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Muscle-on-chip: An in vitro model for donor-host

cardiomyocyte coupling
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Division of Heart and Lungs, Depariment of Cardiology, University Medical Center Utrecht and Hubrecht Institute, 3584 CX Utrecht, Netherlands

A key aspect of cardiac cell-based therapy is the proper
integration of newly formed cardiomyocytes into the
remnant myocardium after injury. In this issue, Aratyn-
Schaus et al. (2016. J. Cell Biol. http://dx.doi.org/10
.1083/cb.201508026) describe an in vitro model for
heterogeneous cardiomyocyte coupling in which force
transmission between cells can be measured.

Isolation and subsequent differentiation of stem cells into cells
of the cardiac lineage has improved significantly over the past
years and is now performed with good efficiency (Dierickx et
al., 2012). However, the maturation status of stem cell-derived
cardiomyocytes (SC-CMs) is embryonic-like in comparison to
in vivo cardiomyocytes (Synnergren et al., 2012). The use of car-
diac progenitor cells and stem cell-derived cardiomyocytes for
heart repair has nevertheless been explored in preclinical (Van
Laake et al., 2007; Chong et al., 2014) and clinical (Bolli et al.,
2011; Malliaras et al., 2014; Menasché et al., 2015) trials. The
reported efficacy of these cardiac cell-based therapies is vari-
able and predominantly linked to paracrine effects. Specifically,
the contribution of donor cells to contractility appears rather
limited. An assumed lack of electrical coupling between donor
and host cells, resulting in suboptimal or nondurable improve-
ment of cardiac function, is commonly regarded as the expla-
nation for this phenomenon (Passier et al., 2008). In this issue,
Aratyn-Schaus et al. provide a different perspective. Using an in
vitro model of heterogeneous cell coupling, they observed that
despite electrophysiological coupling and synchronous contrac-
tion of weak “donor” and strong “host” cardiomyocytes, focal
adhesion-like structures at cell—cell junctions were associated
with disrupted force transmission between the cells.

The formation of intercalated discs, specialized cell—cell
junctions consisting of desmosomes and gap junctions that
transmit electrochemical signals and mechanical forces, is es-
sential for synchronized contraction between cardiomyocytes.
Their establishment relies on interactions between cells and the
extracellular matrix and a redistribution of cell—cell adhesions,
which is further linked to the contractility status of the cells.
Because newly differentiated cardiomyocytes are less mature
than their endogenous counterparts, nonisometric force gener-
ation and hampered transmission may occur between the two
cell types. As measuring cellular traction forces of coupled
myocytes in vivo is intrinsically difficult, Aratyn-Schaus et
al. (2016) developed an in vitro system to measure mechani-
cal coupling of cardiomyocytes and to study how force/stress
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is transmitted from cell to cell. The authors use microtissues
(utissues) consisting of an immature cell type (mouse SC-CMs)
and a more mature cell type (mouse neonatal cardiomyocyte
[nCM]) to simulate the therapeutic setting of new and native
cells, respectively. To achieve this, microscopic fibronectin
islands were printed on a soft gel to support the plating of a
mixture of nCMs and SC-CMs, thereby generating a ptissue
consisting of the two cell types. Both murine embryonic and
induced pluripotent stem cells (mES and miPS cells) were used
for SC-CM differentiation.

Before analyzing their ptissues, Aratyn-Schaus et al.
(2016) characterized the cell types in terms of cytoskeleton or-
ganization and contractile force. All cells showed striated my-
ofibrils extending parallel to the longitudinal axis of the cells,
with highly aligned actin networks. The researchers compared
the contractile force of these spontaneously beating cells via
traction force microscopy, and they showed the localization
of stress at the proximal edges of the cells during contraction,
which could be pinpointed by large longitudinal force vectors
(Fig. 1 A). Even though SC-CMs had normal striated myofi-
brils, their peak systolic force was two times lower than that
of nCMs. Thus, despite a similar structural organization, SC-
CMs are weaker than nCMs.

Actual cardiac regeneration requires that new cells inter-
act with the native myocardium via the formation of interca-
lated discs that contain gap junctions. Staining for the junction
proteins involved in electrical and mechanical coupling, con-
nexin-43 and f-catenin, showed cell-cell junction formation
in both homogeneous and heterogeneous (mES-CM/nCM and
miPS-CM/nCM) utissues, suggesting that the described chip-
based platform represents the best-case scenario of in vivo
engraftment. The authors also checked the electrochemical cou-
pling of their utissues using dual-excitation ratiometric analy-
sis to quantify Ca?* transients. Despite synchronized activity in
each type of pair, homogeneous pairs of nCMs showed steeper
Ca* fluxes than heterogeneous pairs. Additionally, lower lev-
els of diastolic calcium were reported in homogeneous SC-CM
couples than in homogeneous nCM couples. Strikingly, when
neonate myocytes were coupled to SC-CMs, their diastolic Ca?*
levels declined by 30% as compared with homogeneous neo-
nate pairs, implying a negative effect of the immature cell on
the more mature cell. Immature cardiomyocytes are thus able to
couple with mature cardiomyocytes in synchronized ptissues,
but differences in calcium handling may hamper contractility.
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In vitro cardiomyocyte coupling model. (A) Neonatal cardiomyocytes (CMs) show greater contraction forces (arrows) than SC-CMs. Force gen-

eration at the lateral ends of the cells is depicted as a heat map. (B) Coupling of an immature SC-CM with a stronger nCM (bottom) results in extra focal

adhesions (inset) compared with the homogeneous coupling of nCMs (top).

Aratyn-Schaus et al. (2016) next used traction force
microscopy to study whether the difference in intrinsic force
between SC-CMs and nCMs affects the function of ptissues.
Indeed, compared with neonate couples, the amount of traction
stress and substrate displacement during contraction was far
lower in heterogeneous SC-CM/nCMs couples (Fig. 1 B). Inter-
estingly, an additional traction stress point was observed in het-
erogeneous pairs near cell—cell junctions (Fig. 1 B). Next to the
focal adhesions at the lateral ends of all utissues, this new point
of traction was shown to accompany extra focal adhesions as
observed by vinculin staining. A possible explanation for such
a phenomenon of extra traction stress points joined by newly
formed focal adhesions could be the prevention of mechanical
disruption of the newly formed junctions between the two cells.

To unravel whether coupled cells of different origins show
mechanical synchrony, Aratyn-Schaus et al. (2016) measured
the longitudinal traction forces exerted by the cells on the sub-
strate. All contracted in synchrony and, as expected, homoge-
nous nCM pairs produced higher traction forces than SC-CM
pairs. In contrast, the difference in force between cells within
a heterogeneous SC-CM/nCM couple was >30% of the total
systolic force produced by the pair. Dissipating the surplus of
force may be required to keep the cells together. Further, to test
whether the model displays features of known disease-related
phenotypes, the dimensions of the fibronectin islands on which
cells are plated were adjusted to mimic a hypertrophic mor-
phology or their stiffness was modified to simulate a fibrotic
environment. In both cases, traction forces at the junctions of
the two cells on the substrate were increased. These results all
support the muscle-on-chip model as a promising tool to study
myocardial disease in vitro.

Because there are important differences in the transcrip-
tional and functional mechanisms underlying the maturation of
primary cardiomyocytes and SC-CMs in various species (Sheehy
et al., 2014), Aratyn-Schaus et al. (2016) developed an unbi-
ased generalized computational method to analyze utissue me-
chanics. In this model, in which the contractile behavior of two
cells is seen as a 2D continuum, a positive correlation between
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adhesion and traction stress was added. For heterogeneous tis-
sues, smaller isometric tension values were accounted for and
strain rate constants for the SC-CMs were based on known ino-
tropic effects of different calcium fluxes (Bers, 2001). In their
simulations, the authors noted high traction stress solely at the
lateral sides of the cardiomyocytes in homogeneous utissues,
whereas in heterogeneous ptissues an additional traction stress
point emerged near the tip of the cell—cell junction, which over-
all is in line with the experimental data (Fig. 1 B). Simulat-
ing cellular stress and the average shortening of both cells also
confirmed that stem cell-derived myocytes shortened less than
neonate myocytes and that none of the cells lengthened, as ob-
served in vitro. Altogether, this computational analysis suggests
that coupling of two cells with uneven contractile properties
such as isometric tension is sufficient to generate force trans-
mission remodeling at the junction between cells.

In conclusion, Aratyn-Schaus et al. (2016) developed a
muscle-on-chip in vitro system to model integration and cou-
pling of new cells with native cells in the heart. They discov-
ered that SC-CMs are able to align and couple with nCMs, form
gap junctions, and contract synchronously, regardless of their
intrinsic weaker contractile properties. The stronger neonatal
cells seem to sense the force imbalance and react by dissipating
the excess of energy to the substrate through the formation of
additional focal adhesion points. This finding offers a possible
explanation as to how, until now, only modest long-term bene-
ficial contractile effects have been observed in preclinical trials,
even when using bona fide cardiomyocytes.

Even though the computational model supports the trans-
lational potential of the murine muscle-on-chip assay, the
findings of Aratyn-Schaus et al. (2016) should eventually be re-
produced using human adult and SC-CMs. If similar in human,
the results would highlight the importance of fully character-
izing newly introduced therapeutic cardiomyocytes to prevent
immature or otherwise weaker donor cells from exerting a neg-
ative effect on the function of spared recipient cardiomyocytes.
From the standpoint of mechanical force generation described
here, it might be beneficial to strive for maximal in vitro donor



cell maturation before transplantation. Several maturation-
enhancing differentiation protocols have been developed re-
cently, especially for human pluripotent SC-CMs (Birket et al.,
2015; Ribeiro et al., 2015). Another consideration, however, is
that terminally matured adult-like cardiomyocytes are much
less likely to survive transplantation compared with immature
fetal-like cardiomyocytes (Reinecke et al., 1999). The final
maturation steps may therefore better occur in vivo after trans-
plantation, and it is possible that the environment of an injured
heart supports such development by itself or with additional
measures (Laflamme et al., 2007; Van Laake et al., 2007).

Because in vivo cell coupling analysis and force transmis-
sion measurements are intrinsically difficult, the in vitro mus-
cle-on-chip model by Aratyn-Schaus et al. (2016) represents an
important step forward toward unraveling the complex molec-
ular mechanisms underlying the integration of newly formed
cells to an existing tissue. The model could be further developed
to simulate disease states in vitro by adding supportive/interac-
tive cells such as fibroblasts and endothelial cells and by using
different substrates as well as defected cardiomyocytes. Addi-
tionally, cardiac cells with different maturation states could be
tested in the future, as it is critical to determine the optimal cell
type and state for cardiac cell-based therapy.
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