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Abstract

During differentiation, mouse embryonic stem cell-derived cardiomyocytes (MESC-CMs) receive
electromechanical cues from spontaneous beating. Therefore, promaoting electromechanical
activity via electrical pacing or suppressing it by drug treatment might affect the cellular
functional development. Electrical pacing was applied to confluent monolayers of mESC-CMs
during late-stage differentiation (days 16—-18). Alternatively, spontaneous contraction was
suppressed by (a) blocking ion currents with CsCl (HCN channel), trazodone (T-type Ca2*
channel), or both CsCl and trazodone on days 11-18; or (b) applying blebbistatin (excitation—
contraction uncoupler) on days 11-14. Electrophysiological properties and gene expression were
examined on day 19 and 18, respectively. Optical mapping revealed no significant difference in
conduction velocity (CV)in paced vs. hon-pacedmonolayers, nor were there significant changes in
gene expression of connexin-43, Na—Ca exchanger (NCX), or myosin heavy chain (MHC).
However, CV variability among differentiation batches and CV heterogeneity within individual
monolayers were significantly lower in paced mESC-CMs. Alternatively, while the four drug
treatments suppressed contraction with varying degrees (up to complete inhibition), there was no
significant difference in CV for any of the treatments compared with controls. Trazodone
treatment significantly reduced CV variability as compared to controls, whereas CsCl treatment
significantly reduced CV heterogeneity. Distinct changes in gene expression of connexin-43,
MHC, HCNI, Cav3.1/3.2 were not observed. Electrical pacing, but not suppression of spontaneous
contraction, during late-stage differentiation reduces the intrinsic variability of CV among
differentiation batches and across individual monolayers, which can be beneficial in the
application of ESCs for myocardial tissue repair.
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INTRODUCTION

Heart disease is the number one cause of death in the United States, and in 2006, accounted
for one in every 3.8 deaths.14 Recognizing the limited ability of cardiac tissue to regenerate
after injury, an alternative approach to conventional treatments such as drugs or cardiac
assist devices is cell therapy, in which new cells are engrafted into the area of damaged
cardiac tissue. One of the promising cell sources for cardiac regeneration is embryonicstem
cells (ESCs), which can be differentiated to become cardiomyocytes. Successful
implementation of this approach, however, requires a better understanding of the
biochemical and physical cues essential for cardiac differentiation, and importantly, how to
better manage the phenotypic variation that cardiomyocytes have both within batches and
among different batches when differentiated from ESCs. The research results reported here
provide some new insight into these relationships, specifically examining the role of
electromechanical signaling on functional development and electrophysiological phenotypic
variation of mouse embryonic stem cell-derived cardiomyocytes (MESC-CMs).

For more mature cells grown in culture, electromechanical cues are undoubtedly important.
Continuous electrical pacing of newborn rat cardiomyocytes for at least 24 h increased cell
elongation, upregulated contractile [a- and B-myosin heavy chain (MHC)] and electrical
(gap junction connexin-43) proteins, and increased functionality (maximum capture rate—
the rate at which cells can be stimulated most rapidly without losing 1:1 response).23:16.27 |n
non-cardiac cells, continuous electrical pacing increased the proliferation of skeletal
myoblasts2® and induced partial differentiation of human and mouse fibroblast cell lines to
the cardiac phenotype.®

Spontaneous activity in ESCs is associated with cardiomyocyte differentiation, but the role
that this beating may play in the differentiation process has not been given much attention.13
Increases in the number and size of beating foci in mouse embryoid bodies (EBs) have been
shown in response to application of a single electric field pulse.2? Continuous electrical
stimulation of mouse embryonic stem cells (MESCs) for 4 days at a 1 Hz pacing rate
affected the proportion of cardiomyocytes to ESCs (differentiation yield).> Moreover,
continuous electrical stimulation of human mesenchymal stem cells for 1-3 weeks at 0.5 Hz
pacing rate also induced partial differentiation into cardiomyocytes.® However, no studies
have yet investigated whether electrical stimulation can also affect the phenotypic variation
that occurs even within the cardio-myocyte lineage of cells that are obtained from different
differentiation batches of mESCs. Experiments directed at this question will enhance our
ability to design biomimetic exogenous pacing protocols to guide cardiac differentiation.

An alternative strategy for determining the importance of electromechanical cues on cardiac
differentiation is to suppress the intrinsic spontaneous activity either by suppressing
pacemaking transmembrane ion currents or decoupling contraction from excitation. During
the intermediate and late stages of mESC differentiation into cardiomyocytes (days 10-19),
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automaticity has been previously attributed to the T-type Ca2* current,3° pacemaker current
through HCN channels, 20 or both.34 In separate studies, automaticity has also been
attributed to IP3-mediated release of Ca2* from intracellular stores rather than to functional
expression of ion channels.”-18 While pacemaker currents have been identified in single
embryonic stem cell-derived cardiomyocytes (ESC-CMs) by patch clamp studies, 2234 no
studies have been performed that investigated the effects of long-term suppression of
pacemaker currents and spontaneous contraction on cardiac differentiation of ESCs.

Thus, this study aims to investigate the effects of electromechanical cues on the
electrophysiological characteristics of populations of cardiomyocytes differentiated from
mESCs by (1) intensifying the degree of signaling via continuous electrical pacing and (2)
suppressing signaling by inhibiting electrical activity via blockers of pacemaking ion
channels or by inhibiting contraction by excitation—contraction uncouplers. This study also
shows, for the first time, that mMESC-CMs can form tissue-scale confluent monolayers whose
electrophysiological properties can be studied via optical mapping.

MATERIALS AND METHODS

Vector Construction

All cells used in all experiments came from a single clone of mMESCs with an a-MHC
promoter driving a neomycin resistance gene. The a-MHC promoter element has been
previously utilized by other groups for the purpose of deriving a pure population of cardio-
myocytes from differentiating ESCs. Klug et al.1® first described the construction and
utilization of a similar DNA plasmid (a-MHCpromoter-NeOR/PGKpromoter-HygroR) for the
purpose of selecting cardiomyocytes. Following selection with neomycin for 8 days they
were able to derive cardiomyocytes with a purity of 99.6%. Kolossov et al.2! also utilized
this promoter to select cardiomyocytes using puromycin selection. They reported
cardiomyocyte purity of >99% following addition of puromycin in their cultures of
differentiating ESCs.

The mouse promoter (kind gift of Drs. J. Gullick and J. Robbins) of the a-MHC gene (5453
bp, U71441) was cloned in the 5" end of the neomycin phospho-transferase gene. For the
purpose of this experiment, two plasmids were utilized: Polymerase Ilyromoter-Hygromycin
Phosphotransferase, the plasmid which allowed us to select for ESC clones which were
stably transfected, and a-MHCpromoter-n€OMycin phospho-transferase, the plasmid which
allowed us to select for Myh6™ cells. Prior to transfection both plasmids were linearized
using Xmnl and combined with a ratio of 10:1 (a-MHC-NeoR: Polll-HygroR).

Cell Transfection and Clone Selection

mESCs (D3 line) were cultured on gelatin in the presence of leukemia inhibitory factor (LIF;
108 U/mL). For the purpose of transfection, the cells were trypsinized and resuspended in
800 pL of Ca?*/Mg?2* solution. Then, 10 ug of the DNA mix was added to the cells, and the
combined solution was placed into a 4-mm electroporation cuvette. The cells were electro-
porated in a Biorad Gene Pulser Xcell (240 V/500 pF) and re-plated onto y-irradiated hygro-
resistant primary mouse embryonic fibroblasts (PMEFs) in a 10-cm diameter tissue culture
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plate. The next day hygromycin (200 pg/mL) was added to the ESC medium, and the
antibiotic selection lasted for 7 days. In order to ensure that a derived clone could provide
selection of pure cardiomyocytes, at least 50 clones or colonies were picked 7-10 days
following electroporation, and specificity of the promoter element was tested.

After expansion, 90% of the cells from each colony were cryopreserved in their
undifferentiated state and 10% of the cells were differentiated using the hanging droplet
technique. Neomycin was added when spontaneously contracting cells were observed. One
of several clones in which only spontaneously contracting cells survived following neomycin
selection was used for all subsequent experiments. For the selected clone: (1) following
prolonged culture post-selection with neomycin, no colonies resembling undifferentiated
ESCs were detected; (2) when staining the cells with antibodies specific for cardiomyocytes,
every cell stained positive (see “Results” section); and (3) following RT-PCR analysis for
cells of other lineages (endoderm, ectoderm), expression of such markers was not detected.
Moreover, RT-PCR analysis for Oct4, Sox2, and Nanog (proteins expressed by
undifferentiated ESCs) was negative (data not shown).

Cell Differentiation

The genetically modified mESCs were expanded on a feeder layer of PMEFs in the presence
of 1 uL/mL LIF (Chemicon, Millipore, Billerica, MA). Feeder layer subtraction was
performed, and the mESCs were expanded for an additional 24-48 h on gelatin-coated
plates. To initiate differentiation of the mESCs into cardiomyocytes (MESC-CMs), LIF was
removed and EBs of mESCs were formed by the hanging droplet method32 (day 0). The
concentration of cell suspension used in this experiment was 5 x 10% cells/mL (1000 cells
per 20-pL droplet). On day 3, EBs were transferred from the hanging droplets and
suspended in culture medium including 100 pg/mL ascorbic acid. On day 5, EBs were
transferred to gelatin-coated plates. From day 6 to day 9, neomycin was added to the culture
medium to select for mMESC-CMs. On day 9, EBs were dissociated into single cells and
seeded on 21-mm diameter fibronectin-coated polyvinyl chloride coverslips. Neomycin
selection was restarted on day 11 and completed on day 14 (Fig. 1). Monolayers that were
confluent on day 18 were included in subsequent analyses. Standard culture medium
consisted of pre-screened 10% FBS (Atlanta Biologicals Inc, Lawrenceville, GA), 85%
DMEM (Gibco, Invitrogen, Carlsbad, CA), supplemented with 1% (v/v) Gluta-Max-1
(Gibco), 1% (v/v) MEM non-essential amino acids (Gibco), 1% (v/v) sodium pyruvate
(Gibco), 1 uL/mL 2-mercaptoethanol (Gibco), 50 pL/100 mL gentamicin sulfate (Lonza
Biowhittaker, Basel, Switzerland). All studies were done using the same lot of FBS.

Promotion of Electromechanical Activity by Electrical Pacing

Threshold for electrical pacing was determined by the minimum voltage rendering one-to-
one capturing of MESC-CMs by 40-ms duration pulses at 3 Hz and ranged from 1.67 to 3.0
V/cm. Monolayers with spontaneous beating rate over 3 Hz were excluded from the
experiment. Monolayers of mESC-CMs were paced at 0.17 VV/cm above threshold at 3 Hz
for 7 h/day on days 16-18 (the earliest time at which cells could be consistently paced) prior
to the day of mapping. Maintenance of pacing capture was verified daily by visual
inspection. A stimulation circuit was constructed, based on Sathaye’s design.28 Bidirectional

Cardiovasc Eng Technol. Author manuscript; available in PMC 2017 October 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Limpitikul et al.

Page 5

rectangular impulses were used to prevent the accumulation of free radicals and ions caused
by the electrical impulses. The pacing chamber contained electrodes made of 0.02 in.
diameter graphite rods. Sixteen electrodes were connected in series and held down to the
bottoms of the wells by 52-gauge Teflon-coated platinum wire. Prior to cell stimulation, the
electrodes were sterilized by sonicating in 70% ethanol and autoclaving.

Suppression of Electromechanical Activity by Drug Treatment

mESC-CMs were treated with either 10 uM blebb-istatin (an excitation-contraction
uncoupler) on days 11-14,% 1 mM CsCI (HCN channel blocker) on days 11-18,34 50 pM
trazodone (T-type Ca2* channel blocker) on days 11-18,22 or the combination of 1 mM CsCl
and 50 pMtrazodone on days 11-18 (Fig. 1). Sustained exposure to blebbistatin caused the
mMESC-CMs to retract from each other, so blebbistatin was removed on day 15, after which
the MESC-CMs expanded back and recoupled to become confluent by the day of mapping.
The rate of spontaneous contraction was observed visually. The number of beats was
counted during a 20-s interval.

Optical Mapping

Monolayers of mMESC-CMs were optically mapped on day 19 for the electrical pacing
experiments and on day 18 for the suppression of spontaneous contraction experiments.
Each monolayer was stained with voltage-sensitive dye (10 uM di-4-ANEPPS) and
stimulated with a point electrode. Optical signals were captured by an array of 253
photodiodes with 1 mm spatial resolution.3? Tyrode’s solution for the mapping experiments
contained (in mM): NaCl 135, KCI 5.4, MgClI2 2, CaCl2 1.8, glucose 10, HEPES 10 at pH
7.4 (NaOH) and 37 °C. LabVIEW (National Instruments, Austin, TX) was used to collect
data, and custom MATLAB (The Mathworks, Natick, MA) scripts were used to calculate
conduction velocity (CV) and the heterogeneity index (HI) of the propagating wave. To
calculate HI, the difference in activation times between a specific recording site and its six
surrounding sites is determined, and the maximum number is chosen to represent the phase
delay for that channel. A histogram of phase delays from all 253 sites is plotted, and HI is
calculated by dividing Pys—P5 by Pso, Where A, represents the value at the xth percentile.23

Immunohistochemistry

Immunohistochemistry was performed on mESC-CMs after they were optically mapped.
Monolayers were fixed either with 50:50 acetone/ethanol or 5% paraformaldehyde. Cells
were permeabilized with 0.2% v/v Triton x in PBS containing 1% w/v bovine serum
albumin. Monolayers were blocked with 3% FBS in PBS. Primary antibodies used were
monoclonal mouse IgG1 anti-connexin-43 (1:200) (Chemicon), monoclonal mouse IgG1
anti-a.-sarcomeric actinin (1:400) (Sigma-Aldrich), monoclonal mouse IgM anti-MHC
(1:500) (Abcam, Cambridge, MA), monoclonal mouse 1gG2b anti cardiac troponin I (1:500)
(US Biological, Swampscott, MA). Secondary antibodies were Alexa Fluor 568 goat anti-
mouse 1gG1 (1:200) and Alexa Fluor 488 goat anti-mouse IgM (1:200) (all from Invitrogen,
Carlsbad, CA). Then, monolayers were counterstained for nuclei with 4,6”-diamidino-2-
phenylindole (DAPI, Invitrogen). Samples were mounted with Prolong Gold Antifade
mounting media (Invitrogen). Mounted samples were imaged with a Zeiss 510 META
confocal microscope together with an inverted fluorescence microscope (Nikon Eclipse
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TE2000-U) with appropriate filter cubes (Chroma Technology Corporation) and with phase
contrast. Image analysis, including image overlay, nucleus and cell counting, was performed
using ImageJ software (NIH).

Gene Expression

Samples of total RNA were collected on day 18 for the electrical pacing experiments and on
day 17 for the suppression of spontaneous contraction experiments, using RNeasy kit
(Qiagen, Hilden, Germany). First-strand cDNA was made using SuperScript I11 First-Strand
Synthesis System for RT-PCR (Invitrogen). The primers used are given in Table 1. The cycle
used for RT-PCR was as follows: initial denaturation at 94 °C (5 min), 35 cycles of
denaturation at 94 °C (1 min), primer annealing at 55 °C (40 s), primer extension at 72 °C (1
min), and substance clearance at 72 °C (10 min). Products were removed and visualized by
gel electrophoresis. Real-time RT-PCR was done with a Bio-Rad iCycler iQ Real-Time PCR
Detection System with iCycler v.3.1 software (Bio-Rad Laboratories, Hercules, CA), using
Power SYBR Green Master Mix (Invitrogen), and following manufacturer instructions.
Levels of expression were calculated by fitting unknown samples to a standard curve.

Statistical Analysis

CV and HI of control and treatment groups were compared using a linear mixed-effect
model. Variability of CVs for control monolayers among the differentiation batches of
mMESC-CMs and variability of CVs for treated monolayers among the differentiation batches
of mESC-CMs were analyzed using a one-way ANOVA. Statistical differences in CV
variance between the control monolayers and the treatment monolayers were determined
using Levene’s test, which has the null hypothesis that the population variances are equal. To
compare variance between the paced and control monolayers, three CV measurements per
monolayer, taken minimally 60° apart (for circular wave propagation), were taken to be
independent for purposes of this analysis. Number of cells, area of cells, and number of
nuclei were compared using two-way Student’s ftest. Values of p < 0.05 were considered to
be significant. Error bars represent standard deviations.

RESULTS
Monolayers of mMESC-CMs

To form mESC-CM monolayers, EBs were dissociated into single cell suspension of mESC-
CMs on day 9 and seeded on fibronectin-coated polyvinyl chloride coverslips. Neomycin
selection was continued for additional 4 days (Fig. 1). Before day 18, these tissue-scale (3.8
cm?) monolayers of mMESC-CMs achieved confluency (Fig. 2a). That is, instead of having
multiple beating foci, confluent monolayers of mMESC-CMs contracted synchronously,
demonstrating good electrical coupling between adjacent cells (Online Resource 1). These
monolayers could be optically mapped (Fig. 2b) for measurements of CV (Online Resources
2 and 3).

Electrical Pacing

Electrical Properties of Paced mESC-CM Monolayers—On day 19, CVs of
electrical wave fronts propagating across mESC-CM monolayers were measured by
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analyzing the isochrone maps (Fig. 2c¢). CVs ranged from 2.0 to 7.5 cm/s at a 4-Hz
stimulation rate for control (non-paced conditions) and 3.0 to 7.0 cm/s for paced mESC-
CMs. Statistical analysis indicated no significant difference in CVs for paced vs. control
conditions (linear mixed-effect model).

Electrical pacing, however, substantially reduced the intrinsic variability of CVs among
differentiation batches. Although the mean CVs of control mono-layers were significantly
different among batches, the mean CVs for paced monolayers were not (one-way ANOVA)
—i.e., with electrical pacing, CVs were less dispersed (Fig. 3a). Thus, electrical pacing
resulted in less batch-to-batch (i.e., differentiation-to-differentiation) variation in the mESC-
CM monolayers. In addition, variance of CV for paced monolayers was statistically less than
variance of CV for control monolayers (Levene’s test, p< 0.05). Furthermore, electrically
paced mESC-CM monolayers showed more homogeneous propagation across the individual
monolayer than did control monolayers (Fig. 2c, Online Resources 2 and 3). The HI, which
measures variability of CVs within individual monolayers, was significantly lower in paced
MESC-CMs than that for controls (1.37 £ 0.45 vs. 1.78 £ 0.87, respectively) (Fig. 3b).

Since cell density could affect CV, cell density in each group was quantified. No significant
difference was observed in the number of cells per area between the treatment and the
control groups: 163.1 + 30.9 cells per visual field (9461 um?) for the control and 150.7

+ 25.3 cells per visual field for the paced group.

Gene Expression of Paced mESC-CMs—Connexin-43 and the Na—Ca exchanger
(NCX) are important cardiac function genes, whereas a- and f-myosin are important
cardiomyocyte markers. Both paced and control mESC-CM monolayers expressed
connexin-43, NCX, and a- and p-MHC as shown by measuring the levels of mRNA for
these respective genes. Based on reverse transcription PCR (RT-PCR), there was no apparent
change in gene expression for NCX, a- and p-myosin in paced mESC-CM mono-layers,
compared with the control (/7= 3 differentiations) (Online Resource 4). However, real-time
(quantitative) RT-PCR of connexin-43 showed mixed results (7= 3 differentiations). There
was a 2- and 2.5-fold increase in expression of connexin-43 for paced over control
monolayers in two differentiation batches and no change in expression of connexin-43 in
one differentiation batch. (Online Resource 5). Immunohistochemistry was performed to
confirm the presence and localization of the products of connexin-43 (Fig. 4 and Online
Resource 6) and MHC genes (data not shown).

Immunohistochemistry—Expression of the gap junction protein, connexin-43, at the cell
border is often used as a measure of the extent of electrical coupling between adjoining
cardiomyocytes, while the staining of a.-sarcomeric actinin and cardiac troponin I,
cardiomyocyte structural protein, represents the morphology of cardiomyocytes. Figure 4
shows immunostaining of mMESC-CMs for connexin-43 (left column) and a-sarcomeric
actinin (right column). The distribution of both proteins was similar for control and paced
MESC-CMs. The morphology of the mESC-CMs was also similar for control and paced
mMESC-CMs. Also notice the presence of cells with two nuclei in the monolayers (examples
of such cells are indicated with yellow arrows in Fig. 4 right column). There were 13.4
+2.2% and 13.7 £ 2.3% of such cells in control and paced groups, respectively. The number
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of binucleated cells was not significantly different between groups (five samples per
differentiation, two differentiations per treatment/control group). Expression of cardiac
troponin | is shown in Online Resource 6.

Suppression of MESC-CM Contraction

Sources of Spontaneous Contraction in Differentiating mESC-CMs—To
suppress spontaneous contraction of mMESC-CMs by blocking pacemaker currents, mESC-
CMs were treated on days 11-18 with either 1 mM CsCl (HCN channel blocker), 50 1M
trazodone (T-type Ca2* channel blocker), or a combination of CsCl and trazodone (Fig. 5).
Even during the initial treatment days, i.e., intermediate-stage differentiation (days 11-13),
spontaneous contraction was only partially suppressed by CsCI. In contrast, trazodone
completely suppressed spontaneous contraction during intermediate-stage differentiation.
However, during days 14-18, i.e., late-stage differentiation, neither CsClI alone nor
trazodone alone was able to completely suppress spontaneous contraction. However, a
combination of CsCl and trazodone completely suppressed contraction during the entire time
course (days 13-18). These results suggest that T-type Ca2* current is a major source of
spontaneous activity during the intermediate stage of differentiation. In late-stage
differentiation, however, the role of HCN current becomes more prominent and together
with T-type Ca2* current, contributes to the spontaneous activity.

To examine the relative importance of electrical signaling as compared to mechanical
contraction in guiding mESC-CM differentiation, an excitation—contraction uncoupler,
blebbistatin, was employed. Contraction could also be completely suppressed by blebbistatin
when applied on days 11-14 (Fig. 5). After washout of blebbistatin on day 15, spontaneous
contraction of MESC-CMs returned and increased with time, but the rate of spontaneous
contraction was still slower than in untreated controls. Therefore, uncoupling excitation—
contraction had a significant effect on the spontaneous beating activity of the cells.

Electrical Properties of mMESC-CM Monolayers with Suppressed Spontaneous
Contraction—At a 5-Hz stimulation rate, CVs of control mESC-CM monolayers ranged
from 2.0 to 5.5 cm/s while CVs of blebbistatin-treated mESC-CMs ranged from 2.5 to 5.0
cm/s (Fig. 6a). CVs of CsCl-treated and trazodone-treated mESC-CMs were similar, ranging
from 2.0 to 5.5 cm/s and 2.5 to 3.5 cm/s, respectively. At a 6-Hz stimulation rate, CVs of
control mMESC-CMs ranged from 1.5 to 5.0 cm/s while CVs of CsCl and trazodone-treated
mMESC-CMs ranged from 2.0 to 5.0 cm/s. No significant difference in CVs was found in any
of the four treatments compared with control (linear mixed-effect model). In terms of
variation among differentiation batches, neither mean CVs of controls nor mean CVs of
drug-treated mESC-CMs were significantly different among batches (one-way ANOVA) so
reduction of variance in treatment groups was inconclusive based on this statistical test.
However, when comparing control CV variance and drug treatment CV variance, there was a
significant difference between trazodone-treated monolayers and control monolayers
(Levene’s test, p< 0.0001). Therefore, whether suppression of spontaneous activity affected
batch-to-batch variation was inconclusive, with only trazodone treatment showing a
significant reduction in CV variability as compared to control.
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The variability of CVs within each monolayer of mESC-CMs was also determined at a 6-Hz
stimulation rate for CsCl and trazodone-treated mESC-CMs and at a 5-Hz stimulation rate
for the other three treatment groups (Fig. 6b). Heterogeneity of CVs across control and drug-
treated mMESC-CM monolayers from the same differentiation batch were compared. HI’s of
drug-treated vs. control were: blebbistatin: 1.26 + 0.43 vs. 1.56 + 0.67; CsCl: 1.39 £ 0.32 vs.
1.53 £ 0.63; trazodone: 1.21 £ 0.20 vs. 1.23 £0.31; CsCl and trazodone: 1.32 £ 0.18 vs. 1.30
+ 0.30. Only the HI of CsCl-treated mESC-CMs was significantly lower than that of control.

Since cell density could potentially affect CVs, cell density was quantified in all groups. No
significant differences were observed in the number of cells per area between any of the
treatment groups and the control groups: 69.4 + 12.8 cells per visual field (9461 um?) for
blebbistatin-treated group, 82.7 + 19.7 cells per visual field for CsCl-treated group vs. 71.3
+ 12.3 cells per visual field for control group; and 117.4 + 27.2 cells per visual field for
trazodone-treated group vs. 101.4 + 24.6 cells per visual field for control group (five
samples per differentiation, two differentiations per treatment/control group).

Gene Expression of mMESC-CMs with Suppressed Spontaneous Contraction—
Gene expression level of ion channels was measured to determine whether suppression of a
specific current could affect the expression level of other types of ion channels and of itself.
RT-PCR on connexin-43, a- and B-MHC, HCN1, and the predominant subtypes of T-type
Ca?* channels (Cav3.1 and Cav3.2) was performed on mRNA samples from three
differentiations. Each differentiation contained control, CsClI-, trazodone-, and blebbistatin-
treated MESC-CMs. There was no distinct trend in the change of the expression level of
these genes (Online Resource 7). Immunohistochemistry was performed that confirmed the
presence and localization of the products of connexin-43 (Fig. 7) and MHC genes (data not
shown).

Morphological Changes in Blebbistatin-Treated but not in CsClI- or Trazodone-
Treated mESC-CMs—Morphological changes were observed in blebbistatin-treated but
not CsCl- or trazodone-treated mESC-CMs. With blebbistatin treatment, mMESC-CMs
retracted from each other, exhibiting a smaller cell footprint (478.5 + 76 um? on day 14, n=
8) than in control (902.9 + 93 um?2, 7= 6) (Online Resource 8). However, throughout the
drug treatment, the morphology of mMESC-CMs in the presence of CsCl or trazodone did not
change (Fig. 7, last two rows) and was similar to that of control (Fig. 7, first row). Upon
removal of blebbistatin, mMESC-CMs expanded back with a rod-shaped morphology, (Fig. 7,
second row) which was different from morphology of control and other treatments (Fig. 7,
first, third, and fourth row).

Moreover, blebbistatin-treated mMESC-CMs also showed apparent local alignment of cells
that are confined to small groups of cells (Fig. 7, second row) while the control and other
treatment groups (Fig. 7, first, third, and fourth rows) did not. However, the alignment of
blebbistatin-treated mMESC-CMs did not extend on a global scale (i.e., millimeter or larger)
(Online Resource 9). Therefore, the wave propagation remains isotropic at this spatial scale.

Note the presence of mMESC-CMs that possessed two nuclei in the monolayers (example of
such cells are indicated with yellow arrows in Fig. 7 right column). There were 13.4 + 3.8%,
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14.2 + 3.6%, 13.3 £ 4.5%, and 14.2 + 3.9% of such cells in control, blebbistatin-treated,
CsCl-treated, and trazodone-treated groups, respectively. The number of binucleated cells
was not significantly different between any of the four groups (five samples per
differentiation, two differentiations per treatment/control group).
DISCUSSION

The goal of this study was to determine the importance of electromechanical cues on
differentiation and phenotypic electrophysiological variation among different batches of
MESC-CMs. mESC were differentiated to become cardiomyocytes and plated to form
monolayers. This study demonstrated, for the first time, that mMESC-CMs could form tissue-
scale (3.8 cm?) confluent monolayers which can serve as an experimental model to study the
electrophysiological function of mMESC-CMs at a tissue level. In this study,
electromechanical cues were varied by either introducing electrical pacing or suppressing
spontaneous contraction to determine the effect on propagated electrical activity.

Our main finding is that electrical pacing at 3 Hz for 3 days (7 h/day) significantly decreases
the variability of CV among different differentiation batches compared with that for control
and increases the homogeneity of CVs within individual monolayers of mMESC-CMs. There
were no apparent changes in the level of expression of NCX, and a.- and p-MHC in paced
vs. control MESC-CMs (Online Resource 4). However, real-time RT-PCR showed mixed
results in level of expression of connexin-43 (Online Resource 5). On the other hand, we
found that in general the suppression of spontaneous contraction by blockers of pacemaker
currents or by an excitation-contraction uncoupler did not significantly change the variability
among differentiation batches, with the exception of the T-type Ca2* channel blocker
trazodone, or the heterogeneity of CV within monolayers, with the exception of the HCN
channel blocker, CsCl. There was no apparent change in the level of gene expression for a-
and B-MHC, HCN1, or the predominant subtypes of T-type Ca* channels (Cav3.1 and
Cav3.2) in drug-treated vs. control mESC-CMs. However, there were mixed results in level
of expression of connexin-43 in CsCl-treated mESC-CMs, compared to the control (Online
Resource 7). Our spontaneous beating results (Fig. 5) also suggest that on days 11-14 of
mESC differentiation, the major source of pacemaker current is the T-type Ca%* channel,
which transitions to a combination of T-type Ca2* and HCN channels on days 14-17.

Electrical Pacing has Little Effect on Conduction Velocity but Reduces its Variability

Any tissue heterogeneity in electrophysiological properties of the cardiac cells is an
important arrhythmic risk factor that can cause conduction block, fragmented wavefronts
and fibrillation.3! In this study, tissue-scale monolayers of mESC-CMs were cultured, and
their functional electrical properties were mapped for the first time. CV of both control and
paced mESC-CMs varied over a wide range (Fig. 3a), a result that is not surprising given
that individual mESC-CM monolayers exhibit a broad range of cardiac subpopulations,
including sinus node-like, atrial-like and ventricular-like cells.1> Another contributing factor
is the phenotypic variation among differentiation batches, which might arise either from
different proportions of the various cardiac subpopulations or from different levels of gene
expression of ion channels and electrogenic ion pumps and exchangers. This large variability
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may explain why no statistical difference was found between the CVs of the control and
paced groups and why separate differentiation batches of mMESC-CMs showed mixed results
in terms of increased or decreased CV with pacing when compared to paired unpaced
controls.

Despite the lack of statistical change in CV when results from multiple differentiation
batches were pooled, electrical pacing reduced the variability of CV among batches of
mESC-CMs (Fig. 3a) and the heterogeneity of CV within a given monolayer (Fig. 3b).
Improvements in the uniformity of CV may prove to be essential in cardiac tissue
engineering, where the goal is to produce a cardiac tissue patch or implant that can be used
as a replacement tissue without introducing new risks for arrhythmia that are associated with
non-uniform conduction. Furthermore, reduction of variability of CVs of monolayers made
from different differentiation batches can lead to better quality control for future, larger-
scale production of replacement tissue.

Apart from the issue of heterogeneity of conduction is the magnitude of CV itself. In the
embryonic mouse heart, CVs have been measured to be an average of 53 cm/s in the left
atrial appendage and 63 cm/s in the right atrial appendage at a 10 Hz stimulus rate (100 ms
basic cycle length). However, the CVs in our monolayers of mMESC-CMs are an order of
magnitude smaller. This may be attributed in part to the late appearance of the fast sodium
current (/\z) and the inwardly rectifying potassium current (/) during development,15 both
of which work synergistically to increase the excitatory current needed for fast conduction—
the former by increasing the maximum available excitatory current and the latter by hyper-
polarizing the resting potential and increasing the availability of /\,. The lower CV may also
be a consequence of the non-physiological culture conditions under which the mESC-CMs
are grown. Previous studies have shown the benefits of alignment and incorporation of non-
myocyte cell types in engineered cardiac tissues.2538 The lack of cell alignment and the
absence of non-myocyte cardiac cells, due to the a-MHC selection method, may be
contributing factors to the observed slower CVs. Implantation of cardiac tissue patches with
such a large discrepancy in CV compared with the host myocardium will result in a region
of slowed conduction that can be arrhythmogenic.

One possible mechanism that could explain reduced variability of CV within individual
monolayers and among differentiation batches involves NFAT3/calcineurin signaling
pathway. Electrical pacing at 2-3 Hz was shown to activate NFAT3/calcineurin pathway33 of
which one downstream effect is increased expression of SERCA2,1 the most dominant
protein for Ca2* removal in differentiating mESC-CMs.12 For developing mESC-CMs, Ca2*
in sarcoplasmic reticulum plays two critical roles of contraction and spontaneous
excitability.1” With better Ca2* handling, paced mESC-CMs could demonstrate more
uniform contraction, excitation, and wave propagation.

Suppression of Spontaneous Contraction has Little Effect on Conduction Velocity or its

Variability

To determine whether the elimination of spontaneous contraction affects cardiac
differentiation, MESC-CMs were cultured in the presence of CsCl (HCN blocker) and/or
trazodone (T-type Ca2* channel blocker) to prevent electrical activity that could initiate
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contraction, or with blebbistatin to prevent excitation-contraction coupling. The degree to
which contraction was suppressed varied with the intervention that was used (being
complete for blebbistatin and the combination of CsClI and trazodone, less so for trazodone
alone, and even less for CsCl alone), suggesting that initially (days 11-13) the major source
of spontaneous activity is the T-type Ca2* channel, and later (days 14—17) it is a combination
of T-type Ca2* and HCN channels. However, in all cases, CVs were not significantly altered
(Fig. 6a). There was also no significant change in the HI of CVs within individual
monolayers except with CsCl treatment alone (Fig. 6b). Interestingly, this is the condition
that was least effective in suppressing contraction, suggesting that the maintenance of
spontaneous contraction, even at a slowed rate (Fig. 5), may serve to reduce CV
heterogeneity within a given monolayer.

During blebbistatin treatment, mMESC-CMs retracted from each other, demonstrating smaller
cell footprints compared to the control. The same effect was previously observed in NRK
fibroblast cells.2# This happened because blebbistatin is a specific inhibitor for myosin Il
which acts as a crosslinker for actin filaments. Blebbistatin helps relieve the stress imposed
by actomyocin cytoskeleton and thus, reducing the adhesive tension, allowing cytoskeleton
to reorganize which gave the cells more distinct striation.10

LIMITATIONS

One of the limitations of our experiments is that we applied electrical stimulation only
during late-stage differentiation, when the cells could be electrically captured by the
stimulation. We do not know if the outcome would be different had stimulation been applied
during earlier or even later stages of differentiation. Also, in the electrical stimulation
experiments we applied only one suprathreshold strength of electrical field, whereas it has
been reported that the strength of electrical field may affect the degree of differentiation.>
Another potential limitation is that all experiments were performed using one genetically
modified clone from one mESC line; it was not feasible within the scope of this study to
investigate the potential variability that could occur with use of multiple clones or stem cell
lines. Additionally, aside from connexin-43 which was quantified by real-time RT-PCR,
reverse transcriptase PCR was used to assess changes in gene expression. Although there
were no apparent changes in the expression levels of a- and p-MHC, HCN1, and the T-type
Ca?* channels (Cav3.1 and Cav3.2), no major conclusions were drawn from these results
due to concerns about assay sensitivity. Further study will be needed to elucidate how
changes in gene expression could be contributing to the observed reduction in variability and
heterogeneity with electrical pacing. Finally, the suppression of spontaneous contraction was
achieved by suppressing ionic pacemaking currents or by using an excitation-contraction
inhibitor. However, IP3-mediated release of intracellular Ca2* stores are also known to
contribute to automaticity of mMESC-CMs on days 10-17.7:18 Whether suppression of
intracellular Ca2* transients might alter the functional electrophysiological development of
the cells is presently unknown.

Therapeutic use of stem cell-derived cardiomyocytes requires that multiple hurdles be
overcome. Obtaining cardiomyocytes with homogenous electrophysiological properties is a
necessary step in this process to avoid complications of arrhythmias once the cells are
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implanted into host myocardium. Even when genetic selection was performed in this study
for cells in the cardiac lineage, which should vastly reduce phenotypic variability, significant
batch-to-batch variability was still observed in the control monolayers, albeit lessened with
electrical pacing. Whether the degree of residual variability is sufficient to avoid arrhythmias
remains to be seen. For clinical applications, it will be necessary to avoid the use of foreign
genetic material, fibroblast feeder layers, and other animal-derived products in deriving stem
cell-derived cardiomyocytes, while at the same time constraining their electrophysiological
variability. In addition, such systems will need to be scalable and ideally make use of
autologous cells.

CONCLUSIONS

Increasing the contraction rate of mMESC-CMs via electrical pacing has more distinct effects
on the differentiation of MESC-CMs than does suppression of spontaneous contraction.
Electrical stimulation decreases the variability of CVs across mESC-CM monolayers among
different differentiation batches and reduces the heterogeneity of conduction within a given
cell monolayer, enabling smoother wave propagation in sheets of cells. This knowledge
could possibly be applied to achieve uniform conduction in a future cardiac patch and better
quality control for larger-scale production of stem cell-derived cardiomyocytes. Both of
these effects would be beneficial in the creation of tissue patches for use in cardiac
replacement therapy.
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FIGURE 1.
Experimental timeline.

Cardiovasc Eng Technol. Author manuscript; available in PMC 2017 October 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Limpitikul et al. Page 17

(@)

Control o g Paced

FIGURE 2.
Electrical conduction in confluent monolayers of mMESC-CMs. (a) Phase contrast image of

monolayer taken at 103. (b) Voltage maps show wave propagation from point of stimulation
marked with a white asterisk. The stimulus pulse is given at time 0 ms. Each panel shows
wavefront at different times after the stimulus pulse was applied. Spectrum of colors
represents normalized voltage from blue (lowest) to red (highest). Scale bar (2 mm)
represents physical length on the coverslip. (c) Isochrone maps show wavefronts at 13-ms
time intervals. The average CVs in these examples were 6.46 cm/s for the control (left panel)
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and 6.56 cm/s for paced mMESC-CMs (right panel). Isochrones of paced monolayers (HI =
1.18) are smoother than those of non-paced monolayers (HI = 2.68).
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FIGURE 3.
Electrical conduction in paced mESC-CM monolayers. (a) Average batch conduction

velocities (CVs) of control and paced mESC-CMs on day 19 at a 4-Hz stimulation rate.
Different lines signify different differentiation batches. No significant difference was found
in CVs between control and paced mESC-CMs. (b) Heterogeneity index (HI) of the
individual control and paced monolayers of (a). In (a) and (b), variation in CV at two levels
of tissue organization is shown: (a) shows the reduction of variation in CV among
differentiation batches in paced mESC-CMs compared to control, while (b) shows the
reduction of variation within monolayers (heterogeneity index) in paced mESC-CMs
indicating more uniform intercellular electrical coupling (p value = 0.0001). Data from eight
control and seven paced monolayers from three differentiation batches. *p<0.05.
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Connexin-43 a-sarcomeric actinin

Control

FIGURE 4.
Immunohistochemistry for control and paced mMESC-CMs on day 19 following optical

mapping. Upper row is control and lower row is paced. Left column are immunofluorescent
images of connexin-43 staining taken at 603 with a confocal microscope and right column
are images of a-sarcomeric actinin taken at 40x with a confocal microscope and further
zoomed in digitally at 2x. There was no apparent difference in either the distribution of gap
junctions or the morphology of non-paced and paced mESC-CMs. Notice the presence of
binucleated cells indicated by yellow arrows.
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FIGURE 5.
Spontaneous beating rate of mMESC-CMs observed from day 12 to 17. The bars represent

different drug treatments and duration of the treatment, corresponding to the timeline on the
horizontal axis of the bar graphs. The spontaneous beating rate of control mMESC-CMs
increases and then decreases over time. Beating was completely suppressed by blebbistatin
(days 11-14) and resumed with blebbistatin washout, although at a slower rate than in
control. The beating rate was only partially suppressed by CsCl, and initially was completely
suppressed by trazodone, although beating returned on days 14-17. The combination of
trazodone and CsCl suppressed beating throughout the whole course of treatment. Data are
from a total of seven control monolayers and four monolayers per drug-treated group from
two differentiation batches.
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FIGURE 6. Electrical conduction in mESC-CM monolayer swith suppressed spontaneous
contraction

(a) Average conduction velocities (CVs) of control and mESC-CMs with suppressed
contraction on day 18 at a 5-Hz stimulation rate for blebbistatin-, CsCl-, and trazodone-
treated mESC-CMs and at a 6-Hz stimulation rate for the combination of CsCl and
trazodone treatment. Different lines signify different differentiation batches. No significant
differences of CVs were found between control and mESC-CMs with suppressed
contraction. (b) Heterogeneity index (HI) of the individual control and mESC-CM
monolayers of (a). In (a) and (b), variation in CV at two levels of tissue organization is
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shown. (a) CV variation among differentiation batches in drug-treated mESC-CMs
compared to control. Only the variance of conduction velocities for trazodone-treated
mESC-CM monolayers was found to be significantly different from the variance of control
(p<0.0001). (b) CV variation within monolayers (heterogeneity index) in control and drug-
treated MESC-CMs. Only CsCl-treated mESC-CMs showed significantly lower HI
compared with control (p value = 0.038). Data are from seven control, six drug-treated, and
three differentiation batches for blebbistatin; 7, 10, and 4 for CsCl; 6, 10, and 3 for
trazodone; and 5, 4, and 2 for CsCl combined with trazodone. *p < 0.05.
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Connexin-43 a-sarcomeric actinin

CsCl-treated Blebbistatin-treated Control

Trazodone-treated

20 ym 25

FIGURE 7.
Immunohistochemistry for control and drug-treated mESC-CMs on day 18 following optical

mapping. Left column are immunofluorescent images of connexin-43 staining taken at 60x
with a confocal microscope and right column are images of a.-sarcomeric actinin taken at
40x with a con-focal microscope and further zoomed in digitally at 2x. Blebbistatin-treated
mMESC-CMs were washed free of blebb-istatin on day 15 and regained confluency with a
rod-shaped morphology (second row). The morphologies of CsCl- and trazodone-treated
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mMESC-CMs were similar to those of control (third and fourth rows). Notice the presence of
binucleated cells indicated by yellow arrows.
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TABLE 1

Primer sequences for RT-PCR.
Geneproduct Forward Reverse
GAPDH TTCCAGTATGACTCCACTCACGG TGAAGACACCAGTAGACTCCACGAC
NCX AGATCAAGCATCTGCGTGTG TGGAAGCTGGTCTGTCTCCT
Cx43 GTGGCCTGCTGAGAACCTAC GAGCGAGAGACACCAAGGAC
AlphaMHC TGGCCAAGTCAGTGTACGAG CGAACATGTGGTGGTTGAAG
BetaMHC TGCAAAGGCTCCAGGTCTGAGGGC GCCAACACCAACCTGTCCAAGTTC
Cav3.1 ACCCTCCCCAAAGAAAGAT GCTTACATGGGACTTTTCAG
Cav3.2 GCTGTTTGGGAGGCTAGAAT CGAAGGTGACGAAGTAGACG
HCN1 TGCTGTGCATTGGGTATGGA TTTCGGCAGTTAAAGTTGATG

Cardiovasc Eng Technol. Author manuscript; available in PMC 2017 October 18.

Page 26



	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Vector Construction
	Cell Transfection and Clone Selection
	Cell Differentiation
	Promotion of Electromechanical Activity by Electrical Pacing
	Suppression of Electromechanical Activity by Drug Treatment
	Optical Mapping
	Immunohistochemistry
	Gene Expression
	Statistical Analysis

	RESULTS
	Monolayers of mESC-CMs
	Electrical Pacing
	Electrical Properties of Paced mESC-CM Monolayers
	Gene Expression of Paced mESC-CMs
	Immunohistochemistry

	Suppression of mESC-CM Contraction
	Sources of Spontaneous Contraction in Differentiating mESC-CMs
	Electrical Properties of mESC-CM Monolayers with Suppressed Spontaneous Contraction
	Gene Expression of mESC-CMs with Suppressed Spontaneous Contraction
	Morphological Changes in Blebbistatin-Treated but not in CsCl- or Trazodone-Treated mESC-CMs


	DISCUSSION
	Electrical Pacing has Little Effect on Conduction Velocity but Reduces its Variability
	Suppression of Spontaneous Contraction has Little Effect on Conduction Velocity or its Variability

	LIMITATIONS
	CONCLUSIONS
	References
	FIGURE 1
	FIGURE 2
	FIGURE 3
	FIGURE 4
	FIGURE 5
	FIGURE 6
	FIGURE 7
	TABLE 1

