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Abstract
Murine embryonic stem cell derived cardiomyocytes (mESC-CMs) and murine 
induced pluripotent stem cell derived cardiomyocytes (miPS-CMs) were differ-
entiated and co-cultured with irreversibly injured myocardial tissue slices. When 
beating clusters had integrated morphologically into the damaged tissue, isomet-
ric force measurements were performed. Effects of Ca(2+), nifedipine, and beta-
adrenergic modulation were studied during loaded contractions and compared 
with the contractile behavior of native murine myocardial slices. Both CM vari-
ants conferred force to the myocardial tissue. Contraction increased with higher 
concentrations of Ca(2+) and Isoproterenol, and decreased with nifedipine in all 
slice variants. Differences between mESC-CMs and miPS-CMs were non-
significant, however, significantly different (P < 0.05), when compared to native 
myocardial slices.
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55.1	 �Introduction

Therapy for heart failure is a challenge also in the setting of congenital heart disease. 
Up to now, there is no true solution of a repair of damaged myocytes. Stem cell-
derived cardiomyocytes are believed to offer possible solutions in the future. The 
possibility to potentially replace failing myocardium with stem cell-derived cardio-
myocytes will depend to a major part on the contractile properties of these cells.

In order to quantify the contractility of stem cell-derived cardiomyocytes, we 
present an in vitro model using slices of murine ventricles.

The aim of our work was to compare the contractile properties of (1) murine 
embryonic stem cell-derived cardiomyocytes (mESC-CMs), (2) murine induced plu-
ripotent stem cell-derived cardiomyocytes (miPS-CMs) and (3) contractile proper-
ties of native murine ventricular myocardium at a comparable age of differentiation.

As assumed in a prior work, it is almost impossible to assign myocardial contrac-
tile properties of transplanted cells in vivo; we therefore developed a tissue culture 
model mimicking the situation in vivo [1].

55.2	 �Materials and Methods

Experiments were carried out according to the Principles of Laboratory Animal care.
We prepared avital tissue slices from neonatal murine ventricles, which were 

used as a non-contractile matrix as described elsewhere [2]. In summary, neonatal 
murine ventricles were embedded in 4% low-melting agarose and cut into 
300-μm-thick slices along the short axis with a microtome (Leica Microsystems, 
Wetzlar, Germany), kept in cold (4 °C) Ca2+-free Tyrode’s solution, continuously 
aerated with pure oxygen and supplemented with CaCl2 if needed. Finally, the ven-
tricular tissue slices were exposed to irreversible myocardial injury by severe and 
long-standing deprivation of oxygen and glucose.

MESC-CMs and miPS-CMs were generated as described previously [3]. Beating 
clusters of miPS-CMs and mESC-CMs were microdissected 11 days after initiation of 
in vitro differentiation and co-cultured for 5–7 days on top of the oxygen- and glucose-
deprived ventricular slices, placing the non-vital slices into a funnel-shaped cavity and 
adding CM clusters in a very cautious way using a score to estimate attachment and 
“integration” under microscopic control. For the experiments of contractility measure-
ments, those two types of co-culture preparations and native embryonic heart slices 
were mounted onto two steel needles connected to an isometric force transducer in a 
customized dish within Tyrode’s solution. All three types of slices were conditioned 
stepwise by extending their length until maximal force resulted during continuous pac-
ing at 2–4 Hz. Signals from the force measurement transducer and electrical pacing 
were A/D converted, amplified and recorded on a digital medium using DASYLab 
software (National Instruments) with a sampling rate of 1 kHz, high and low pass fil-
tered (0.05–15 Hz) and signal averaged. Isometric force was measured in Tyrode’s 
solution after 5 min of spontaneous beating at constant resting conditions. The ampli-
tudes of 20 contractions before and after stimulation were normalized and analyzed.
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Effects of Ca2+ were analyzed in Ca2+-free Tyrode’s solution by increasing con-
centrations of Ca2+ (0.5, 2.5, 4.5, 6.5 and 8.5 mM, 10 min for each concentration). 
In addition, the effects of the Ca2+-blocker nifedipine (0.01–10 M) and ß-adrenergic 
isoproterenol (10.9–10.6 M) were analyzed.

Means and standard deviations, and ranges were calculated. Paired and unpaired 
t tests or one-way analysis of variance (ANOVA) was performed. P  <  0.05 was 
considered statistically significant.

55.3	 �Results

Native embryonic heart tissue as well as co-cultured preparations with mESC-CMs 
or miPS-CMs showed spontaneous contractions. During spontaneous contractions 
no difference between the beating frequency of preparations with mESC-CMs 
[2.9 ± 0.4(1.3–4.3) Hz, n = 11] and miPS-CMs [2.2 ± 0.2(1.5–4.0) Hz, n = 12] was 
found. There was significant slower contraction rate in native embryonic heart slices 
[0.8 ± 0.1(0.1–1.4) Hz, n = 8, P < 0.05]. In Ca2+-free Tyrode’s solution no contrac-
tion occurred. Contraction increased with increasing concentration of Ca2+ in 
mESC-CMs, miPS-CMs and native embryonic heart slices. Native embryonic heart 
slices showed significantly stronger contractility (P < 0.05 vs. both miPS-CMs and 
mESC-CMs). Comparison was achieved after data normalization using the force 
values at Ca2+ = 2.5 mM of individual experiments. 3/4 miPS-CMs preparations and 
2/4 mESC-CMs preparations showed decreasing contraction at a concentration of 
1 μmol and stopped contraction at concentrations of 10 μmol nifedipine. Native 
embryonic heart slices continued contractions also at high nifedipine doses. Dose-
dependent negative inotropy of nifedipine was seen in all three groups (Fig. 55.1). 
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Fig. 55.1  The effect of nifedipin(NIF) is shown in the three preparations: native embryonic heart 
tissue, murine induced pluripotent cell derived cardiomyocytes (miPS-CMs) and murine embryo-
logic stem cell derived cardiomyocytes (mESC-CMs). Note the similar behavior of all three prepa-
rations. Important the different scales of amplitudes (micro Newton)—chosen for relative 
comparison

55  Quantification of Contractility in Stem Cell-Derived Cardiomyocytes



366

A positive inotropic effect of isoproterenol was seen in all three groups. The inotro-
pic effect of isoproterenol was significantly stronger in native embryonic heart tis-
sue. Differences between mESC-CMs and miPS-CMs were non-significant.

55.4	 �Discussion

The results demonstrate that our ventricular slice model for analysis and compari-
son of contractility of co-cultured preparations with mESC-CMs, miPS-CMs and 
native embryonic heart tissue works sufficiently. The primary finding from this 
study is that stem cell-derived cardiomyocytes, both mESC-CMs and miPS-CMs 
attached to avital myocardial slices, showed quantifiable force/contractility after 
co-culture under defined conditions. There were only minor differences between 
such mESC-CM and miPS-CM preparations. However, significant differences in 
contraction behavior were found when compared to native embryonic heart slices of 
comparable age. Calcium dependency was demonstrated in all three preparations in 
a relative similar fashion, however, in a much lesser amplitude level seen in the 
pluripotent stem cell-derived cardiomyocyte preparations. MESC-CM and miPS-
CM slice preparations exhibited contractile behavior of possibly immature sarco-
plasmic reticulum. The Ca2+-channel antagonist nifedipine induced a dose-dependent 
negative inotropy on the force of contraction of all three preparations underlining 
the importance of L-type calcium channels for contractility regulation. The stem 
cell-derived cardiomyocytes showed significantly diminished ß-adrenergic response 
compared to native embryonic heart slices.

So far there is no data that convincingly support the hypothesis that pluripotent 
stem cell-derived cardiomyocytes are capable of developing into a cardiomyocyte 
phenotype that is identical to mature ventricular cardiomyocytes in vitro [4]. The 
potential development of mature sarcoplasmatic reticulum in stem cell-derived car-
diomyocytes is still an issue, and the understanding of factors involved in differen-
tiation toward a functional and a mature cardiac phenotype is still incomplete [5].
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