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Abstract Myocardial development is regulated by an elegantly choreographed ensemble of signaling events mediated
by a multitude of intermediates that take a variety of forms.
Cellular differentiation and maturation are a subset of vertically integrated processes that extend over several spatial
and temporal scales to create a well-defined collective of
cells that are able to function cooperatively and reliably at
the organ level. Early efforts to understand the molecular
mechanisms of cardiomyocyte fate determination focused
primarily on genetic and chemical mediators of this process. However, increasing evidence suggests that mechanical
interactions between the extracellular matrix (ECM) and cell
surface receptors as well as physical interactions between
neighboring cells play important roles in regulating the signaling pathways controlling the developmental processes of
the heart. Interdisciplinary efforts have made it apparent that
the influence of the ECM on cellular behavior occurs through
a multitude of physical mechanisms, such as ECM boundary conditions, elasticity, and the propagation of mechanical
signals to intracellular compartments, such as the nucleus.
In addition to experimental studies, a number of mathematical models have been developed that attempt to capture the
interplay between cells and their local microenvironment
and the influence these interactions have on cellular selfassembly and functional behavior. Nevertheless, many questions remain unanswered concerning the mechanism through
which physical interactions between cardiomyocytes and
their environment are translated into biochemical cellular
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responses and how these signaling modalities can be utilized
in vitro to fabricate myocardial tissue constructs from stem
cell-derived cardiomyocytes that more faithfully represent
their in vivo counterpart. These studies represent a broad
effort to characterize biological form as a conduit for information transfer that spans the nanometer length scale of proteins to the meter length scale of the patient and may yield
new insights into the contribution of mechanotransduction
into heart development and disease.
Keywords Heart · Cardiomyocyte · Mechanotransduction ·
Sarcomeregenesis · ECM

1 Introduction
A vexing issue in cardiac development is the presence of
a three-dimensional structural and functional hierarchy that
spans several orders of spatial magnitude from the centimeter length scale of the myocardium to the nanometer length
scale of actomyosin motors (Fig. 1). One possible mechanism through which architectural and temporal synchrony
is maintained during cardiac organogenesis is the propagation of mechanical forces, encoding multi-scale information,
from super-cellular, cellular, and sub-cellular networks that
are physically connected throughout the heart. Simplified,
qualitative models of cellular development often overlook the
importance of mechanical cues and the bi-directional flow of
information between cells and their local microenvironment
during tissue formation (Ingber 1993). Physical forces transmitted between cells and the extracellular matrix (ECM), as
well as between neighboring cells, could prove vital to the
emergent form and function of the healthy myocardium during cardiac morphogenesis. These mechanical cues may be
an essential component of a larger biological network that
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cells sense external mechanical cues primarily through interactions with the ECM via integrin binding and from neighboring cells through intercellular junctions (Chen et al. 2004).
Mechanical tension in the cytoskeleton arising from intercellular junctions and ECM adhesions has been shown experimentally to contribute to epithelial branching (Jamora et al.
2003) and angiogenesis during lung development (Moore
et al. 2005; Ingber 2002). Mechanical forces also underlie
morphological changes that occur in the heart during development, wherein alterations to cardiomyocyte shape and spatial organization arising from actin cytoskeletal dynamics
influence looping of the embryonic heart tube, for example. (Latacha et al. 2005; Taber 2001; Itasaki et al. 1991).
In the post-natal myocardium, forces endured during the
contraction cycle are postulated to contribute to development and remodeling through cardiomyocyte hypertrophy,
in which changes to myofibril and ECM architecture can
lead to either adaptive or maladaptive growth (Jacot et al.
2010; McCain and Parker 2011). This review will examine
the contributing role of mechanical forces to cellular development within the heart and explore the potential benefits
of mathematical models for capturing the involvement of
post-translational cytoskeletal dynamics in recapitulating the
development of the myocardium in vitro. Knowledge gained
from these models could provide valuable insight for designing custom ECM micro-environments that allow the construction of functional, patient-relevant engineered tissues
from ES- and iPS-derived cardiomyocytes.

2 Mechanical cues during cardiac development

Fig. 1 Spatial scaling of the functional components of the heart The
functional components of the myocardium demonstrate a hierarchical
relationship that spans several orders of spatial magnitude, from the
nanometer length scale of the proteins comprising actomyosin crossbridges to the millimeter length sheets of laminar myocardial tissue that
make up the muscular walls of the heart chambers. (adapted from Chien
et al. 2008)

integrates chemical and mechanical signals to drive nascent
cells to adopt relevant phenotypes based on contextual information encoded in the local microenvironment (Parker and
Ingber 2007).
It is now well accepted that epigenetic factors, such as
mechanical forces,play a fundamental role in regulating
organ development (Ingber 2006a,b). The physical properties
of the local microenvironment and the contractile activity of
cells influence the developmental processes that take place
during embryogenesis (Wozniak and Chen 2009). Individual
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During formation of the heart, the cardiac mesoderm arises
from the primitive streak as a product of temporally synchronized Wnt, BMP, and activin/Nodal signaling events
that occur in a spatially asymmetric manner (Evans et al.
2010). In turn, this left–right asymmetrical patterning results
in activation of distinct gene expression profiles, differential proliferation, and cardiomyocyte shape changes that are
responsible for regionalized myocardial lineage specification
and the morphological transition from a linear tube to the fourchambered structure that the heart ultimately adopts (Evans
et al. 2010; Taber et al. 1995; Damon et al. 2009). Looping
of the embryonic heart tube is primarily the product of localized changes in cardiomyocyte morphology that have been
shown to arise from intrinsic remodeling of the actin cytoskeleton and may also play a role in activating the regional
changes in proliferation and gene expression observed in subsequent phases of cardiac development (Srivastava and Olson
2000; Price et al. 1996; Taber et al. 1995). Post-natal cardiomyocyte growth and development occurs through a process known as ‘hypertrophy’ that is mediated by signaling
events that are activated by both biochemical and biomechan-
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ical stimuli (Heineke and Molkentin 2006). Cardiac hypertrophy is initiated by hemodynamic load and characterized by
increased cardiomyocyte size and the expression of genes that
are believed to act as a compensatory mechanism to normalize ventricular afterload (Frey and Olson 2003; Sheehy et al.
2009). In order to recognize and respond to changes in systolic
wall stress, the cells comprising the myocardium must possess
a communications pathway that allows external physical cues
to activate intracellular signaling cascades.
The cytoskeleton is the primary conduit for mechanically
encoded information in the cell (Alenghat et al. 2002), regulating cell shape (Singhvi et al. 1994) and influencing migration, cellular function and homeostasis (Chen et al. 1997;
Bray et al. 2008; Parker et al. 2002). Transmembrane integrin receptors provide a direct mechanical linkage between
the ECM and the cytoskeleton within the cell through which
external physical forces may influence intra-cellular processes (Fig. 2a) (Schwartz et al. 1995). Over the course of
development, the heart undergoes coordinated changes in
ECM composition and expression of α- and β-integrin isoforms that specifically recognize various ECM components
(Price et al. 1992; Ross and Borg 2001; Terracio et al. 1991).
In the fetal stage, expression levels of fibronectin and α5β1
integrin receptors are elevated relative to expression levels
observed in the adult myocardium (Farhadian et al. 1995;
Samuel et al. 1994; Carver et al. 1994). This differential
expression of fibronectin and β1 integrins has been associated with the proliferation and spreading that is observed in
pre-natal cardiomyocytes, but absent post-partum (Hilenski
et al. 1992; Hornberger et al. 2000). Variations in β1 integrin splice isoforms also distinguish the embryonic and adult
myocardium. Embryonic cardiomyocytes have been shown
to primarily express the β1A isoform, while adult cardiomyocytes preferentially express the β1D variant (Belkin et al.
1996; van der Flier et al. 1997; de Melker and Sonnenberg
1999). Furthermore, ablation of β1 integrin expression in
the ventricular myocytes of transgenic mice revealed that
disruption of normal integrin function resulted in pathological fibrotic remodeling, increased susceptibility to dilated
cardiomyopathy, and perinatal mortality (Keller et al. 2001;
Shai et al. 2002). Taken together, this relationship between
the shift in integrin isoform expression and ECM composition suggests that the integrin-ECM interface may serve as
a means for the cells of the nascent heart to recognize and
respond to the ever changing mechanical forces that are present during cardiac organogenesis.

3 Signaling through the integrin–ECM interface
Transmembrane integrin receptors form a direct mechanical
linkage between the ECM and the cytoskeleton (Wang et al.
1993) and serve as the primary conduit of bi-directional

signaling between cells and the ECM (Matthews et al. 2006;
Meyer et al. 2000) despite the fact that they lack intrinsic
kinase activity (Schwartz et al. 1995). Mechanical forces are
transmitted across the integrin–ECM interface to the cytoskeleton, where they activate mechano-sensitive signal transducers, such as focal adhesion kinase (FAK), that are able
to translate the mechanical cue into a biochemical response
(Burridge and Chrzanowska-Wodnicka 1996; Schwartz and
Ginsberg 2002; Samarel 2005). This mode of information
transmission has been shown to activate a variety of chemical signaling pathways, including the Rho kinase, PI3K,
ILK, Src, ERK, and MAP kinase pathways that modulate
transcriptional activity and direct important cellular activities, such as cell cycle entry and the induction of apoptosis (Schwartz et al. 1995; Ingber 2006a; Chen et al. 1997;
Discher et al. 2009; Fletcher and Mullins 2010). Many of
these signaling intermediates are immobilized on the cytoskeleton, particularly at the Z-discs in cardiomyocytes, and
are thus subject to mechanical perturbations that may modulate their activity and translocation to cellular compartments,
such as the nucleus (Wang et al. 2009; Gjorevski and Nelson 2009; Dahl et al. 2008). Cardiomyocytes express a protein known as melusin that flanks sarcomeric α-actinin at
the Z lines and interacts with the cytoplasmic domain of
β1 integrins (Brancaccio et al. 1999). Melusin has been
implicated as an important sensor of myocardial wall stress
in murine knockout studies that showed a specific attenuation of glycogen kinase 3β signaling in melusin-null hearts
(Brancaccio et al. 2003). Another Z-disc protein that is
widely regarded to serve as a mechano-sensor is muscle
LIM protein (MLP), which is believed to transduce mechanical signals via the calcineurin-NFAT pathway to activate
the hypertrophic response in cardiomyocytes (Knoll et al.
2002; Heineke et al. 2005). Titin, a component of the sarcomere that regulates diastolic tension, possesses a C-terminal
kinase domain that has been implicated in cardiomyocyte
strain sensing (Puchner et al. 2008). It has been shown that
this catalytic domain is involved in regulating the activity
of the muscle-specific transcriptional co-activators MuRF2
and four-and-a-half-LIM-domain (FHL) through changes in
titin conformation (Sheikh et al. 2008; Lange et al. 2005,
2002). Evidence suggests that MLP stabilizes the interaction between T-cap and titin at the Z-disc, providing an
interface through which mechanical forces can be transmitted between the ECM and titin to initiate signaling events
at the titin catalytic domain in response to hemodynamic
load (Kruger and Linke 2009; Boateng et al. 2007; Linke
2008).
An intriguing alternative signaling paradigm is the transduction of mechanical signals through the ECM-cytoskeletal
network to structures deep within the cytoplasm, such as the
nucleus (Fig. 2b), where they can alter enzymatic activity
or gene expression by modulating nuclear shape or phys-
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Fig. 2 Bi-directional signaling interfaces in the simplified myocardium a External mechanical cues are transmitted from the ECM to
intracellular compartments via transmembrane integrin receptors that
physically link it to the cytoskeleton. These mechanical signals elicit
a number of biological responses ranging from ion channel activity
to programmed cell death, and in turn these biological processes can
feed information back to the extracellular space via the same mechanical pathway. b Transmembrane integrin receptors form a direct physical

linkage between the ECM and the cytoskeleton through focal adhesions
that provides a conduit for transmitting mechanical signals directly
to intracellular compartments, such as the nucleus. c In addition to
mechanotransduction through the integrin-ECM interface, cardiomyocytes also respond to mechanical signals from neighboring cells through
intercellular junctions and direct transmembrane ligand-receptor interactions

ically deforming genomic structures within the nuclear
compartment (Maniotis et al. 1997a,b). This hypothesis is
supported by in situ PCR measurements taken from osteoblasts that revealed cell shape-dependent alterations in
nuclear morphology resulted in differential regulation of
osteocalcin expression, suggesting that cytoskeletal tension
directly impacted transcriptional activity (Thomas et al.
2002). Given the kinetic nature of the myocardium, and
observations that cardiomyocyte nuclei reversibly deform
during each contraction cycle (Bray et al. 2009), the possibility exists that mechanical effects on nuclear morphology may
influence the expression of genes in cardiomyocytes as well.
Experimental data suggest that individual filaments of
the cytoskeleton bear tensile and compressive loads and

give rise to a mechanical network under isometric tension
that propagates physical signals throughout the cell at a
velocity far exceeding the limits of chemical diffusion
(Brangwynne et al. 2008; Wang et al. 1993, 2009; Ingber
1997). Neonatal rat ventricular myocytes (NRVMs) cultured
on micro-contact printed ECM substrates that imposed an
anisotropic morphology and organization possessed elongated nuclei that demonstrated a high degree of mutual alignment across the tissue constructs and underwent dynamic
deformation during contraction (Bray et al. 2009). Genes
encoding proteins involved in tissue remodeling processes
have been found to be susceptible to changes in cellular morphology induced as a consequence of direct perturbation of
cytoskeletal structure with actin and microtubule disrupting
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agents, such as cytochalasin D and colchicine (Samarakoon
and Higgins 2002). Studies of the link between cytoskeletal
dynamics, motility, and gene expression during myocardial development revealed that myocardin-related transcription factors (MRTFs) are physically bound to globular actin
monomers until they are incorporated into actin filaments.
Upon release from actin monomers, the MRTFs are free to
translocate to the nucleus, where they interact with the transcription factor serum response factor (SRF) to promote the
expression of genes under its control (Olson and Nordheim
2010). This relationship between actin cytoskeletal assembly
and regulation of cardiac gene expression by MRTF-SRF has
been shown to be mediated through a Rho-dependent mechanism that may provide a feed-forward loop for driving the
expression of genes necessary for myofibrillogenesis during myocardial development and in response to hypertrophic
stimuli (Kuwahara et al. 2005, 2007).
Many genetic markers of vascular smooth muscle-specific differentiation code for proteins associated with contractility, giving rise to a potential role for Rho-dependent changes in smooth muscle contractility in regulating
smooth muscle gene expression during vascular development (Mack et al. 2001). Experiments conducted on capillary network formation by human microvascular endothelial
cells in vitro and retinal angiogenesis in vivo using the Rho
inhibitor p190RhoGAP revealed that Rho-induced changes
in cytoskeletal architecture regulated angiogenesis by modulating the activities of two antagonistic transcription factors,
TFII-1, and GATA2, that govern expression of the VEGF
receptor in a manner that was sensitive to ECM elasticity
(Mammoto et al. 2009). Dynamic assembly and disassembly
of cytoskeletal elements generates directed forces that perturb cell shape and guide the organization of cellular components (Alenghat et al. 2002; Fletcher and Mullins 2010). The
evidence from these studies supports the notion that mechanical force-balance influences cellular behavior by modulating
gene expression activity and may be an important factor for
regulating cell fate decisions during co-development of the
heart and circulatory system.

4 Signaling through intercellular junctions
In addition to force transmission across the integrin–ECM
interface, cells also receive biomechanical input from their
neighbors via intercellular junctions and through direct transmembrane ligand–receptor interactions (Fig. 2c) (Simpson
et al. 1993; Kresh and Chopra 2011). Cytoskeletal tension
arising from actomyosin crossbridges plays a key role in
the formation and maintenance of intercellular junctions during cardiac tissue development (Peters et al. 1994; Niessen
et al. 2011; Miyake et al. 2006). In vitro studies have shown
that the magnitude of tractional forces transmitted through

the cytoskeletons of adjacent endothelial cells across adherens junctions was correlated with the size and strength of
these junctions (Liu et al. 2010). The phenotype and spatial
organization of nascent cells during tissue formation require
the coordinated regulation of gene expression and precise
interactions between neighboring cells. Interactions that typically target transmembrane Notch receptors and the Wnt signaling intermediates localize to adherens junctions (Nelson
and Nusse 2004a; Gessert and Kuhl 2010). The activity of
the Notch and Wnt/β-catenin signaling pathways has been
found to have reciprocal effects in cardiac progenitor cells
during embryonic development of the heart (AndroutsellisTheotokis et al. 2006; Boni et al. 2008; Nelson and Nusse
2004b; Ueno et al. 2007). In addition, canonical and noncanonical Wnt signaling have differential, stage-dependent
effects on cardiomyocyte maturation during normal heart
development (Gessert and Kuhl 2010; Rao and Kuhl 2010).
Notch1 signaling promotes differentiation of cardiac progenitor cells and negatively regulates the activity of β-catenin.
On the other hand, activation of β-catenin by the canonical
Wnt pathway inhibits differentiation by negatively regulating cardiac transcription factors and instead promotes proliferation of cardiac progenitor cells (Kwon et al. 2009). In
addition, Notch1 activation in cardiac progenitor cells gives
rise to a population of Nkx2.5 expressing transit amplifying
myocytes that are believed to mediate post-natal growth of
the myocardium (Boni et al. 2008).
Notch and Wnt/β-catenin signaling pathways also play a
role in regulating the incidence of endothelial-mesenchymal
transformation (EMT) during valve development in a potentially mechano-sensitive manner (Combs and Yutzey 2009;
Yang et al. 2008). Formation of the heart valves during
the early stages of heart development is traditionally considered to be a product of VEGF signaling, but it coincides with increased fluid shear stress and mechanical strain
(Hove et al. 2003; Miller 2011; Santhanakrishnan and Miller
2011). In vitro studies of engineered valve endothelial cells
showed that the incidence of EMT in these constructs was
not only enhanced by the application of chronic cyclic
stretch, but also that the magnitude of applied strain initiated EMT via different pathways (Balachandran et al. 2011).
A mechanical load of 10 % strain initiated EMT via TGFβ1, while wnt/β-catenin signaling was implicated at 20 %
strain, providing evidence that cells not only respond to
external mechanical cues, but can also distinguish loads of
different magnitudes. Furthermore, a myofibroblast phenotype emerged concomitantly with an increased incidence
of EMT in valve endothelial cells cultured on an ECM
substrate that imposed an anisotropic cellular organization and subjected to orthogonal, 20 % cyclic strain. Break
down of adherens junctions is a hallmark of EMT, along
with the expression of factors that inhibit endothelial genes
(Arciniegas et al. 2007), suggesting that the magnitude of
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tension transmitted across intercellular junctions may serve
as a mediator of phenotype switching during cardiac valve
morphogenesis.
The assembly of gap junction channels in cardiomyocytes has been shown experimentally to be closely tied
to the formation of adherens junctions (Saffitz and Kleber
2004), in which N-cadherin and connexin 43 share a temporal relationship in their expression and spatial co-localization during adherens junction formation (Samarel 2005). Immunolabeling studies conducted on embryonic, adolescent,
and adult rat hearts revealed that connexin 43 gap junctionrelated immunoreactivity could be observed in the ventricles
as early as 10 days post-conception, and incorporation of
connexin 43 gap junctions into the costameres of ventricular
myocytes proceeded well into adolescence (Gourdie et al.
1992). Dual voltage clamp measurements taken on pairs of
NRVMs with pre-defined aspect ratios revealed that intercellular conductance increased with the volume of observed
connexin 43 immunosignal as cellular aspect ratio increased
(McCain et al. 2012). Further, mechanical forces acting on
myocytes during contraction in vivo and pulsatile stretch in
vitro were found to cause a dramatic increase in the expression of connexin 43 and a concomitant increase in conduction velocity due to increased electrical coupling between
myocytes (Saffitz and Kleber 2004). Given the relationship
between cell alignment and impulse propagation velocity
in cardiac tissues (Bursac et al. 2002; Chung et al. 2007),
mechanical forces transmitted between neighboring cardiomyocytes could be important for establishing and maintaining the anisotropic conduction pattern necessary for proper
functioning of the heart.

5 Effects of the mechanical environment on
cardiomyocyte form and function
When considering the cellular microenvironment, the traditional paradigm has been that of the diffusion of soluble
mitogens in autocrine and paracrine signaling through the
interstitial space. Over the last 10–15 years, an interdisciplinary group of cell biologists and engineers have postulated an
alternative and supplementary vision of the cellular microenvironment as a mechanical network of cells coupled by the
protein polymer network of the extracellular matrix that propagates information, encoded as mechanical forces, between
cells at data rates that far exceed that of chemical diffusion.
In the embryonic heart, evolving from a pulsatile tube to
a cyclically contracting 4-chambered structure, mechanical
forces are imposed on maturing cardiomyocytes that vary in
their magnitude and frequency over the course of development (Taber 2001; Jacot et al. 2010). Regional alterations in
cell shape have been observed and postulated to contribute to
the overall morphology that emerges during heart develop-
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ment (Manasek and Monroe 1972; Taber et al. 1995). The in
vitro cellular microenvironment can be engineered to force
isolated cells to adopt the morphology and configuration of
their native tissues so that researchers can study the contributions of tissue geometry to functionality (Pijnappels et al.
2008; Bursac et al. 2002; Geisse et al. 2009; Fu et al. 2010;
Parker and Ingber 2007). Interactions between cardiomyocytes and the ECM cause changes in cell shape that direct
actin filament orientation, sarcomere organization, and myofibrillogenesis in vitro (Bray et al. 2008). Studies of cultured
cardiovascular cells have shown that shape also influences
a number of functional properties, such as voltage-gated ion
currents, calcium dynamics, and contractility, suggesting that
it is an important parameter to consider when designing engineered tissue constructs (Walsh and Parks 2002; Pong et al.
2011; Yin et al. 2004; Alford et al. 2011).
Phenomena, such as durotaxis, have lead many researchers
to postulate that the physical properties of the cellular microenvironment can influence cell phenotype and tissue morphogenesis (Georges and Janmey 2005; Pelham and Wang 1997).
Experiments conducted on stem cells encapsulated in RGDmodified matrices suggest a role for cellular tractional forces
generated through interactions between the ECM and specific
integrin isoforms in guiding lineage commitment (Huebsch
et al. 2010; Guilak et al. 2009). In addition, studies of embryonic cardiomyocytes reveal that changes in matrix rigidity associated with normal heart development and fibrotic
ECM remodeling reminiscent of that observed after myocardial infarction dramatically affect rhythmic contraction
of the cells (Engler et al. 2008; Tobita et al. 2002). Isolated
cardiomyocytes cultured on poly-acrylamide gels with tunable elastic moduli have repeatedly demonstrated increased
contractile activity and myofibril organization when the stiffness of their underlying substrate resembles that measured
for the healthy native myocardium (approximately 20 kPa),
as opposed to culturing them on substrates with higher or
lower elastic moduli (Bajaj et al. 2010; Bhana et al. 2010;
Engler et al. 2008; Jacot et al. 2008). In the case of marrow-derived mesenchymal stem cells (MSCs), studies have
shown that culturing naïve MSCs on elastic substrates with
a modulus of approximately 10 kPa specifically induced a
myogenic phenotype (Engler et al. 2006). It is believed that
cells sense the mechanical stiffness of the ECM through tractional forces generated by cross-bridge interactions between
actin and myosin II. In vitro experiments utilizing inhibitors of non-muscle myosin II isoforms lend support to this
hypothesis, demonstrating that cytoskeletal tension plays a
role in mediating mechano-sensation between focal adhesions and the ECM (Zajac and Discher 2008). Force measurements collected on various types of cells cultured on
elastomeric substrates revealed a linear relationship between
apparent focal adhesion size and cellular force generation
that was dependent upon actomyosin interactions (Balaban
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et al. 2001). While myocardial contractile activity is not considered to play a role in the early stages of heart development
(Manasek and Monroe 1972; Taber 2001; Latacha et al.
2005), there is evidence in zebrafish models that hemodynamic load does alter cardiomyocyte shape, leading to
aberrations in ventricular morphogenesis (Hove et al. 2003;
Auman et al. 2007). Together, these findings demonstrate a
clear role for the physical micro-environment in myocardial
development that researchers may potentially harness in the
creation of artificial tissue constructs.
Cardiomyocytes are constantly subjected to physical
stretching as a result of the contractile activity of the heart,
presenting the possibility that the motion of the myocardium
may activate mechano-sensitive signaling pathways that
affect the characteristics of cardiac cells (Trepat et al. 2007).
Pulsatile stretch has been shown experimentally to promote
parallel alignment of NRVMs and induce mechanotransductive signaling events through the β1 integrin–ECM interface
that were responsible for the up-regulation of N-cadherin
and connexin 43 expression via activation of FAK and the
ERK1/2 pathway (Shanker et al. 2005; Salameh et al. 2010;
Yamada et al. 2005). Concomitant with the enhanced expression of connexin 43, cyclic stretch was also found to increase
propagation velocity in NRVM monolayers (Zhuang et al.
2000). Gene expression measurements taken on NRVM cultures exposed to pulsatile stretch show that the mechanical
stimulus gives rise to a hypertrophic phenotype with expression of the “fetal gene program” and myosin heavy chain
isoform switching that are hallmarks of cardiac hypertrophy
(Frank et al. 2008; Gopalan et al. 2003; Cadre et al. 1998).
All together, these studies reveal that the mechanical properties of the cellular microenvironment do contribute to the
functional maturation of the myocardium and that there is a
need for computational tools that will allow researchers to
construct effective strategies for harnessing these mechanical cues to optimize engineered cardiac tissue self-assembly
and contractile performance.

6 Computational modeling of mechanotransduction
in cellular self-organization
The working myocardium is comprised of rectangular myocytes organized into a laminar arrangement that serves to
optimize cooperative sarcomeric force output. It is postulated that the interplay between geometric cues encoded in
the ECM and cardiomyocyte cytoskeletal dynamics confers
these morphological characteristics that are vital to the proper
functioning of the heart. Refinements in our understanding of cellular mechanobiology, facilitated in large part by
advances in soft lithography, have given rise to mathematical models of the phenomena and parameters involved in
mechano-sensation that may contribute to myocardial tissue

development. The most pivotal of these experimental methodologies was the development of in vitro techniques to regulate ECM composition and geometry (Mrksich et al. 1997,
1996) that have made it possible to engineer cells whose morphology and function are amenable to computational modeling, thus closing the loop between theory and experiment.
This is important, because one poorly studied problem in cell
biology is the post-translational self-assembly and self-organization of multimeric intracellular protein structures, such
as the cytoskeleton.
A variety of models have been reported (summarized in
Table 1) that examine the role of cell architecture and molecular motors in the self-assembly of the cytoskeletal network.
A simple phenomenological model has been proposed that
predicts the distribution of bound integrin complexes and was
validated in a square fibroblast cell (Novak et al. 2004). This
model explains possible mechanisms behind the higher concentration of focal adhesions (FA) at the edges and corners
of cells (Table 1, column 2). While this simple phenomenological model lacks the features to predict fiber distributions in more complex cell shapes, it provides insight into
actin cytoskeletal dynamics without taking into account the
mechanical interactions between the substrate, integrins, and
the cytoskeleton. Finite element models that include these
interactions can replicate myofibril distributions in several
epithelial and fibroblast cell shapes (Deshpande et al. 2006,
2008). A chemo-mechanical model that explores the FA complex formation without modeling the cell as a whole produces
a detailed prediction of both stresses and strains in the FA
(Paszek et al. 2009) (Table 1, column 3). These models predict the simple assembly of the actin network or integrin
clustering in the vicinity of the focal adhesion in cells with
simple cytoskeletal architecture. However, the assembly of
myofibrils in cardiac myocytes represents a more challenging phenomenon to model due to its heightened complexity.
Cardiomyocytes, like skeletal muscle, are striated myocytes that utilize the actin cytoskeleton as a scaffold for
the clustering and assembly of other proteins in sarcomeres, aligned serially in a contractile structure known as
the myofibril. To date, most models of myofibrillogenesis
are qualitative and give detailed descriptions of how sarcomeric proteins sequentially appear in the sarcomere. Most
computational models of cytoskeletal self- assembly focused
on the architecture of the actin cytoskeleton and were not
designed to recapitulate the rather specialized case of striated
muscle, where the maturation from pre-myofibril to nascent
myofibrils and their active mutual alignment in cardiomyocytes represent an important developmental step in the spatiotemporal coordination of rhythmic, cellular contraction and
ordered cardiac myocyte shortening.
We reported a model that describes the kinetics of myofibrillogenesis in a cardiomyocyte subjected to ECM boundary
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Table 1 Contrasting features of a selection of myofibrillogenesis computation models
Model property

Novak et al. (2004)

Deshpande et al. (2006, 2008)

Paszek et al. (2009)

Grosberg et al. (2011)

Model type

Phenomeno-logical

Finite element/solid mechanics

Phenomeno-logical

Model compared to cell
type

NIH3T3 fibroblasts
(Brock et al. 2003)

Integrins have a free and
bound state (or
high/low affinity)
Focal adhesions more
stable with greater
force
Myofibrils/stress fibers
included in model
Fiber length-force
dependence
Differentiating between
pre-myofibril and
nascent myofibril
formation
Myofibril actively
mutually align
Testing boundary
conditions/symmetry
breaking
Detailed model of solid
mechanics of the
interface
Substrate mechanical
load

Yes

Retinal pigment
epithelial human cells
or fibroblast cells
Yes

Chemo-mechanical
No specific cell type

Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

Yes

No

Not explicitly

No

Yes

No

No

N/A

Yes

No

No

N/A

Yes

No

No

No

Yes

No

Yes

Yes

No

No

Yes, but not the
deformation of the
substrate
Yes

Yes and Detailed, i.e.
both stress and
strain—deformation
Yes

Yes, but very
simply (only
traction)
No

Computationally
complex

No

conditions that impose a particular shape on the cell as the
product of cooperative interaction between focal adhesions
and premyofibrils, along with parallel bundling of nascent
myofibrils (Grosberg et al. 2011) (Table 1, column 4). This
model, borrowing from Novak et al.’s model of focal adhesion distribution, was tested with in vitro experiments conducted on engineered NRVMs to gauge its effectiveness in
predicting the architecture of the myofibrillar network in
response to extracellular boundary conditions, i.e., cell shape.
Unlike previous models, ours accounted for the increased
force produced by longer myofibrils and their active parallel coupling. As a result, our model predicted the steadystate localization of focal adhesions. Additionally, our model
showed that, in the absence of symmetry breaking boundary conditions, the myofibrillar network requires a longer
period of time to self-organize into a steady-state configuration. Thus, the cell never polarizes unless parallel coupling
of the myofibrils is appropriately accounted for.
For example, a neonatal mouse ventricular myocyte
seeded on a micropatterned square fibronectin island in culture will reliably self-organize to have a distinct myofibrillar
network, with the myofibrils aligned along the diagonals
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of the square, anchored at the corners by focal adhesions
[Fig. 3a(i)] (Bray et al. 2008; Grosberg et al. 2011; Parker
et al. 2008). Further, when seeded on FN islands with homogenous boundary conditions, the myocytes can potentially
polarize in an arbitrary direction [Fig. 3a(ii)] (Parker et al.
2008; Bray et al. 2008; Grosberg et al. 2011). Using a combination of in vitro and in silico methods, we show that, in
the presence of mutual alignment of myofibrils, it is possible to predict the polarization of cells on islands with both
homogenous and non-homogenous boundary conditions for
cardiomyocytes from multiple species (Fig. 3b) (Grosberg
et al. 2011).
Commercially available human iPS-derived cardiomyocytes (hiPS-CM) do not polarize on a square FN island, but
instead the myofibrils take on a circular architecture with no
single direction [Fig. 3c(i)]. Furthermore, these cells, when
seeded on isotropic FN, often take on a pin-wheel circular
myofibril architecture [Fig. 3c(ii)]. The pin-wheel architecture is reminiscent of the non-polarized circular cell produced
by the model with mutual parallel coupling of the myofibrils
turned off (Fig. 3d). However, the current model is unable to
predict the other features lacking in the hiPS-CMs because
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Fig. 3 Comparison of myofibrillogenesis observed in primary and
stem cell-derived cardiomyocytes in vitro with in silico simulations
a NMVM on patterned FN at day 3 after seeding (i) square, (ii) circle; b
Computational model of a (i) square and (ii) circular cell with myofibril
mutual alignment turned on showing polarization in both cell shapes; c
human iPS-derived cardiomyocytes on (i) patterned FN square, and (ii)

isotropic FN; d Computational model of a (i) square and (ii) circular
cell with myofibril mutual alignment turned off showing polarization
only in the cell type with non-homogenous boundary conditions; (a, c)
scale bar = 10μm; (b, d) color bar shows normalized traction stress
(|T|) see Grosberg et al. (2011) for details on the model

these cells do not respond to non-homogeneous boundary
conditions in the same manner as the in silico or primary
cardiomyocytes [Fig. 3b(i), d(i)]. This example illustrates the
gap in knowledge between our current observations of stem
cell differentiation and maturation in vitro and the state of the
art in computational modeling of post-translational cellular
development. It is intended to elucidate the potential role of
cellular mechano-modeling in understanding developmental
cell biology.
In addition to mathematical descriptions of single cell in
vitro model systems, researchers have also begun to develop
computation simulations of tissue- and organ-scale in vivo
myocardial environments to guide the development of engineered tissues for therapeutic applications (Goktepe et al.
2010). A multi-scale mathematical model of strain-driven
eccentric growth and stress-driven concentric growth of the
myocardium during ischemic injury has been reported that
allows researchers to explore the effects of local changes in
stress/strain distribution caused by fibrosis on cardiac function (Latimer et al. 2003). These models suggest a foundation for quantitative descriptions of the role that mechanical
forces play in the self-assembly of myocardial cells into contractile tissues and serve to guide researchers in developing
microenvironments that give rise to engineered myocardial
tissues that can be used to accurately simulate the function

of the heart in vitro. However, none of these models have
been applied to stem cell-derived cardiomyocytes, and as the
unique physiology of these cells pose new challenges to our
understanding of cellular self-assembly, it is essential that
the modeling community provides support by creating new
mathematical descriptions of these phenomena.

7 Summary
Physical microenvironmental cues are believed to be fundamental to proper myocardial development and may be a necessary component to experimental strategies for constructing
accurate heart tissue analogs from stem cell-derived cardiomyocytes in the laboratory. Mechanical signals are received
by cells through integrin-ECM interactions and intercellular
junctions, where they are transmitted across the cytoskeleton
to intracellular relays that activate intracellular biochemical
processes. To fully realize the impact of mechanical cues on
cardiac development, further research is necessary to tease
apart the contributions of soluble cytokines and physical
perturbations to myocardial lineage specification and determine how to incorporate appropriate mechanical cues into
existing in vitro model systems. While the details of mechanotransduction remain to be fully elucidated, researchers
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have developed a basic understanding of the role that the cytoskeleton plays in this signaling modality and are beginning
to use this information to create custom ECM microenvironments that utilize the integrin-ECM interface and intercellular junctions to modulate engineered myocardial tissue form
and function. However, these engineered tissues are typically
much less sophisticated than their in vivo counterpart, consisting of two-dimensional monolayers of a homotypic cell
population cultured on a matrix comprised of a single type of
ECM protein. To better recapitulate the native myocardium,
it will be necessary to develop new methods for fabricating
3-dimensional tissue constructs with the same diversity in
ECM protein composition and cellular phenotypes. Furthermore, mathematical models are emerging that quantitatively
describe the effects of mechanical cues on cellular processes,
such as myofibrillogenesis and contractility. Refinement of
these mathematical models to capture the complex interplay
between large populations of heterotypic cells interacting
in a three-dimensional matrix, combined with experimental techniques to recapitulate the in vivo microenvironment,
may provide researchers with the necessary tools to fabricate
artificial myocardial tissue constructs with equivalent structural and functional characteristics to natural heart tissue and
replace costly animal models of cardiotoxicity with cheaper,
human-relevant in vitro alternatives.
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