. Improvements in technology,
such as four-dimensional optical coherence tomography (OCT), have
enabled observation of cardiac dynamics at high-speed acquisition
rates and high resolution to reveal the complex interrelationship
between cardiac layers and cardiac jelly during the heart cycle in chick
and mouse models. Contractile activity can also be measured using
other techniques such as brightfield time-lapse microscopy, confocal
microscopy of calcium transients, and atomic force microcopy [20].
The development of light sheet microscopy [155], for in vivo imaging
at low phototoxicity and cellular resolution is enabling detailed quanti-
tative analysis of mechanical forces during cardiac development. In par-
ticular in combination with animal models such as the zebrafish, which
has become a powerful model organism in cardiovascular research [7,
83]. The key advantages of the zebrafish are its amenability to in vivo
cellular-resolution imaging of the heart and vasculature, geneticmanip-
ulation, chemical treatments, and quantitative force measurements
[35]. The ability of zebrafish to survive without a beating heart for up
to 7 days post-fertilization (dpf) by oxygen diffusion [136] makes it a
good model for studying the influence of hemodynamic forces during
cardiac development.

Mechanical forces are sensed by cells and induce downstream
signaling cascades allowing them to react to environmental physical
alterations. Mechanosensors known to operate in cells exposed to
shear stress include cilia, integrin signaling components, cell membrane
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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receptor kinases, stretch-sensitive ion channels, intercellular junction
proteins and membrane lipids [86]. Thesemechanosensors can activate
components of multiple mechanotransduction pathways such as Ras/
RhoGTPases, MAPKs, phospholipase C, Ca2+ currents, nitric oxide
(NO) signaling elements, and several microRNAs. This ultimately regu-
lates the expression of signaling pathways involved in developmental
processes, including the vascular endothelial growth factor (VEGF),
bone morphogenetic protein (BMP) and the Notch signaling pathway
[91]. This review provides an overview of the mechanical forces
impacting cardiovascular development and describes some of the
underlying mechanosensing and mechanotransduction pathways.

2. Types ofmechanical forces influencing cardiovascular development

Cardiomyocytes start to beat in an autonomous manner before any
external stimulus is present. In mice, beating typically starts between
embryonic days E 8 and E 9 [21,82], when the heart field undergoes a
morphological transition from a crescent to a heart tube [99] (Fig. 1A).
Fig. 1. Stages of cardiac development in the mouse and the zebrafish. The heart is subjecte
developmental stages and throughout adult life. Illustrations show ventral views of heart
(B) Zebrafish heart development. In both animal models, laminar flow becomes turbulent at
animal models (modified from [81]). Endocardium is marked green, myocardium red, epica
Dotted lines illustrate turbulent flow or oscillatory flow at valves. A, atrium; AVC, atrioventri
PE, proepicardium; RA, right atrium; RV, right ventricle; V, ventricle.
In zebrafish, cardiomyocyte contraction begins at the venous pole of
the linear heart tube at 22 hpf (hours post fertilization) (Fig. 1B). In
chick, the heart begins beating at 42 h of incubation [2]. Initial cardio-
myocyte contractions are irregular and uncoordinated, but in zebrafish
show a more regular pattern around 28 hpf, with a frequency of 156
beats per minute (2.6 Hz) [13]. As the heart tube develops, the rate of
contraction increases and the heart changes from a peristaltic-like
pump to a beating heart [7,82].

From the onset of heart beating, blood flows through the cardiac
lumen, and this physical stimulus influences chamber formation,
trabeculation, cardiomyocyte proliferation and valve formation [43].
Blood flow induces shear stress parallel to the vessel wall (Fig. 2). In
addition to shear stress, the changing blood flow during each cardiac
contraction–relaxation cycle alters the strain to which cardiac cells
are subjected. This force is known as mechanical loading and varies
according to the blood viscosity, which is mainly determined by the con-
centration of red blood cells. In zebrafish, blood viscosity is altered by the
silencing of gata2, leading to below-normal numbers of erythrocytes
d to the flow of blood (black arrows) and pericardial fluid (blue arrows) during most
s. (A) Mouse heart development. The most important events taking place are listed.
the site of valve formation. (C) Blood pressure across developmental stages in different
rdium blue, and the developing valves yellow. Blue circles represent proepicardial cells.
cular canal; bpm, beats per minute; LA, left atrium; LV, left ventricle; OFT, outflow tract;



Fig. 2.Mechanical forces influencing cardiac development. Inside the heart, the blood is in
direct contactwith the endocardium and exerts shear force on the endocardium and cyclic
strain on the three heart layers. Outside the heart, the pericardial fluid generates a shear
stress force on the epicardium and pericardium as well as pressure on the whole heart.
The illustration shows a section of the heart wall. Arrows indicate force vectors.
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[150]. Blood flow in healthy situations is usually pulsatile and laminar,
whereas disturbed and turbulent flow is often associated with patholog-
ical situations, such as atherosclerosis [44] or valvular heart disease [4].
However, disturbed flows also occur in the developing heart [74,161].
Moreover, tissue constraints generate a notable mechanical force trans-
mitted through the myocardial wall by cell–cell attachments, and
exerted on the wall by extracardiac pressures.

The ventricle pressure increases geometrically as the embryo de-
velops (Fig. 1C), and the heart rate (beats per minute) rises with time
in all animalmodels [53,82]. In the developing zebrafish heart, quantita-
tive in vivo imaging of hemodynamics revealed high-shear flow forces
during valvulogenesis [52]. The ventricular peak systole is consistently
higher than the aortic systolic pressure, indicating a pressure gradient
between the ventricle and dorsal aorta at each stage. The durations of
diastole and systole shorten as cardiac development proceeds and the
heart rate rises [53], and atrial systolic pressure during development is
consistently higher than ventricular end-diastolic pressure, producing
a pressure gradient across the atrium and the ventricle [54].

3. Mechanical forces in early heart development and chamber
formation

After gastrulation, the heart field emerges bilaterally from the ante-
rior mesoderm. In some species, such as teleost fish (zebrafish), the
fields are completely separate, whereas in others, such as mice, they
forma semilunar structure. The heart tube forms at themidline, through
the migration of mesenchymal cardiac progenitors.

OCT live imaging of the mouse embryonic heart suggested that
the organ's final position might be in part determined through direct
interaction with its boundaries [38]. An early event in heart formation
is the looping of the primitive heart tube [88,120,141,142]. In mouse
and chicken this process occurs in two stages: c-looping, in which
the straight heart tube bends ventrally and rotates to the right; and
s-looping, when the primitive ventricle moves to its definitive caudal
position and the distance between the outflow tract (OFT) and the
atrium shortens [88,89]. In chicken, cardiac looping and early chamber
formation occur between HH13 and HH18. During these stages, blood
flow rate and stroke volume increase 2-fold. Wall shear rate and
lumen diameter data suggest that changes in blood flow induce a
shear-mediated vasodilation response in the developing OFT and influ-
ence cardiac looping [93]. A transient reduction in hemodynamic load
after venous obstruction leads to impaired looping [16] and subsequent
ventricular septal and valve defects. Further studies investigated
whether c- and s-looping are equally dependent on mechanical forces.
When cultured in isolation, chick embryo hearts spontaneously bend
into c-shaped tubes [18,90], and this process is independent of blood
flow [141]. In contrast, isolated c-looped hearts have no intrinsic poten-
tial to form an s-loop in culture. s-Looping might thus be dependent on
external forces, likely those originating from the splanchnopleure [138,
143,154]. Moreover, early s-looping depends on the accumulation of
cardiac jelly and its swelling at the atrioventricular canal (AVC) [78,
141]. These data are supported by computer models indicating that
the later stages of cardiac looping requires forces external to the primi-
tive heart tube [119]. Further support comes from physical simulation
experiments based on deformation of a rubber tube, which suggest
that the asymmetric position of the venous pole might be enough to
determine the looping direction [10]. In the zebrafish model there is
no evidence for a role of external forces on heart looping. Zebrafish
hearts undergo a simplified, tissue-intrinsic looping event, even in the
absence of left–right (LR) asymmetry. Zebrafish heart tubes loop, with-
out influence of blood flow, after 24 h in isolated culture, forming a
right-handed loop in 79% of cases [108]. More research is needed to
identify the extent towhich biophysical forces drive heart tube looping.

Cardiac looping transforms the shape of the primitive heart into a
chambered heart with one atrium and one ventricle, separated by an
AVC. Hemodynamic forces have been proposed to influence cardiomyo-
cyte enlargement, myofibril content and coordination of cardiomyocyte
contraction [5,76]. In vitro studies showed that the stretching of cultured
rat neonatal cardiomyocytes induces robust hypertrophic growth [163].
Cardiomyocyte elongation plays a substantial role in creating the
characteristic convex shape of the outer curvature (OC); on the oppos-
ing side of the chamber, maintenance of cuboidal cardiomyocyte mor-
phology contributes to creating the concave inner curvature (IC). In
zebrafish weak atrium (wea) mutants, with aberrant atrial sarcomeres,
cardiomyocytes fail to expand normally at the OC of the embryonic
ventricle, and the ventricle is consequently smaller, suggesting that
blood flow and cardiac contraction influence chamber formation [11].
Further work showed that blood flow and contractility independently
regulate cell shape changes in the emerging ventricle. Blood flow pro-
motes ventricular cell enlargement and elongation, thereby promoting
OC establishment, whereas contractility restricts OC formation.

Blocking cardiac contraction by inhibiting cardiomyocyte excitation
with the myosin II inhibitor blebbistatin (BLEB) leads to chamber
enlargement in 2 dpf zebrafish larvae. BLEB also leads to cardiomyocyte
enlargement, the effects of which can be partially rescued by blood loss
induced by tail amputation. However, BLEB-induced hypertrophy was
not rescued in cloche mutant fish, which lack hematopoietic cells.
This suggests that, cardiomyocyte hypertrophy and ventricular cham-
ber enlargement are mediated not by endocardial shear stress but by
transmural pressure. Although the direct mechanosensing pathways
remain elusive, a chemical screening identified the phosphoinositide
3-Kinase (PI3K) signaling pathway as a downstream effector [162].

Cardiac contractility is also responsible for the spatially restricted ex-
pression of genes encoding signaling factors such as atrial natriuretic fac-
tor, which is restricted to the OC of the ventricle and atrium in zebrafish
[5]. A second example of cardiac contractility-regulated genes is BMP4,
whose expression is expanded in the absence of contractility [129].

4. Role ofmechanical forces in endocardiumdevelopment and valve
formation

The relationship between contraction, sarcomere integrity and
blood flow, and their impact on cardiac morphogenesis, is difficult to
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dissect. Hove et al. performed pioneering experiments to test the role of
shear forces during zebrafish valve formation in vivo, using beads placed
at the cardiac inflow or outflow tract to stop bloodflow. They obtained a
heart with an abnormal third chamber, diminished looping, and im-
paired valve formation, demonstrating that shear stress is important
for cushion formation [52]. Since these fish still have a heartbeat,
these results raised the question of whether myocardial function is
required for heart development. To test this hypothesis, the authors
modulated myofibril contraction with different concentrations of 2,3-
butanedionemonoxime (BDM). The pharmacological inhibition of myo-
cardial function impaired the formation of endocardial cushions in
zebrafish; but even in the absence of blood flow the early signs of
cushion formation were visible in 58% of embryos, indicating that flow
is not required for the early steps of valve development [9]. These
results support the view that shear stress and myocardial function
both play a role in valvulogenesis [95]. A recent article sheds some
light on the independent functions of contraction and flow forces in
valve formation [60]. The authors found that in Situs Inversus mutants,
only animals with an unlooped heart had defective valves, suggesting
that intracardiacflowdynamics regulate valvemorphogenesis indepen-
dently of myocardial contractility.

Reducing blood viscosity in zebrafish embryos led to cardiac valve
abnormalities [150], pointing to a role for shear stress in valvulogenesis.
Normal mature heart valves prevent intracardiac retrograde flow, but
complete valve formation is preceded by regurgitation with oscillatory
flow between chambers, and valve formation can be influenced by
this change in flow direction [17].

Similar to the vascular endothelium, the endocardium lines the
lumen of the heart and is thus exposed to blood flow. While several
studies have identified the mechanosensory pathways through which
flow forces act on the vascular endothelium, less is known about the
mechanisms acting in endocardial cells. Primary cilia are foundon endo-
cardial cells. They are particularly visible at regions of low or disturbed
flow and absent in areas of high flow [148]. There are two types of
cilia, the primary cilia, which are immotile, and the motile cilia, which
can exert mechanical force through their intrinsic movement. Motile
cilia move at hundreds of microns per second [96], much slower
than blood flow through the great arteries. During development, cilia-
driven directional flows are involved in left–right (LR) symmetry
breaking, which controls the asymmetric positioning of internal organs
during development, including that of the heart [19,92,109,110,121].
Primary cilia protruding from the cell membrane sense flow through
their bending.

The role of cilia as flow sensors has been studied in vivo in the
zebrafish. In the vascular endothelium, primary cilia deflect at the
onset of bloodflow, and recent experiments revealed that the deflection
angle correlates with modulation of intracellular Ca2+ signals (Fig. 3).
Cilia bending also depend on blood viscosity. Results from gata1/2-
morphants, which lack red blood cells but have normal mean blood
velocity, show that lowblood viscosity blocks cilia deflection and down-
stream intracellular Ca2+ signaling in cardinal-vein and aortic endothe-
lial cells of 1 day old zebrafish [41]. While cilium bending correlates
with intracellular Ca2+ influx in the vascular endothelium, such a corre-
lation has not been reported for the endocardium. Several examples of
null mutations in ciliary proteins suggest a role of cilia in endocardial
maturation and valve formation [63], which could at least partially
reflect their role in hemodynamic flow sensing in endocardial cells.
Ciliation itself seems to be independent of cardiac contraction, since
endocardial cells of non-contracting troponin t2-morphants do not
lose their primary cilium [127]. The endocardial cushion area is the
region of highest shear stress. This area lacks ciliated endocardial cells,
presumably because high shear stress leads to cilia rupture. This cilia-
free region coincideswith the region inwhich endocardial cells undergo
endothelial-to-mesenchymal transition (EndoMT) and migrate into
the cardiac jelly to form the primordia of cardiac valves. EndoMT is
characterized by the activation of the TGFβ pathway, loss of markers
like CD31, and expression of mesenchymal markers including α-SMA
and N-cadherin. This correlation might indicate that endothelial-cell
cilia loss is a prerequisite for EndoMT [36].

One of themost studied endothelial mechanotransducing transcrip-
tion factors is Klf2, whose expression is activated by shear stress [111].
During mouse development, Klf2 ablation leads to myocardial thinning,
high-output cardiac failure and death by E 14.5 [68]. Because Klf2 is
expressed not in the myocardium but in the endocardium, its effect on
myocardial developmentmust be indirect. Klf2−/−mice also have atrial
septation and atrioventricular valve defects, due to aberrant EndoMT of
endocardial cells [25]. In the mouse, shear-stress-induced upregulation
of Klf2 is mediated by Alk5/Erk5 phosphorylation. KLF2 in turn induces
the expression of Smad7, forming a negative feedback loop that inhibits
the TGFβ pathway. High shear stress can unbalance this regulatory
pathway and activate TGFβ, leading to developmental abnormalities
[37]. Recently it was shown that in zebrafish Klf2a controls endocardial
cell morphology and size. klf2amorphants, which have normal contrac-
tility, have enlarged ventricular endocardial cells, whereas overexpres-
sion of klf2a significantly decreases endocardial cell size. Hence, blood
flow-induced klf2a expression plays an important role in restricting
endocardial cell size during cardiac ballooning stages [34]. Treating em-
bryos with the VEGFR inhibitor Vatalanib during cardiac ballooning
stages (24–54 hpf) does not affect endocardial or myocardial chamber
morphology. However, chemical inhibition of Bmp signaling and genet-
ic ablation of cardiac contraction impairs endocardium development.
Thus, while in the vascular endothelium Vegf acts downstream of flow
forces and Klf2 to drive angiogenesis [69], the growth of the endocardi-
um is Vegf independent and is driven by blood flow and Bmp signaling
[34]. This mechanism favors the endocardium's adjustment to myocar-
dial chamber size during development, since the endocardium grows
through proliferation, whereas the myocardium grows through the ad-
dition of cells at both heart tube poles [32,164]. Klf2a is also required for
correct valve formation in the zebrafish, with klf2a knockdown
impairing valve formation. KLF2a is expressed in the valve precursors
in response to oscillatory flow, and is lost in the absence of this flow
[150]. Oscillatory flow induces endocardial klf2a expression by activat-
ing Trpv4/Trpp2 Ca2+ channels [49]. Klf2 can also be activated indepen-
dently of blood flow, in a processmediated byβ1-integrin signaling and
cellular tension generated within endothelial cells. This regulation pre-
vents angiogenic overgrowth and ensures the quiescence and differen-
tiation of endothelial and endocardial cells [125].

Another important blood flow sensing pathway is the NO system
[84]. In the mouse, the establishment of robust, unidirectional blood
flow at E9.5 activates the expression of endothelial NO synthase
(eNOS), also called NOS3, in endothelial cells. NO induces vasodilatation
through inhibition of the vasoconstrictive peptide ET-1 [14]. NOS3
expression is mainly restricted to endothelial cells in medium and
large arteries and the endocardium, with minor expression in myocar-
dium. NOS3 is pivotal to the morphogenesis of major coronary arteries
and myocardial capillaries. NOS3 KO mice have abnormal aortic valve
development [70] and congenital atrial and ventricular septal defects
[146]. An interesting study suggests that NOS3 function might play a
key role in coordinating intrinsic genetic developmental programs
with cardiac function. This hypothesis is based on a genetic interaction
of Tbx5 and NOS3. Septation in Tbx5+/− or NOS3+/− embryos is normal,
but double heterozygous embryos have atrial septal defects [103].Work
in zebrafish suggests that correct endocardium formation is exquisitely
sensitive to NO. Embryos exposed to high nitrite concentrations form a
normal vascular network and chamber endocardium but develop
specific defects in the valve leaflets [73].

Several reports indicate that miRNAs are important mechano-
transducers in the cardiovascular system [97,107]. In the mouse,
miRNA-92a mediates the flow-dependent regulation of Klf2 [158].
In zebrafish, miR-21 is expressed in the AVC and OFT and is crucial
for valve formation, as shown by the absence of valves in miR-21
morphants [8]. However, miR-21 mutant mice are viable [22,113].



Fig. 3.Mechanosensors and mechanotransduction pathways involved in cardiac development. Transduction of blood forces to the cells forming the heart. White boxes indicate the final
effect of mechanical forces in the different cell types. On the cell surface of endocardial cells, primary cilia, ion channels Trpv4/Trpp2 and integrins can act as mechanosensors. The lateral
cell membrane contains the cell–cell adhesion complexes such the cadherin/catenin complex, which bind to their counterparts on adjacent cells. Tension is transmitted to the lateral
borders and basal membrane, where adhesion receptors or integrins experience changes in tension. Within the cortical actin cytoskeleton, actin stress fibers mechanically connect
different regions of the cell. Integrin-dependent complexes anchor the cells to the basement membrane. Klf2 plays a central role as a mechanotransducer. In cardiomyocytes, the α-
catenin-YAP axis plays a major role in mechanotransduction. Nitric oxide and Endothelin signaling are important for propagation of the effect of mechanical forces between
neighboring tissues e.g. from endothelial cells to cardiomyocytes and fibroblasts. Mechanical forces also control TGF-β activity. ECM, extracellular matrix; N, nucleus. Rest of
abbreviations are explained in the main text.
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As the heart grows it pumps more blood, and the increased driving
pressure requires higher contractile capacity of cardiomyocytes and
greater mechanical integrity of the extracellular matrix (ECM). The
heightened biomechanical stability in the developing valves is largely
transmitted by ECM proteins, which form a highly organized fibrous
meshwork. AVC valves cultured under cyclical flow produce a disorga-
nized fibrous ECM and develop morphologically elongated cushions.
In the absence of flow, OFT cushions maintain a primitive phenotype,
with dispersed mesenchymal cells surrounded by a disorganized ECM.
In contrast, under physiological flow the cushions form compact cells
and develop a fibrous ECM. Both the timing and magnitude of flow
are implicated in correct OFT formation and the deposition of ECM
proteins such as Tenascin C (TNC), Periostin, Elastin, and Collagen 6
[12], but it is not well understood how flow forces lead to ECM deposi-
tion. In the AVC, the activation of ECM production by flow forces is
mediated through RhoA activity [12,145]. Blood flow direction might
also influence the orientation of ECM components in the mature heart
valves [80].
5. Role ofmechanical forces in cardiac trabeculation andmaturation

Blood flow and cardiac contractility regulate the shape of cardio-
myocytes and the heart [23,135]. In the chick, changing the mechanical
load alters development of the conduction system, impairs growth, and
disrupts trabecula organization. Reduced mechanical load is mimicked
by maintaining hearts at atmospheric pressure, while increased
mechanical load is mimicked by injecting silicon oils to maximally fill
the ventricles [130]. During development, the atrial muscle adopts a
system for fast conduction in response to increased hemodynamic
stress that augments conduction velocity. The atrial muscle, initially
morphologically homogenous, segregates into at least two distinct
regions: a slow conducting thin-walled myocardium and a muscle-
bundle region enriched with the low resistance gap junction connexin
40 (Cx40) and the rapidly activating sodium channel Nav1.5. The
large-diameter muscle conduits are coordinately stretched and induce
proliferation and maturation in response to mechanical forces and the
induction of marker expression [15]. Upon stretching, endothelial cells
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produce proendothelin-1, which is then converted to mature ET-1
peptide by Endothelin converting enzyme 1 (ECE1). ET-1 is essential,
and Endothelin expression is sufficient, for the transformation of
cardiac myocytes into Purkinje cells during avian development, which
coordinate the heartbeat through the transmission of electrical
impulses [144]. In the developing chick embryo, pharmacological
inhibition of stretch-responsive channels leads to decreased expression
of ECE1 in endocardial cells and of Cx40 in Purkinje cells. Conversely,
pressure overload by conotruncal banding increases Purkinje fiber
formation [45].

The KO mouse embryos for ET receptors, dnra−/−;dnrb−/−, which
have no endothelin signaling, were viable at birth. dnra expression
within the heart was restricted to the myocardium while dnrb expres-
sion in the heart was restricted to the endocardium and coronary endo-
thelium. In these null mice there are no alterations in the temporal or
spatial expression pattern of the cardiac conduction system markers.
Endothelin signaling in mice is thus not required for conduction system
specification in the mouse [55]. Different studies support the idea that
birds and mammals may have different requirements for endothelin
signaling in cardiac conduction system development, but it could be
that the apparent differences may simply reflect the differences
between gain of- function and loss-of function approaches. ET-1 KO
mice die of respiratory failure at birth and have craniofacial and cardiac
abnormalities, whereas curiously ET-1+/− mice, which produce low
levels of ET-1, develop elevated blood pressure [66]. ET-1 acts on the
vascular smoothmuscle ETA receptor and has a role in themaintenance
of basal vascular tone and blood pressure. However, ETA+/− mice do not
show a significant change in blood pressure [30]. Endothelium-specific
ET-1 depletion using a Tie2:Cre line revealed low blood pressure [62].
These results suggest that ET-1 is essential for cardiac homeostasis.

The NO system also influences cardiomyocyte maturation. In vitro
studies showed that it enhances the differentiation of embryoid bodies
into cardiomyocytes. The addition of CysNO to culture medium had a
pronounced effect on the spontaneous contractile activity of embryonic
bodies, increasing the number of cardiomyocytes aswell as the percent-
age of spontaneous contractions and their frequency [50]. Analysis of
NOS3 KO mice confirmed that NO plays a significant role in regulating
cardiac contractility [61].

Thefinding that the ET-1 andNOpathways influence themyocardium
reveals that the mechanisms through which blood flow influences endo-
cardium development also impact cardiac chamber maturation [128].

Optimal blood flow through the ventricle is important for the progress
of trabeculation, as shown by its reduction inweamutant zebrafish [116].
Cardiac contraction in zebrafish is required for chamber maturation/
trabeculation through its role in regulating notch1b, ephrin b2a
and neuregulin 1 transcriptions in the ventricular endocardium. This
endocardium-specific notch1b expression and activation is dependent on
primary cilia and klf2a function. Hearts from non-ciliated intraflagellar
transport protein 88 (ift88) morphants have significantly below-normal
notch1b and neuregulin 1 expression [127]. In agreementwith this finding,
Ift88 KO embryos reveal ventricular dilation, decreased myocardial
trabeculation and abnormal outflow tract development [28]. Homozygous
cobblestonemutant embryos, with a hypomorphic Ift88 allele, also present
a delay in ventricular trabeculation [139,156]. In addition,mice lacking pri-
mary cilia have impaired trabeculation and abnormal outflow tract devel-
opment, suggesting that mechanosensing of shear stress by cilia drives
these processes, similar to its action during outflow tract maturation [28,
29]. However, alternative effects of cilia loss cannot be excluded.

Cardiac ECM composition changes significantly during cardiac
development, and ECM incorporation into the myocardial wall leads to
changes in myocardial elasticity and stiffness. Stiffness increases 2–3-
fold between fetal stages and adulthood. ECM composition changes dur-
ing fetal development, particularly the quantity of fibronectin and colla-
gen, and this plays an important role in modulating the ability of the
cells to generate traction stress against a substrate. The traction stress of
cultured mesenchymal cells increases with increasing stiffness from 1 to
5 N/cm2 when cells are cultured on a fetal-composition ECM gel, but
not when cultured on adult ECM gels. Similarly, cell spreading increases
with ECM stiffness [39]. Thematrix component hyaluronic acid (HA) pro-
motesfirmadhesion to substrates. HAproduction is tightly regulateddur-
ing development and is frequently upregulated in abnormal situations,
suggesting that signaling between HA receptors and specific integrin li-
gands such as fibronectin alters mechanosensing by integrins [26]. This
mechanotransduction role of ECM proteins is closely associated with the
growth factor TGFβ. TGFβ contributes to endocardial cushion formation,
EMT, ventricular development and myocardial maturation [17]. TGFβ
binds to the ECM and is mechanically activated and released by cellular
tension and fluid shear forces [1,6,87,147].

Cardiomyocyte proliferation also seems to be responsive to external
mechanical forces. Recently, an interaction has been established be-
tween the cytoskeletal network and the Hippo pathway. Considerable
evidence has revealed that the Hippo pathway plays a central role in
controlling cardiomyocyte proliferation [48,102,153,157,160]. The
activity of YAP, the downstream effector of the Hippo pathway, is
regulated through its cellular localization. In its inactive form, YAP is an-
chored to adherent junctions by α-catenin, a member of the cadherin/
catenin complex that binds to the actin cytoskeletal network [132].
Upon Hippo inhibition, YAP translocates to the nucleus, and enhanced
YAP activity increases cardiomyocyte proliferation. α-catenin KO
embryos have enhanced YAP activity in cardiomyocytes and enhanced
cardiomyocyte proliferation, indicating that α-catenin restrains YAP
protein and thereby inhibits cardiomyocyte proliferation [71].

6. Role of mechanical forces in epicardium formation

The epicardium is the last layer of the embryonic heart to form. This
layer plays an essential role during cardiac maturation, providing
growth factors and contributing intracardiac fibroblasts and cells
of the coronary vasculature. The epicardium originates from the
proepicardium (PE), a cluster of cells that forms close to the inflow
tract of the looped heart tube and bulges out from the pericardium
into the pericardial cavity that encloses the heart [133].

The mechanisms through which PE cells are transferred to the
myocardium and form the epicardial layer have been extensively inves-
tigated. Classically this process has been analyzed on fixed samples. In
chick and Xenopus a cellular bridge has been described, forming
between the PE and the myocardium [58,104]. PE cells are then trans-
ferred through ECM bridges to the myocardium, and epicardial cells
spread through these contact sites. In mammals [64,65,151] and some
fish [56,101], release of PE cells into the pericardial cavity precedes
their attachment to the myocardial surface. It is unclear whether these
mechanisms are species-specific, and they have been proposed to
work in parallel [115,126]. Recently, the process of PE formation has
been analyzed in vivo in zebrafish, confirming that the release of PE
cells into the pericardial cavity is the main mechanism leading to PE
cell transfer to the myocardium [115]. When the heart beats, the myo-
cardium touches the pericardium. As suggested by previous reports
[126,134], this attachment and detachment between the PE and the
myocardium might act as a “velcro-like” mechanism, leading to direct
attachment of PE cells to the myocardium or the release of PE cells
into the cavity. However, in vivo imaging in zebrafish shows that PE
cells not in contact with the beating myocardium were also released
into the cavity. When the heartbeat is absent, as a result of pharmaco-
logical treatments or silencing of genes required for cardiac contraction,
the epicardial layer does not form [115,117]. The specification of PE cells
is likely not affected, since expression of the PE markers tcf21 and wt1a
is maintained in troponin-2a morphants [137]. Importantly, without a
heartbeat, PE cells are not released into the pericardial cavity and thus
cannot reach the myocardium. If the heartbeat is stopped after PE cells
have reached the myocardium, epicardium formation is less affected
and epicardial cells proliferate during short periods of BDM treatment.
However, migration of epicardial cells might be affected in the absence
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of a heartbeat, as shown in ex vivo co-culture experiments of zebrafish
hearts, in which epicardial cells can migrate onto control hearts but
not onto non-contracting troponin-2a morphant hearts [117]. These
results suggest that the heartbeat drives epicardium formation, mainly
through the effect of pericardial fluid advections that allow the transfer
of PE cells to the myocardial surface. Cardiac contraction might also be
needed to promote complete epicardial layer formation through the
promotion of cell adhesion or migration.

7. From development to homeostasis, disease and regeneration:
mechanical forces in the adult heart

Shear stress within the chambers and in the OFT declines during the
course of heart maturation; moreover, peak shear stress per cardiac
cycle also decreases during maturation (from 50 to 25%) and the heart
becomes exposed to a more uniform shear environment [59]. Signaling
cascades triggered by blood flow, which lead to cardiac developmental
growth andmaturation, are switched off as a certain stage ofmaturation
is reached. Stable hemodynamic forces are needed to preserve normal
ventricular dimensions and functional parameters, and to avoid heart
adaptation [114]. The pericardium fulfills an important role in stabiliz-
ing several mechanical parameters: it limits heart dilatation during
diastole, reduces endomyocardial tension, prevents cardiac hypertro-
phy in pressure overload conditions, prevents ventricular-atrial blood
retrogression under high end-diastolic ventricular pressure, preserves
negative endothoracic pressure (crucial for atrial blood filling) and
regulates cardiac frequency and arterial blood pressure [27,42,51]. In
the adult, physiological levels of wall shear stress suppress proliferation
of endothelial cells and promote their quiescence [112].

During cardiac disease,mechanical forces are disrupted and aberrant
shear stress and strain can lead to fibrosis. Hemodynamic stress
increases expression of the ECM protein TNC. While its role during
development remains elusive, TNC may modulate the inflammatory
response and contribute to tissue elasticity, protecting vascular tissue
from destructive stress responses and controlling the cellular response
to mechanical load during adaptation and pathological tissue remodel-
ing [57,79]. Although miR21 is induced by shear stress in the zebrafish
embryo, stress-induced cardiac remodeling in mice proceeds in the
absence of miR-21 [22,113]. Other miRs, however, such as miR-24 and
195, are induced in mouse hearts subjected to pressure overload [149]
and in mechanically stretched smooth muscle cells [98], suggesting a
role for these miRNAs in cardiovascular pathology [106].

In the adult heart, cardiomyocyte proliferation is almost completely
blocked. However, in species with a high regenerative capacity such as
the zebrafish, cardiomyocytes can reenter the cell cycle upon injury.
During a short window of their early postnatal life, mammals share
this ability to regenerate their myocardium. As during embryonic
development, initiation of cardiomyocyte proliferation in the adult
requires inhibition of the Hippo pathway. Cardiac specific deletion of
YAP ablates the neonatal regenerative capacity observed in wild-type
mice following myocardial infarction (MI) [159]; conditional YAP KO
mice had larger scar areas, suggesting that YAP is a critical mediator of
heart regeneration shortly after birth. In contrast, overexpressing YAP
in the adult myocardium improves cardiac function and survival and in-
duces cardiomyocyte proliferation upon MI [77]. Moreover, myocardial
specific deletion of the Hippo pathway components Salvador 1 (SAV1)
or LATS1/2 in neonatal mice extends the regenerative potential after
cardiac resection at postnatal day 8 [47]. Sav1 conditional KO mice
also had improved cardiac function and smaller scars after MI than
wild-type controls. Even in unstressed Sav1-conditional KO mice,
cardiomyocytes can reenter the cell cycle and undergo cytokinesis
[47]. Targeting the Hippo pathway in human disease might therefore
be beneficial in the treatment of heart disease.

While α-catenin KO adult mice show no evident abnormalities, lack
of α-catenin has a protective effect after MI, associated with increased
cardiomyocyte cell-cycle activity in the border and ischemic zones
of the heart and with an increased fraction of cardiomyocytes with
activated YAP [71,77]. α-catenin has other reported functions in the
cell besides its anchoring function [152], but the α-catenin /YAP axis
may be one mechanism through which extracellular forces influence
cardiomyocyte proliferation during embryonic development and the
adult injury response.

Work in zebrafish suggests that pericardial fluid flow has an impor-
tant role during epicardium formation. In the adult, the pericardial fluid
provides lubrication during heart beating and insulates the heart [24].
This fluid is a product of ultrafiltration through the epicardial capillaries
and is thought to be drained mainly by the lymphatic capillary bed.
Pharmacokinetic studies in humans suggest that pericardial fluid
composition is the same in every position of the cavity [24]. Its concen-
trations of Na+, Cl−, Ca2+, andMg2+ are lower than in plasma, whereas
K+ concentration is higher [40,51]. The concentrations of plasma
proteins are also lower, contributing to a lower osmolarity of pericardial
fluid than blood plasma [40]. Due to the geometry of the pericardial
cavity, most of the pericardial fluid is found at the atrioventricular and
the intraventricular sulcus [31]. Pressure in the pericardial cavity
increases during diastole (laminae approach) and decreases during
systole [33,46,140]. Notably, the hydrostatic pressure depends on the
position within the pericardial cavity, being higher close to the ventric-
ular walls and lower at the sulcus. These pressure gradients lead to a
constant movement of pericardial fluid during the cardiac cycle and
allow a homogeneous distribution of the pericardial fluid within the
cavity. In this way, during each heartbeat, the mesothelial cells of the
pericardial wall are not only exposed to stretching but also to shear
stress from the pericardial fluid. It will be interesting to study the effect
of this shear stress on the mesothelial cells of the pericardial wall and
epicardium. The pericardial fluid is a source of soluble factors involved
in epicardial activation. Injection of human pericardial fluid from
patients with acute myocardial ischemia into the pericardial cavity of
mouse hearts enhances epicardial cell proliferation and expression of
developmental genes [75].

8. Conclusions and Future Perspectives

During both cardiac development and homoeostatic adaptation,
cardiac tissues sense physical forces generated by the heartbeat and
respond with changes in gene expression. In this way, cardiac function,
development and remodeling are strongly linked. During embryogenesis,
the changing mechanical forces acting on the heart allow tight spatio-
temporal regulation of signaling pathways involved in cardiac matura-
tion. The role of hemodynamic forces has been extensively studied during
the growth and maturation of the vasculature [3,123,131]. During devel-
opment, fluid forces can influence the proliferation, migration and
arterovenous fate of endothelial cells [67,100]. In the adult, physiological
levels of wall shear stress suppress proliferation of endothelial cells and
promote their quiescence [112]. Several pathways involved in
mechanosensing have been studied, including the glycocalix and the cal-
cium channel Piezo1 [72,118,122,124]. Given the similarities between
vascular endothelial cells and endocardial cells, in particular their both
being in direct contact with the blood flow, it will be interesting to
study if similar mechanosensory pathways act in the endocardium.

While hemodynamic forces have been extensively studied, the
pericardial fluid outside the heart tube also moves cyclically with the
beating of the heart, and the flow generated contributes to cardiacmor-
phogenesis. In line with findings in adults, the embryonic pericardial
fluid might also include secreted proteins required for PE specification
and epicardium development, and flow might control their availability
to target cells. Moreover, it is also possible that the heartbeat might
activate the expression of these secreted signaling molecules.

Congenital heart diseases (CHDs) are the main cause of fetal and
neonatal mortality. Further insight into mechanical sensing during
development will provide important information about how cardiac
malfunction impacts cardiac development. For example, a better
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understanding of the sensing role of cilia could be achieved through the
analysis of conditional KO mice lacking primary cilia in different heart
tissues [63]. Also, relatively little is known about the role of miRNAs
and even less is known about other non-coding RNAs during mechani-
cal sensing, and further research is warranted into their potential role as
upstream integrators of force-sensing mechanisms.

In sum, a good understanding of how mechanical forces trigger
genetic signaling cascades and ultimately influence morphogenetic
events will provide a clearer picture of how alterations to cardiac
function in the adult impact cardiac remodeling.

Conflict of interest

Nothing to declare.

Acknowledgments

We apologize to those whose work has not been cited owing to
space limitations. We are grateful to Simon Bartlett for editing the
manuscript, and to Claudia Quiñonez-Silvero, Inês J. Marques and
Marina Peralta for critical reading of the manuscript.

LAD receives funding from the Spanish Ministry of Economy
and Competitiveness (postdoctoral, “Ayudas para contratos para la
Formación Posdoctoral 2013” (FPDI-2013-16319). NM is supported by
the Fundación Centro Nacional de Investigaciones Cardiovasculares
Carlos III, “Proyectos de Investigación Fundamental No Orientada 2011”
(BFU2011-25297) and “Programa Estatal de Fomento de la Investigación
Científica y Técnica de Excelencia. Proyectos I+D 2014” (BFU2014-
56970), Fondo de Investigación Sanitaria del Instituto de Salud Carlos
III, Redes Temáticas de Investigación Cooperativa en salud, (Cardiocell,
RD12/0019/0005), Grupos de investigación de la Comunidad de Madrid
en Biomedicina, (FIBROTEAM S2010/BMD-2321), and co-funding by
Fondo Europeo de Desarrollo Regional (FEDER) and the ERC starting
grant 337703–zebra-Heart. The CNIC is supported by the Spanish
Ministry of Economy and Competitiveness (MINECO) and the Pro-CNIC
Foundation, and is a Severo Ochoa Center of Excellence (MINECO
award SEV-2011-0052 and SEV-2015-0505).

References

[1] J. Ahamed, N. Burg, K. Yoshinaga, C.A. Janczak, D.B. Rifkin, B.S. Coller, In vitro and
in vivo evidence for shear-induced activation of latent transforming growth
factor-beta1, Blood 112 (2008) 3650–3660.

[2] S. Al Naieb, C.M. Happel, T.M. Yelbuz, A detailed atlas of chick heart development
in vivo, Ann. Anat. 195 (2013) 324–341.

[3] J. Ando, K. Yamamoto, Flow detection and calcium signalling in vascular endothe-
lial cells, Cardiovasc. Res. 99 (2013) 260–268.

[4] E.J. Armstrong, J. Bischoff, Heart valve development: endothelial cell signaling and
differentiation, Circ. Res. 95 (2004) 459–470.

[5] H.J. Auman, H. Coleman, H.E. Riley, F. Olale, H.J. Tsai, D. Yelon, Functional modulation of
cardiac form through regionally confined cell shape changes, PLoS Biol. 5 (2007), e53.

[6] M. Azhar, J. Schultz Jel, I. Grupp, G.W. Dorn 2nd, P. Meneton, D.G. Molin, A.C.
Gittenberger-de Groot, T. Doetschman, Transforming growth factor beta in cardiovas-
cular development and function, Cytokine Growth Factor Rev. 14 (2003) 391–407.

[7] J. Bakkers, Zebrafish as a model to study cardiac development and human cardiac
disease, Cardiovasc. Res. 91 (2011) 279–288.

[8] T. Banjo, J. Grajcarek, D. Yoshino, H. Osada, K.Y. Miyasaka, Y.S. Kida, Y. Ueki, K.
Nagayama, K. Kawakami, T. Matsumoto, M. Sato, T. Ogura, Haemodynamically
dependent valvulogenesis of zebrafish heart is mediated by flow-dependent
expression of miR-21, Nat. Commun. 4 (2013) 1978.

[9] T. Bartman, E.C. Walsh, K.K. Wen, M. McKane, J. Ren, J. Alexander, P.A. Rubenstein,
D.Y. Stainier, Earlymyocardial function affects endocardial cushion development in
zebrafish, PLoS Biol. 2 (2004), E129.

[10] M. Bayraktar, J. Manner, Cardiac looping may be driven by compressive loads
resulting from unequal growth of the heart and pericardial cavity. Observations
on a physical simulation model, Front. Physiol. 5 (2014) 112.

[11] E. Berdougo, H. Coleman, D.H. Lee, D.Y. Stainier, D. Yelon, Mutation of weak atrium/
atrial myosin heavy chain disrupts atrial function and influences ventricular mor-
phogenesis in zebrafish, Development 130 (2003) 6121–6129.

[12] S.V. Biechler, L. Junor, A.N. Evans, J.F. Eberth, R.L. Price, J.D. Potts, M.J. Yost, R.L.
Goodwin, The impact of flow-induced forces on the morphogenesis of the outflow
tract, Front. Physiol. 5 (2014) 225.
[13] F. Boselli, J.B. Freund, J. Vermot, Blood flow mechanics in cardiovascular develop-
ment, Cell. Mol. Life Sci. 72 (2015) 2545–2559.

[14] S.L. Bourque, S.T. Davidge, M.A. Adams, The interaction between endothelin-1 and
nitric oxide in the vasculature: new perspectives, Am. J. Physiol. Regul. Integr.
Comp. Physiol. 300 (2011) R1288–R1295.

[15] M.C. Bressan, J.D. Louie, T. Mikawa, Hemodynamic forces regulate developmental
patterning of atrial conduction, PLoS One 9 (2014), e115207.

[16] M.L. Broekhuizen, B. Hogers, M.C. DeRuiter, R.E. Poelmann, A.C. Gittenberger-de
Groot, J.W. Wladimiroff, Altered hemodynamics in chick embryos after extraem-
bryonic venous obstruction, Ultrasound Obstet. Gynecol. 13 (1999) 437–445.

[17] J.T. Butcher, R.R. Markwald, Valvulogenesis: themoving target, Philos. Trans. R. Soc.
Lond. Ser. B Biol. Sci. 362 (2007) 1489–1503.

[18] J.K. Butler, An Experimental Analysis of Cardiac Loop Formation in the ChickMA
thesis University of Texas, Austin, TX, 1952.

[19] J.H. Cartwright, O. Piro, I. Tuval, Fluid-dynamical basis of the embryonic develop-
ment of left–right asymmetry in vertebrates, Proc. Natl. Acad. Sci. U. S. A. 101
(2004) 7234–7239.

[20] C.M. Chen, A.M. Miranda, G. Bub, S. Srinivas, Detecting cardiac contractile activity
in the early mouse embryo using multiple modalities, Front. Physiol. 5 (2014) 508.

[21] F. Chen, C. De Diego, M.G. Chang, J.L. McHarg, S. John, T.S. Klitzner, J.N. Weiss, Atrio-
ventricular conduction and arrhythmias at the initiation of beating in embryonic
mouse hearts, Dev. Dyn. 239 (2010) 1941–1949.

[22] Y. Cheng, C. Zhang, MicroRNA-21 in cardiovascular disease, J. Cardiovasc. Transl.
Res. 3 (2010) 251–255.

[23] N.C. Chi, R.M. Shaw, B. Jungblut, J. Huisken, T. Ferrer, R. Arnaout, I. Scott, D. Beis, T.
Xiao, H. Baier, L.Y. Jan, M. Tristani-Firouzi, D.Y. Stainier, Genetic and physiologic
dissection of the vertebrate cardiac conduction system, PLoS Biol. 6 (2008), e109.

[24] Edward Chinchoy, MichaelR Ujhelyi, AlexanderJ Hill, NicholasD Skadsberg, PaulA
Iaizzo, The pericardium, in: PaulA Iaizzo (Ed.), Handbook of Cardiac Anatomy,
Physiology, and Devices, Humana Press, 2005.

[25] A.R. Chiplunkar, T.K. Lung, Y. Alhashem, B.A. Koppenhaver, F.N. Salloum, R.C.
Kukreja, J.L. Haar, J.A. Lloyd, Kruppel-like factor 2 is required for normalmouse car-
diac development, PLoS One 8 (2013), e54891.

[26] A. Chopra, M.E. Murray, F.J. Byfield, M.G. Mendez, R. Halleluyan, D.J. Restle, D.
Raz-Ben Aroush, P.A. Galie, K. Pogoda, R. Bucki, C. Marcinkiewicz, G.D. Prest-
wich, T.I. Zarembinski, C.S. Chen, E. Pure, J.Y. Kresh, P.A. Janmey, Augmentation
of integrin-mediated mechanotransduction by hyaluronic acid, Biomaterials
35 (2014) 71–82.

[27] J. Cinca, A. Rodriguez-Sinovas, Cardiovascular reflex responses induced by epicar-
dial chemoreceptor stimulation, Cardiovasc. Res. 45 (2000) 163–171.

[28] C.A. Clement, S.G. Kristensen, K. Mollgard, G.J. Pazour, B.K. Yoder, L.A. Larsen, S.T.
Christensen, The primary cilium coordinates early cardiogenesis and hedgehog
signaling in cardiomyocyte differentiation, J. Cell Sci. 122 (2009) 3070–3082.

[29] C.A. Clement, L.A. Larsen, S.T. Christensen, Using nucleofection of siRNA constructs
for knockdown of primary cilia in P19.CL6 cancer stem cell differentiation into
cardiomyocytes, Methods Cell Biol. 94 (2009) 181–197.

[30] D.E. Clouthier, K. Hosoda, J.A. Richardson, S.C. Williams, H. Yanagisawa, T. Kuwaki,
M. Kumada, R.E. Hammer, M. Yanagisawa, Cranial and cardiac neural crest defects
in endothelin-A receptor-deficient mice, Development 125 (1998) 813–824.

[31] A. D'Avila, M. Scanavacca, E. Sosa, J.N. Ruskin, V.Y. Reddy, Pericardial anatomy for the
interventional electrophysiologist, J. Cardiovasc. Electrophysiol. 14 (2003) 422–430.

[32] E. de Pater, L. Clijsters, S.R. Marques, Y.F. Lin, Z.V. Garavito-Aguilar, D. Yelon, J.
Bakkers, Distinct phases of cardiomyocyte differentiation regulate growth of the
zebrafish heart, Development 136 (2009) 1633–1641.

[33] G. deVries, D.R. Hamilton, H.E. Ter Keurs, R. Beyar, J.V. Tyberg, A novel technique for
measurement of pericardial pressure, Am. J. Physiol. Heart Circ. Physiol. 280 (2001)
H2815–H2822.

[34] A.C. Dietrich, V.A. Lombardo, J. Veerkamp, F. Priller, S. Abdelilah-Seyfried, Blood
flow and Bmp signaling control endocardial chamber morphogenesis, Dev. Cell
30 (2014) 367–377.

[35] K. Dooley, L.I. Zon, Zebrafish: a model system for the study of human disease, Curr.
Opin. Genet. Dev. 10 (2000) 252–256.

[36] A.D. Egorova, P.P. Khedoe, M.J. Goumans, B.K. Yoder, S.M. Nauli, P. ten Dijke, R.E.
Poelmann, B.P. Hierck, Lack of primary cilia primes shear-induced endothelial-to-
mesenchymal transition, Circ. Res. 108 (2011) 1093–1101.

[37] A.D. Egorova, K. Van der Heiden, S. Van de Pas, P. Vennemann, C. Poelma, M.C.
DeRuiter, M.J. Goumans, A.C. Gittenberger-de Groot, P. ten Dijke, R.E. Poelmann,
B.P. Hierck, Tgfbeta/Alk5 signaling is required for shear stress induced klf2 expres-
sion in embryonic endothelial cells, Dev. Dyn. 240 (2011) 1670–1680.

[38] B. Garita, M.W. Jenkins, M. Han, C. Zhou, M. Vanauker, A.M. Rollins, M. Watanabe,
J.G. Fujimoto, K.K. Linask, Blood flow dynamics of one cardiac cycle and relation-
ship to mechanotransduction and trabeculation during heart looping, Am. J.
Physiol. Heart Circ. Physiol. 300 (2011) H879–H891.

[39] J.R. Gershlak, J.I. Resnikoff, K.E. Sullivan, C. Williams, R.M. Wang, L.D. Black 3rd., Mes-
enchymal stem cells ability to generate traction stress in response to substrate stiff-
ness is modulated by the changing extracellular matrix composition of the heart
during development, Biochem. Biophys. Res. Commun. 439 (2013) 161–166.

[40] A.T. Gibson, M.B. Segal, A study of the composition of pericardial fluid, with special ref-
erence to the probable mechanism of fluid formation, J. Physiol. 277 (1978) 367–377.

[41] J.G. Goetz, E. Steed, R.R. Ferreira, S. Roth, C. Ramspacher, F. Boselli, G. Charvin, M.
Liebling, C. Wyart, Y. Schwab, J. Vermot, Endothelial cilia mediate low flow sensing
during zebrafish vascular development, Cell Rep. 6 (2014) 799–808.

[42] Y. Goto, M.M. LeWinter, Nonuniform regional deformation of the pericardium
during the cardiac cycle in dogs, Circ. Res. 67 (1990) 1107–1114.

[43] J.T. Granados-Riveron, J.D. Brook, The impact of mechanical forces in heart
morphogenesis, Circ. Cardiovasc. Genet. 5 (2012) 132–142.

http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0005
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0005
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0005
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0010
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0010
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0015
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0015
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0020
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0020
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0025
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0025
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0030
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0030
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0030
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0035
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0035
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0040
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0040
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0040
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0040
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0045
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0045
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0045
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0050
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0050
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0050
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0055
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0055
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0055
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0060
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0060
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0060
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0065
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0065
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0070
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0070
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0070
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0075
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0075
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0080
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0080
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0080
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0085
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0085
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0090
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0090
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0095
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0095
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0095
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0100
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0100
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0105
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0105
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0105
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0110
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0110
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0115
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0115
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0115
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0120
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0120
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0120
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0125
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0125
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0125
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0130
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0130
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0130
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0130
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0130
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0135
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0135
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0140
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0140
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0140
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0145
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0145
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0145
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0150
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0150
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0150
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0155
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0155
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0160
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0160
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0160
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0165
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0165
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0165
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0170
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0170
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0170
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0175
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0175
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0180
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0180
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0180
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0185
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0185
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0185
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0185
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0190
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0190
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0190
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0190
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0195
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0195
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0195
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0195
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0200
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0200
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0205
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0205
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0205
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0210
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0210
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0215
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0215


1715L. Andrés-Delgado, N. Mercader / Biochimica et Biophysica Acta 1863 (2016) 1707–1716
[44] C. Hahn, M.A. Schwartz, Mechanotransduction in vascular physiology and athero-
genesis, Nat. Rev. Mol. Cell Biol. 10 (2009) 53–62.

[45] C.E. Hall, R. Hurtado, K.W. Hewett, M. Shulimovich, C.P. Poma, M. Reckova, C.
Justus, D.J. Pennisi, K. Tobita, D. Sedmera, R.G. Gourdie, T. Mikawa,
Hemodynamic-dependent patterning of endothelin converting enzyme 1 expres-
sion and differentiation of impulse-conducting Purkinje fibers in the embryonic
heart, Development 131 (2004) 581–592.

[46] D.R. Hamilton, R. Sas, J.V. Tyberg, Atrioventricular nonuniformity of pericardial
constraint, Am. J. Physiol. Heart Circ. Physiol. 287 (2004) H1700–H1704.

[47] T. Heallen, Y. Morikawa, J. Leach, G. Tao, J.T. Willerson, R.L. Johnson, J.F. Martin,
Hippo signaling impedes adult heart regeneration, Development 140 (2013)
4683–4690.

[48] T. Heallen, M. Zhang, J. Wang, M. Bonilla-Claudio, E. Klysik, R.L. Johnson, J.F. Martin,
Hippo pathway inhibits Wnt signaling to restrain cardiomyocyte proliferation and
heart size, Science 332 (2011) 458–461.

[49] E. Heckel, F. Boselli, S. Roth, A. Krudewig, H.G. Belting, G. Charvin, J. Vermot,
Oscillatory flow modulates mechanosensitive klf2a expression through trpv4 and
trpp2 during heart valve development, Curr. Biol. 25 (2015) 1354–1361.

[50] A.J. Hodge, J. Zhong, E.A. Lipke, Enhanced stem cell-derived cardiomyocyte
differentiation in suspension culture by delivery of nitric oxide using S-
nitrosocysteine, Biotechnol. Bioeng. 9999 (2015) 1–13.

[51] J.P. Holt, The normal pericardium, Am. J. Cardiol. 26 (1970) 455–465.
[52] J.R. Hove, R.W. Koster, A.S. Forouhar, G. Acevedo-Bolton, S.E. Fraser, M. Gharib,

Intracardiac fluid forces are an essential epigenetic factor for embryonic
cardiogenesis, Nature 421 (2003) 172–177.

[53] N. Hu, D. Sedmera, H.J. Yost, E.B. Clark, Structure and function of the developing
zebrafish heart, Anat. Rec. 260 (2000) 148–157.

[54] N. Hu, H.J. Yost, E.B. Clark, Cardiac morphology and blood pressure in the adult
zebrafish, Anat. Rec. 264 (2001) 1–12.

[55] L.L. Hua, V. Vedantham, R.M. Barnes, J. Hu, A.S. Robinson, M. Bressan, D. Srivastava,
B.L. Black, Specification of the mouse cardiac conduction system in the absence of
Endothelin signaling, Dev. Biol. 393 (2014) 245–254.

[56] J.M. Icardo, A. Guerrero, A.C. Duran, E. Colvee, A. Domezain, V. Sans-Coma, The
development of the epicardium in the sturgeon Acipenser naccarii, Anat. Rec.
(Hoboken) 292 (2009) 1593–1601.

[57] K. Imanaka-Yoshida, H. Aoki, Tenascin-C andmechanotransduction in the develop-
ment and diseases of cardiovascular system, Front. Physiol. 5 (2014) 283.

[58] M. Jahr, J. Schlueter, T. Brand, J. Manner, Development of the proepicardium in
Xenopus laevis, Dev. Dyn. 237 (2008) 3088–3096.

[59] R.A. Jamison, C.R. Samarage, R.J. Bryson-Richardson, A. Fouras, In vivo wall shear
measurements within the developing zebrafish heart, PLoS One 8 (2013), e75722.

[60] S. Kalogirou, N. Malissovas, E. Moro, F. Argenton, D.Y. Stainier, D. Beis, Intracardiac
flow dynamics regulate atrioventricular valve morphogenesis, Cardiovasc. Res. 104
(2014) 49–60.

[61] R.A. Kelly, J.L. Balligand, T.W. Smith, Nitric oxide and cardiac function, Circ. Res. 79
(1996) 363–380.

[62] Y.Y. Kisanuki, N. Emoto, T. Ohuchi, B. Widyantoro, K. Yagi, K. Nakayama, R.M.
Kedzierski, R.E. Hammer, H. Yanagisawa, S.C. Williams, J.A. Richardson, T. Suzuki,
M. Yanagisawa, Low blood pressure in endothelial cell-specific endothelin 1
knockout mice, Hypertension 56 (2010) 121–128.

[63] K. Koefoed, I.R. Veland, L.B. Pedersen, L.A. Larsen, S.T. Christensen, Cilia and coordi-
nation of signaling networks during heart development, Organogenesis 10 (2014)
108–125.

[64] M. Komiyama, K. Ito, Y. Shimada, Origin and development of the epicardium in the
mouse embryo, Anat. Embryol. (Berl.) 176 (1987) 183–189.

[65] H.J. Kuhn, G. Liebherr, The early development of the epicardium in Tupaia belangeri,
Anat. Embryol. (Berl.) 177 (1988) 225–234.

[66] Y. Kurihara, H. Kurihara, H. Suzuki, T. Kodama, K. Maemura, R. Nagai, H. Oda, T.
Kuwaki, W.H. Cao, N. Kamada, et al., Elevated blood pressure and craniofacial
abnormalities in mice deficient in endothelin-1, Nature 368 (1994) 703–710.

[67] F. le Noble, D. Moyon, L. Pardanaud, L. Yuan, V. Djonov, R. Matthijsen, C. Breant, V.
Fleury, A. Eichmann, Flow regulates arterial–venous differentiation in the chick
embryo yolk sac, Development 131 (2004) 361–375.

[68] J.S. Lee, Q. Yu, J.T. Shin, E. Sebzda, C. Bertozzi, M. Chen, P. Mericko, M. Stadtfeld, D. Zhou,
L. Cheng, T. Graf, C.A. MacRae, J.J. Lepore, C.W. Lo, M.L. Kahn, Klf2 is an essential regu-
lator of vascular hemodynamic forces in vivo, Dev. Cell 11 (2006) 845–857.

[69] P. Lee, K. Goishi, A.J. Davidson, R. Mannix, L. Zon, M. Klagsbrun, Neuropilin-1 is
required for vascular development and is a mediator of VEGF-dependent angio-
genesis in zebrafish, Proc. Natl. Acad. Sci. U. S. A. 99 (2002) 10470–10475.

[70] T.C. Lee, Y.D. Zhao, D.W. Courtman, D.J. Stewart, Abnormal aortic valve develop-
ment in mice lacking endothelial nitric oxide synthase, Circulation 101 (2000)
2345–2348.

[71] J. Li, E. Gao, A. Vite, R. Yi, L. Gomez, S. Goossens, F. van Roy, G.L. Radice, Alpha-
catenins control cardiomyocyte proliferation by regulating Yap activity, Circ. Res.
116 (2015) 70–79.

[72] J. Li, B. Hou, S. Tumova, K. Muraki, A. Bruns, M.J. Ludlow, A. Sedo, A.J. Hyman, L.
McKeown, R.S. Young, N.Y. Yuldasheva, Y. Majeed, L.A. Wilson, B. Rode, M.A. Bailey,
H.R. Kim, Z. Fu, D.A. Carter, J. Bilton, H. Imrie, P. Ajuh, T.N. Dear, R.M. Cubbon, M.T.
Kearney, K.R. Prasad, P.C. Evans, J.F. Ainscough, D.J. Beech, Piezo1 integration of vascu-
lar architecture with physiological force, Nature 515 (2014) 279–282.

[73] J. Li, W. Jia, Q. Zhao, Excessive nitrite affects zebrafish valvulogenesis through
yielding too much NO signaling, PLoS One 9 (2014), e92728.

[74] M. Liebling, A.S. Forouhar, R. Wolleschensky, B. Zimmermann, R. Ankerhold, S.E.
Fraser, M. Gharib, M.E. Dickinson, Rapid three-dimensional imaging and analysis
of the beating embryonic heart reveals functional changes during development,
Dev. Dyn. 235 (2006) 2940–2948.
[75] F. Limana, C. Bertolami, A. Mangoni, A. Di Carlo, D. Avitabile, D. Mocini, P.
Iannelli, R. De Mori, C. Marchetti, O. Pozzoli, C. Gentili, A. Zacheo, A. Germani,
M.C. Capogrossi, Myocardial infarction induces embryonic reprogramming of
epicardial c-kit(+) cells: role of the pericardial fluid, J. Mol. Cell. Cardiol. 48
(2010) 609–618.

[76] Y.F. Lin, I. Swinburne, D. Yelon, Multiple influences of blood flow on cardiomyocyte
hypertrophy in the embryonic zebrafish heart, Dev. Biol. 362 (2012) 242–253.

[77] Z. Lin, W.T. Pu, Releasing YAP from an alpha-catenin trap increases cardiomyocyte
proliferation, Circ. Res. 116 (2015) 9–11.

[78] K.K. Linask, M.D. Han, K.L. Linask, T. Schlange, T. Brand, Effects of antisense
misexpression of CFC on downstream flectin protein expression during heart
looping, Dev. Dyn. 228 (2003) 217–230.

[79] J. Lincoln, C.M. Alfieri, K.E. Yutzey, BMP and FGF regulatory pathways control cell lin-
eage diversification of heart valve precursor cells, Dev. Biol. 292 (2006) 292–302.

[80] J. Lincoln, A.W. Lange, K.E. Yutzey, Hearts and bones: shared regulatory mecha-
nisms in heart valve, cartilage, tendon, and bone development, Dev. Biol. 294
(2006) 292–302.

[81] S.E. Lindsey, J.T. Butcher, The cycle of form and function in cardiac valvulogenesis,
Aswan Heart Cent. Sci. Pract. Ser (2011).

[82] S.E. Lindsey, J.T. Butcher, H.C. Yalcin, Mechanical regulation of cardiac develop-
ment, Front. Physiol. 5 (2014) 318.

[83] J. Liu, D.Y. Stainier, Zebrafish in the study of early cardiac development, Circ. Res.
110 (2012) 870–874.

[84] Y. Liu, Q. Feng, NOing the heart: role of nitric oxide synthase-3 in heart develop-
ment, Differentiation 84 (2012) 54–61.

[85] J.L. Lucitti, E.A. Jones, C. Huang, J. Chen, S.E. Fraser, M.E. Dickinson, Vascular remod-
eling of themouse yolk sac requires hemodynamic force, Development 134 (2007)
3317–3326.

[86] R.C. Lyon, F. Zanella, J.H. Omens, F. Sheikh, Mechanotransduction in cardiac hyper-
trophy and failure, Circ. Res. 116 (2015) 1462–1476.

[87] S. Majkut, P.C. Dingal, D.E. Discher, Stress sensitivity and mechanotransduction
during heart development, Curr. Biol. 24 (2014) R495–R501.

[88] J. Manner, Cardiac looping in the chick embryo: a morphological review with
special reference to terminological and biomechanical aspects of the looping
process, Anat. Rec. 259 (2000) 248–262.

[89] J. Manner, The anatomy of cardiac looping: a step towards the understanding of
the morphogenesis of several forms of congenital cardiac malformations, Clin.
Anat. 22 (2009) 21–35.

[90] A. Manning, J.C. McLachlan, Looping of chick embryo hearts in vitro, J. Anat. 168
(1990) 257–263.

[91] M.L. McCain, K.K. Parker, Mechanotransduction: the role of mechanical stress,
myocyte shape, and cytoskeletal architecture on cardiac function, Pflugers Arch.
462 (2011) 89–104.

[92] J. McGrath, S. Somlo, S. Makova, X. Tian, M. Brueckner, Two populations of node
monocilia initiate left–right asymmetry in the mouse, Cell 114 (2003) 61–73.

[93] M. Midgett, V.K. Chivukula, C. Dorn, S. Wallace, S. Rugonyi, Blood flow through the
embryonic heart outflow tract during cardiac looping in HH13-HH18 chicken em-
bryos, J. R. Soc. Interface 12 (2015) 20150652.

[94] M. Midgett, S. Rugonyi, Congenital heart malformations induced by hemodynamic
altering surgical interventions, Front. Physiol. 5 (2014) 287.

[95] V. Mironov, R.P. Visconti, R.R. Markwald, On the role of shear stress in
cardiogenesis, Endothelium 12 (2005) 259–261.

[96] Z. Mirzadeh, Y.G. Han, M. Soriano-Navarro, J.M. Garcia-Verdugo, A. Alvarez-Buylla,
Cilia organize ependymal planar polarity, J. Neurosci. 30 (2010) 2600–2610.

[97] K.Y. Miyasaka, Y.S. Kida, T. Banjo, Y. Ueki, K. Nagayama, T. Matsumoto, M. Sato, T.
Ogura, Heartbeat regulates cardiogenesis by suppressing retinoic acid signaling
via expression of miR-143, Mech. Dev. 128 (2011) 18–28.

[98] J.S. Mohamed, M.A. Lopez, A.M. Boriek, Mechanical stretch up-regulatesmicroRNA-
26a and induces human airway smooth muscle hypertrophy by suppressing
glycogen synthase kinase-3beta, J. Biol. Chem. 285 (2010) 29336–29347.

[99] A.F. Moorman, V.M. Christoffels, Cardiac chamber formation: development, genes,
and evolution, Physiol. Rev. 83 (2003) 1223–1267.

[100] D. Moyon, L. Pardanaud, L. Yuan, C. Breant, A. Eichmann, Plasticity of endothelial
cells during arterial–venous differentiation in the avian embryo, Development
128 (2001) 3359–3370.

[101] R. Munoz-Chapuli, D.Macias, C. Ramos, V. de Andres, A. Gallego, P. Navarro, Cardiac
development in the dogfish (Scyliorhinus canicula): a model for the study of verte-
brate cardiogenesis, Cardioscience 5 (1994) 245–253.

[102] M. Murakami, M. Nakagawa, E.N. Olson, O. Nakagawa, A WW domain protein TAZ
is a critical coactivator for TBX5, a transcription factor implicated in Holt–Oram
syndrome, Proc. Natl. Acad. Sci. U. S. A. 102 (2005) 18034–18039.

[103] M. Nadeau, R.O. Georges, B. Laforest, A. Yamak, C. Lefebvre, J. Beauregard, P.
Paradis, B.G. Bruneau, G. Andelfinger, M. Nemer, An endocardial pathway involv-
ing Tbx5, Gata4, and Nos3 required for atrial septum formation, Proc. Natl. Acad.
Sci. U. S. A. 107 (2010) 19356–19361.

[104] P.C. Nahirney, T. Mikawa, D.A. Fischman, Evidence for an extracellular matrix
bridge guiding proepicardial cell migration to the myocardium of chick embryos,
Dev. Dyn. 227 (2003) 511–523.

[105] A. Nakamura, F.J. Manasek, An experimental study of the relation of cardiac jelly to
the shape of the early chick embryonic heart, J. Embryol. Exp. Morphol. 65 (1981)
235–256.

[106] P. Neth, M. Nazari-Jahantigh, A. Schober, C. Weber, MicroRNAs in flow-dependent
vascular remodelling, Cardiovasc. Res. 99 (2013) 294–303.

[107] S. Nicoli, C. Standley, P. Walker, A. Hurlstone, K.E. Fogarty, N.D. Lawson, MicroRNA-
mediated integration of haemodynamics and Vegf signalling during angiogenesis,
Nature 464 (2010) 1196–1200.

http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0220
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0220
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0225
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0225
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0225
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0225
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0225
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0230
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0230
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0235
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0235
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0235
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0240
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0240
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0240
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0245
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0245
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0245
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0250
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0250
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0250
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0255
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0260
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0260
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0260
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0265
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0265
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0270
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0270
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0275
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0275
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0275
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0280
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0280
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0280
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0285
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0285
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0290
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0290
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0295
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0295
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0300
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0300
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0300
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0305
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0305
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0310
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0310
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0310
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0310
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0315
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0315
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0315
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0320
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0320
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0325
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0325
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0330
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0330
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0330
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0335
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0335
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0335
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0340
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0340
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0340
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0345
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0345
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0345
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0350
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0350
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0350
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0355
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0355
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0355
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0360
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0360
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0360
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0360
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0360
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0365
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0365
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0370
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0370
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0370
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0370
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0375
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0375
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0375
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0375
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0375
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0380
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0380
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0385
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0385
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0390
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0390
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0390
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0395
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0395
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0400
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0400
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0400
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0405
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0405
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0410
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0410
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0415
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0415
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0420
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0420
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0425
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0425
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0425
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0430
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0430
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0435
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0435
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0440
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0440
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0440
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0445
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0445
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0445
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0450
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0450
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0455
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0455
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0455
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0460
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0460
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0465
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0465
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0465
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0470
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0470
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0475
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0475
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0480
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0480
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0485
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0485
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0485
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0490
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0490
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0490
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0495
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0495
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0500
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0500
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0500
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0505
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0505
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0505
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0510
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0510
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0510
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0515
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0515
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0515
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0515
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0520
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0520
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0520
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0525
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0525
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0525
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0530
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0530
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0535
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0535
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0535


1716 L. Andrés-Delgado, N. Mercader / Biochimica et Biophysica Acta 1863 (2016) 1707–1716
[108] E.S. Noel, M. Verhoeven, A.K. Lagendijk, F. Tessadori, K. Smith, S. Choorapoikayil, J.
den Hertog, J. Bakkers, A Nodal-independent and tissue-intrinsic mechanism
controls heart-looping chirality, Nat. Commun. 4 (2013) 2754.

[109] S. Nonaka, H. Shiratori, Y. Saijoh, H. Hamada, Determination of left–right patterning
of the mouse embryo by artificial nodal flow, Nature 418 (2002) 96–99.

[110] S. Nonaka, S. Yoshiba, D. Watanabe, S. Ikeuchi, T. Goto, W.F. Marshall, H. Hamada,
De novo formation of left–right asymmetry by posterior tilt of nodal cilia, PLoS
Biol. 3 (2005), e268.

[111] P. Novodvorsky, T.J. Chico, The role of the transcription factor KLF2 in vascular
development and disease, Prog. Mol. Biol. Transl. Sci. 124 (2014) 155–188.

[112] M.A. Ostrowski, N.F. Huang, T.W. Walker, T. Verwijlen, C. Poplawski, A.S. Khoo, J.P.
Cooke, G.G. Fuller, A.R. Dunn, Microvascular endothelial cells migrate upstream
and align against the shear stress field created by impinging flow, Biophys. J. 106
(2014) 366–374.

[113] D.M. Patrick, R.L. Montgomery, X. Qi, S. Obad, S. Kauppinen, J.A. Hill, E. van Rooij,
E.N. Olson, Stress-dependent cardiac remodeling occurs in the absence of
microRNA-21 in mice, J. Clin. Invest. 120 (2010) 3912–3916.

[114] G. Pedrizzetti, A.R. Martiniello, V. Bianchi, A. D'Onofrio, P. Caso, G. Tonti, Cardiac fluid
dynamics anticipates heart adaptation, J. Biomech. 48 (2015) 388–391.

[115] M. Peralta, E. Steed, S. Harlepp, J.M. Gonzalez-Rosa, F. Monduc, A. Ariza-Cosano, A.
Cortes, T. Rayon, J.L. Gomez-Skarmeta, A. Zapata, J. Vermot, N. Mercader,
Heartbeat-driven pericardiac fluid forces contribute to epicardiummorphogenesis,
Curr. Biol. 23 (2013) 1726–1735.

[116] C. Peshkovsky, R. Totong, D. Yelon, Dependence of cardiac trabeculation on
neuregulin signaling and blood flow in zebrafish, Dev. Dyn. 240 (2011) 446–456.

[117] J.S. Plavicki, P. Hofsteen, M.S. Yue, K.A. Lanham, R.E. Peterson, W. Heideman,
Multiple modes of proepicardial cell migration require heartbeat, BMC Dev. Biol.
14 (2014) 18.

[118] D.R. Potter, J. van Teeffelen, H. Vink, B.M. van den Berg, Perturbed
mechanotransduction by endothelial surface glycocalyx modification greatly
impairs the arteriogenic process, Am. J. Physiol. Heart Circ. Physiol. 309 (2015)
H711–H717.

[119] A. Ramasubramanian, Q.B. Chu-Lagraff, T. Buma, K.T. Chico, M.E. Carnes, K.R.
Burnett, S.A. Bradner, S.S. Gordon, On the role of intrinsic and extrinsic forces in
early cardiac S-looping, Dev. Dyn. 242 (2013) 801–816.

[120] A. Ramasubramanian, K.S. Latacha, J.M. Benjamin, D.A. Voronov, A. Ravi, L.A. Taber,
Computational model for early cardiac looping, Ann. Biomed. Eng. 34 (2006)
1655–1669.

[121] A.F. Ramsdell, Left–right asymmetry and congenital cardiac defects: getting to the heart
of the matter in vertebrate left–right axis determination, Dev. Biol. 288 (2005) 1–20.

[122] S.S. Ranade, Z. Qiu, S.H. Woo, S.S. Hur, S.E. Murthy, S.M. Cahalan, J. Xu, J. Mathur, M.
Bandell, B. Coste, Y.S. Li, S. Chien, A. Patapoutian, Piezo1, a mechanically activated
ion channel, is required for vascular development in mice, Proc. Natl. Acad. Sci.
U. S. A. 111 (2014) 10347–10352.

[123] M. Reckova, C. Rosengarten, A. deAlmeida, C.P. Stanley, A. Wessels, R.G. Gourdie,
R.P. Thompson, D. Sedmera, Hemodynamics is a key epigenetic factor in develop-
ment of the cardiac conduction system, Circ. Res. 93 (2003) 77–85.

[124] S. Reitsma, D.W. Slaaf, H. Vink, M.A. van Zandvoort, M.G. oude Egbrink, The
endothelial glycocalyx: composition, functions, and visualization, Pflugers Arch.
454 (2007) 345–359.

[125] M. Renz, C. Otten, E. Faurobert, F. Rudolph, Y. Zhu, G. Boulday, J. Duchene, M.
Mickoleit, A.C. Dietrich, C. Ramspacher, E. Steed, S. Manet-Dupe, A. Benz, D.
Hassel, J. Vermot, J. Huisken, E. Tournier-Lasserve, U. Felbor, U. Sure, C. Albiges-
Rizo, S. Abdelilah-Seyfried, Regulation of beta1 integrin-Klf2-mediated angiogene-
sis by CCM proteins, Dev. Cell 32 (2015) 181–190.

[126] L.S. Rodgers, S. Lalani, R.B. Runyan, T.D. Camenisch, Differential growth and multi-
cellular villi direct proepicardial translocation to the developing mouse heart, Dev.
Dyn. 237 (2008) 145–152.

[127] L.A. Samsa, C. Givens, E. Tzima, D.Y. Stainier, L. Qian, J. Liu, Cardiac contraction
activates endocardial Notch signaling to modulate chamber maturation in
zebrafish, Development 142 (2015) 4080–4091.

[128] L.A. Samsa, B. Yang, J. Liu, Embryonic cardiac chamber maturation: trabeculation,
conduction, and cardiomyocyte proliferation, Am. J. Med. Genet. C Semin. Med.
Genet. 163C (2013) 157–168.

[129] S.C. Samson, T. Ferrer, C.J. Jou, F.B. Sachse, S.S. Shankaran, R.M. Shaw, N.C. Chi, M.
Tristani-Firouzi, H.J. Yost, 3-OST-7 regulates BMP-dependent cardiac contraction,
PLoS Biol. 11 (2013), e1001727.

[130] B. Sankova, J. Machalek, D. Sedmera, Effects of mechanical loading on early conduc-
tion system differentiation in the chick, Am. J. Physiol. Heart Circ. Physiol. 298
(2010) H1571–H1576.

[131] A. Santhanakrishnan, L.A. Miller, Fluid dynamics of heart development, Cell
Biochem. Biophys. 61 (2011) 1–22.

[132] K. Schlegelmilch, M. Mohseni, O. Kirak, J. Pruszak, J.R. Rodriguez, D. Zhou, B.T.
Kreger, V. Vasioukhin, J. Avruch, T.R. Brummelkamp, F.D. Camargo, Yap1 acts
downstream of alpha-catenin to control epidermal proliferation, Cell 144 (2011)
782–795.

[133] J. Schlueter, T. Brand, Epicardial progenitor cells in cardiac development and
regeneration, J. Cardiovasc. Transl. Res. 5 (2012) 641–653.

[134] I. Schulte, J. Schlueter, R. Abu-Issa, T. Brand, J. Manner, Morphological and
molecular left–right asymmetries in the development of the proepicardium: a
comparative analysis on mouse and chick embryos, Dev. Dyn. 236 (2007)
684–695.

[135] D. Sedmera, M. Reckova, C. Rosengarten, M.I. Torres, R.G. Gourdie, R.P. Thompson,
Optical mapping of electrical activation in the developing heart, Microsc.
Microanal. 11 (2005) 209–215.
[136] A.J. Sehnert, A. Huq, B.M. Weinstein, C. Walker, M. Fishman, D.Y. Stainier, Cardiac
troponin T is essential in sarcomere assembly and cardiac contractility, Nat.
Genet. 31 (2002) 106–110.

[137] F.C. Serluca, Development of the proepicardial organ in the zebrafish, Dev. Biol. 315
(2008) 18–27.

[138] Y. Shi, J. Yao, J.M. Young, J.A. Fee, R. Perucchio, L.A. Taber, Bending and twisting the
embryonic heart: a computational model for c-looping based on realistic geometry,
Front. Physiol. 5 (2014) 297.

[139] J. Slough, L. Cooney, M. Brueckner, Monocilia in the embryonic mouse heart sug-
gest a direct role for cilia in cardiac morphogenesis, Dev. Dyn. 237 (2008)
2304–2314.

[140] O.A. Smiseth, M.A. Frais, I. Kingma, E.R. Smith, J.V. Tyberg, Assessment of pericardial
constraint in dogs, Circulation 71 (1985) 158–164.

[141] L.A. Taber, Biophysical mechanisms of cardiac looping, Int. J. Dev. Biol. 50 (2006)
323–332.

[142] L.A. Taber, Morphomechanics: transforming tubes into organs, Curr. Opin. Genet.
Dev. 27 (2014) 7–13.

[143] L.A. Taber, D.A. Voronov, A. Ramasubramanian, The role of mechanical forces
in the torsional component of cardiac looping, Ann. N. Y. Acad. Sci. 1188
(2010) 103–110.

[144] K. Takebayashi-Suzuki, M. Yanagisawa, R.G. Gourdie, N. Kanzawa, T. Mikawa, In
vivo induction of cardiac Purkinje fiber differentiation by coexpression of
preproendothelin-1 and endothelin converting enzyme-1, Development 127
(2000) 3523–3532.

[145] H. Tan, S. Biechler, L. Junor, M.J. Yost, D. Dean, J. Li, J.D. Potts, R.L. Goodwin, Fluid
flow forces and rhoA regulate fibrous development of the atrioventricular valves,
Dev. Biol. 374 (2013) 345–356.

[146] A.M. Teichert, J.A. Scott, G.B. Robb, Y.Q. Zhou, S.N. Zhu, M. Lem, A. Keightley, B.M.
Steer, A.C. Schuh, S.L. Adamson, M.I. Cybulsky, P.A. Marsden, Endothelial nitric
oxide synthase gene expression during murine embryogenesis: commencement
of expression in the embryo occurs with the establishment of a unidirectional
circulatory system, Circ. Res. 103 (2008) 24–33.

[147] R.M. Tenney, D.E. Discher, Stem cells, microenvironment mechanics, and growth
factor activation, Curr. Opin. Cell Biol. 21 (2009) 630–635.

[148] K. Van der Heiden, B.C. Groenendijk, B.P. Hierck, B. Hogers, H.K. Koerten, A.M.
Mommaas, A.C. Gittenberger-de Groot, R.E. Poelmann, Monocilia on chicken
embryonic endocardium in low shear stress areas, Dev. Dyn. 235 (2006) 19–28.

[149] E. van Rooij, L.B. Sutherland, N. Liu, A.H. Williams, J. McAnally, R.D. Gerard, J.A.
Richardson, E.N. Olson, A signature pattern of stress-responsive microRNAs that
can evoke cardiac hypertrophy and heart failure, Proc. Natl. Acad. Sci. U. S. A. 103
(2006) 18255–18260.

[150] J. Vermot, A.S. Forouhar, M. Liebling, D. Wu, D. Plummer, M. Gharib, S.E. Fraser,
Reversing blood flows act through klf2a to ensure normal valvulogenesis in the
developing heart, PLoS Biol. 7 (2009), e1000246.

[151] S. Viragh, C.E. Challice, The origin of the epicardium and the embryonic myocardial
circulation in the mouse, Anat. Rec. 201 (1981) 157–168.

[152] A. Vite, J. Li, G.L. Radice, New functions for alpha-catenins in health and disease:
from cancer to heart regeneration, Cell Tissue Res. 360 (2015) 773–783.

[153] A. von Gise, Z. Lin, K. Schlegelmilch, L.B. Honor, G.M. Pan, J.N. Buck, Q. Ma,
T. Ishiwata, B. Zhou, F.D. Camargo, W.T. Pu, YAP1, the nuclear target
of Hippo signaling, stimulates heart growth through cardiomyocyte prolif-
eration but not hypertrophy, Proc. Natl. Acad. Sci. U. S. A. 109 (2012)
2394–2399.

[154] D.A. Voronov, P.W. Alford, G. Xu, L.A. Taber, The role of mechanical forces in dextral
rotation during cardiac looping in the chick embryo, Dev. Biol. 272 (2004)
339–350.

[155] M. Weber, M. Mickoleit, J. Huisken, Light sheet microscopy, Methods Cell Biol. 123
(2014) 193–215.

[156] M.A. Willaredt, K. Gorgas, H.A. Gardner, K.L. Tucker, Multiple essential roles for
primary cilia in heart development, Cilia 1 (2012) 23.

[157] R. Windmueller, E.E. Morrisey, Hippo and cardiac hypertrophy: a complex interac-
tion, Circ. Res. 117 (2015) 832–834.

[158] W. Wu, H. Xiao, A. Laguna-Fernandez, G. Villarreal Jr., K.C. Wang, G.G. Geary, Y.
Zhang, W.C. Wang, H.D. Huang, J. Zhou, Y.S. Li, S. Chien, G. Garcia-Cardena, J.Y.
Shyy, Flow-dependent regulation of kruppel-like factor 2 Is mediated by
MicroRNA-92a, Circulation 124 (2011) 633–641.

[159] M. Xin, Y. Kim, L.B. Sutherland, M. Murakami, X. Qi, J. McAnally, E.R. Porrello, A.I.
Mahmoud, W. Tan, J.M. Shelton, J.A. Richardson, H.A. Sadek, R. Bassel-Duby, E.N.
Olson, Hippo pathway effector Yap promotes cardiac regeneration, Proc. Natl.
Acad. Sci. U. S. A 110 (2013) 13839–13844.

[160] M. Xin, Y. Kim, L.B. Sutherland, X. Qi, J. McAnally, R.J. Schwartz, J.A. Richardson, R.
Bassel-Duby, E.N. Olson, Regulation of insulin-like growth factor signaling by Yap
governs cardiomyocyte proliferation and embryonic heart size, Sci. Signal. 4
(2011) ra70.

[161] H.C. Yalcin, A. Shekhar, T.C. McQuinn, J.T. Butcher, Hemodynamic patterning of the
avian atrioventricular valve, Dev. Dyn. 240 (2011) 23–35.

[162] J. Yang, K.A. Hartjes, T.J. Nelson, X. Xu, Cessation of contraction induces cardiomyo-
cyte remodeling during zebrafish cardiogenesis, Am. J. Physiol. Heart Circ. Physiol.
306 (2014) H382–H395.

[163] J.G. Yu, B. Russell, Cardiomyocyte remodeling and sarcomere addition after uniaxial
static strain in vitro, J. Histochem. Cytochem. 53 (2005) 839–844.

[164] Y. Zhou, T.J. Cashman, K.R. Nevis, P. Obregon, S.A. Carney, Y. Liu, A. Gu, C.
Mosimann, S. Sondalle, R.E. Peterson, W. Heideman, C.E. Burns, C.G. Burns, Latent
TGF-beta binding protein 3 identifies a second heart field in zebrafish, Nature
474 (2011) 645–648.

http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0540
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0540
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0540
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0545
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0545
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0550
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0550
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0550
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0555
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0555
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0560
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0560
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0560
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0560
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0565
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0565
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0565
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0570
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0570
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0575
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0575
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0575
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0575
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0580
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0580
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0585
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0585
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0585
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0590
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0590
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0590
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0590
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0595
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0595
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0595
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0600
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0600
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0600
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0605
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0605
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0610
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0610
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0610
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0610
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0615
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0615
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0615
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0620
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0620
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0620
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0625
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0625
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0625
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0625
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0625
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0630
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0630
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0630
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0635
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0635
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0635
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0640
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0640
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0640
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0645
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0645
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0645
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0650
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0650
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0650
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0655
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0655
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0660
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0660
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0660
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0660
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0665
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0665
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0670
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0670
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0670
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0670
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0675
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0675
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0675
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0680
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0680
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0680
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0685
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0685
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0690
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0690
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0690
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0695
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0695
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0695
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0700
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0700
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0705
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0705
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0710
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0710
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0715
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0715
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0715
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0720
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0720
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0720
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0720
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0725
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0725
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0725
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0730
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0730
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0730
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0730
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0730
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0735
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0735
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0740
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0740
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0740
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0745
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0745
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0745
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0745
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0750
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0750
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0750
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0755
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0755
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0760
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0760
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0765
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0765
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0765
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0765
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0765
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0770
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0770
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0770
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0775
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0775
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0780
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0780
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0785
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0785
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0790
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0790
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0790
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0790
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0795
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0795
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0795
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0795
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0800
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0800
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0800
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0800
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0805
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0805
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0810
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0810
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0810
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0815
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0815
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0820
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0820
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0820
http://refhub.elsevier.com/S0167-4889(16)30048-9/rf0820

	Interplay between cardiac function and heart development
	1. Introduction
	2. Types of mechanical forces influencing cardiovascular development
	3. Mechanical forces in early heart development and chamber formation
	4. Role of mechanical forces in endocardium development and valve formation
	5. Role of mechanical forces in cardiac trabeculation and maturation
	6. Role of mechanical forces in epicardium formation
	7. From development to homeostasis, disease and regeneration: mechanical forces in the adult heart
	8. Conclusions and Future Perspectives
	Conflict of interest
	Acknowledgments
	References


