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Abstract While human embryonic stem cells (hESCs) can
differentiate into functional cardiomyocytes, their immature phe-
notypes limit their therapeutic application for myocardial regen-
eration. We sought to determine whether electrical stimulation
could enhance the differentiation and maturation of hESC-
derived cardiomyocytes. Cardiac differentiation was induced in
a HES3 hESC line via embryoid bodies formation treated with a
p38 MAP kinase inhibitor. Detailed molecular and functional
analysis were performed in those hESC-derived cardiomyocytes
cultured for 4 days in the absence or presence of electrical field
stimulation (6.6 V/cm, 1 Hz, and 2 ms pulses) using an eight-
channel C-Pace stimulator (Ion-Optics Co., MA). Upon electrical
stimulation, quantitative polymerase chain reaction demonstrated
significant upregulation of cardiac-specific gene expression in-
cluding HCN1, MLC2V, SCN5A, SERCA, Kv4.3, and GATA4;
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immunostaining and flow cytometry analysis revealed cellular
elongation and an increased proportion of troponin-T positive
cells (6.3+1.2 % vs. 15.8+2.1 %; n=3, P<0.01). Electrophys-
iological studies showed an increase in the proportion of
ventricular-like hESC-derived cardiomyocytes (48 vs. 29 %,
P <0.05) with lengthening of their action potential duration at
90 % repolarization (387.7+35.35; n=11 vs. 291.8+£20.82; n
=10, P<0.05) and 50 % repolarization (313.9+27.94; n=11
vs. 234.0+£16.10; n=10, P<0.05) after electrical stimulation.
Nonetheless, the membrane diastolic potentials and action
potential upstrokes of different hESC-derived cardiomyocyte
phenotypes, and the overall beating rate remained unchanged
(all P>0.05). Fluorescence confocal imaging revealed that
electrical stimulation significantly increased both spontaneous
and caffeine-induced calcium flux in the hESC-derived
cardiomyocytes (approximately 1.6-fold for both cases; P <
0.01). In conclusion, electrical field stimulation increased the
expression of cardiac-specific genes and the yield of differen-
tiation, promoted ventricular-like phenotypes, and improved
the calcium handling of hESC-derived cardiomyocytes.

Keywords Human embryonic stem cells - Cardiomyocytes -
Electrical stimulation

Introduction

The adult mammalian heart has a very limited self-regeneration
capacity by pre-existing cardiomyocytes [1], thus various thera-
peutic techniques of cardiac regeneration using different types of
stem cell have been developed [2]. Human embryonic stem cells
(ESC) that are pluripotent and able to differentiate into functional
cardiomyocytes in vitro are considered a potential cell source for
cardiac regeneration. Nevertheless the immature phenotypes of
ESC-derived cardiomyocytes can induce proarrhythmias, so lim-
iting their therapeutic application [3, 4]. Our previous studies
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have demonstrated that genetic [5] or chemical [6] modulation of
the hypoxia-inducible factor-1 pathway can enhance differentia-
tion and maturation of ESC-derived cardiomyocytes. Unfortu-
nately, the introduction of gene vectors or chemical compounds
may lead to unwanted toxicities for ESCs.

Electrical signals are known to play an important role during
normal fetal development. In vivo, direct current electric fields
are involved in embryonic development [7], and disturbance of
this endogenous electric field by environmental electric fields
will result in abnormal embryonic development [7, 8]. Prior
studies have shown that exogenous electrical stimulation of
ESCs can enhance cardiac differentiation [9—11]. Nevertheless,
it remains unclear how electrical stimulation affects cardiac
differentiation of human ESCs. In addition, there are no data
on the effects of electrical stimulation on the maturation of ESC-
derived cardiomyocytes.

In this study, we performed detailed molecular and function-
al analysis of hESC-derived cardiomyocytes (at day 23 post-
differentiation) subjected to appropriate electrical field stimu-
lation. We demonstrated that electrical stimulation increased
the expression of cardiac-specific genes and the yield of differ-
entiation, promoted ventricular-like phenotypes and improved
the calcium handling of hESC-derived cardiomyocytes.

Materials and Methods
Cell Culture and Cardiomyocyte Differentiation of HES3 Line

Briefly, human ESC HES3 cells were cultured on mitotically
inactivated human fibroblasts CCD919 (ATCC, Manassas, VA,
USA). The hESC culture medium comprised KO-DMEM
supplemented with 20 % KO-SR, 0.1 mM non-essential amino
acids, 2 mM L-glutamine and 0.5 %v/v penicillin/streptomycin
(all from Invitrogen, Carlsbad, CA, USA) [12]. For routine
passaging, HES3 cells were split by manually cutting the colo-
nies and transferring them to a new dish of human feeders.
Human ESC cultures were washed using phosphate-buffered
saline (PBS) with Ca>"/Mg”" (Invitrogen), cut into small clumps
(EZ-passage tool; Invitrogen), and seeded at 0.75—1x10° cells/
mL as embryoid bodies (EBs) on ultra-low attachment 12-well
plates (Nunc) or 6-well plates (Costar) [13]. The plates were
agitated for 1 h and then cultured in static conditions at 37 °C in a
humidified atmosphere with 5 % CO,. The differentiation medi-
um comprised Dulbecco’s modified Eagle’s medium (Invitrogen)
supplemented with 2 mM L-glutamine (Invitrogen), 0.182 mM
sodium pyruvate (Invitrogen), 1 % non-essential amino acids
(Invitrogen), 0.1 mM 2-mercaptoethanol, 5.6 mg/L transferrin
(Invitrogen), and 20 mg/L sodium selenite (Sigma). A solution of
5 mM of p38-MAPK inhibitor (SB203580; Sigma), dissolved in
dimethylsulfoxide (Sigma), was added to the medium at a con-
centration of 5 M. The medium was refreshed every 2 days
[13, 14]. To determine whether the differentiated cardiomyocytes
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were ventricular-, atrial- or nodal-like, the ratios of action poten-
tial duration at 50 % repolarization (APDs) to action potential
duration at 90 % repolarization (APDy) of individual cells were
recorded. In this study, ESC-derived cardiomyocytes dissociated
from EBs were defined as ventricular-like when the APDs/
APDy, ratio is 0.8 [4, 15]. While cardiomyocytes with nodal-
like phenotype, which could not be easily distinguished by the
similar APDsy/APDy, ratio as atrial-like cells, were instead de-
fined by the mean value of APDgy<230 ms. The cardiomyocytes
excluded by these two criteria were considered as cells with
atrial-like phenotype.

Electrical Stimulation

Beating EBs were seeded on a 0.1 % gelatin-coated six-well
plate filled with corresponding medium. Electrical stimulation
was then delivered to the cultured EBs for 4 days with carbon
electrodes using an eight-channel C-Pace cell culture stimulator
(Ion-Optics Co., Milton, MA, USA) with alternating polarity in
a humidified incubator (5 % CQO,). Various stimulation voltages,
frequencies and pulse durations were tested (data not shown) to
define the optimal electrical stimulation parameter at 6.6 V/cm,
1 Hz and 2 ms that could maintain the culture with >90 % cell
viability [16]. After electrical stimulation, the EBs were imme-
diately harvested for molecular and electrophysiological studies.

Quantitative Polymerase Chain Reaction Analysis

To determine the effect of electrical stimulation on gene expres-
sion, quantitative real-time polymerase chain reaction (PCR)
analysis was performed on HES3-derived beating EBs in the
absence (control) and presence of electrical stimulation. Total
RNA from HES3-derived EBs was extracted using the Illustra
RNAspin Mini kit (GE Healthcare, Buckinghamshire, UK).
Reverse transcription was then performed using 0.5 pg RNA
in a final volume of 20 pl, using QuantiTect® reverse transcrip-
tion kit (Qiagen, Hilden, Germany, http://www.qiagen.com)
according to the manufacturer’s instructions. Quantitative PCR
analysis was performed with real-time PCR Detector (Opticon 2
DNA Engine, MJ Research, Minnesota, USA) using the iQ
SYBR Green Supermix (Bio-Rad Laboratories, Hercules, CA).
For amplification, after initial holds for 5 min at 95 °C, 50 cycles
of 95 °C for 15 s followed by corresponding annealing temper-
ature for 30 s and 72 °C for 30 s, melt curve analysis was
performed. The relative quantification of PCR products was
performed according to the 272" method, using a mouse
GAPDH as internal control. Where AACt=[(Ctiarget gene™

CtGAPDH)E Stim gmup_(Cttarget gene_CtGAPDH)Control group]~
Immunostaining Analysis

The HES3-derived cardiomyocytes were fixed with 2 % para-
formaldehyde for 15 min at 4 °C followed by two washes with
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PBS. Prior to overnight incubation with murine monoclonal
anti-cardiac troponin-T antibody (NeoMarker, Fremont, CA)
and rabbit monoclonal anti-sarcomeric actinin antibody
(A7811, Sigma, St Louis, MO, USA) at 4 °C, fixed cells were
blocked in 2 % BSA, PBS, 0.1 % Triton-X100 for 2 h. After
removal of unbound antibodies with washing buffer, cells
were incubated with Alexa-594-conjugated anti-mouse and
Alexa-488-conjugated anti-rabbit secondary antibodies
(Invitrogen, Carlsbad, CA) (1:100 dilution in washing buffer)
for 1 h at room temperature. Cells were then mounted on glass
slides with a mounting medium containing DAPI. The pres-
ence of the immune-complex was examined by fluorescence
microscopy.

Flow Cytometry Analysis

The percentage of HES3-derived cardiomyocytes in the beating
EBs was quantified by fluorescence-activated cell sorter (FACS)
analysis. In brief, beating EBs were first dissociated with 1 mg/
ml collagenase B (Roche Applied Sciences Penzberg, Germany).
Cells were then fixed and permeabilized using a Cytofix/
Cytoperm permeabilization kit (BD Biosciences, San Diego,
CA). Thereafter, cells were stained with monoclonal anti-
troponin-T antibody (dilution 1:100; NeoMarker, Fremont, CA)
or monoclonal anti-a-actinin (sarcomeric) antibody (A7811, di-
lution 1:100; Sigma) followed by a secondary antibody, anti-
mouse IgG H+L-PE (dilution 1:100; Beckman Coulter, Fuller-
ton, CA) to stain for cardiac structural protein—troponin-T or o-
sarcomeric actinin. Analysis was performed using a Beckman
Coulter FC500 flow cytometer. The primary antibody, IgG, was
used as an isotypic control to determine background signal [5, 6].

Cellular Electrophysiological Recording

Standard whole-cell patch-clamp recordings were performed at
37+0.5 °C to record the action potential phenotypes (HEKA
Instruments Inc. Southboro, MA) of individual HES3-derived
cardiomyocytes as previously described [3, 4]. Patch pipettes
were prepared from 1.5-mm thin-walled borosilicate glass
tubes using a Sutter micropipette puller P-97 and had typical
resistances of 3—4 M2 when filled with an internal solution
containing (in millimolar): 110 K aspartate, 20 KC1, 1 MgCl,,
0.1 Na-GTP, 5 Mg-ATP, 5 Na,-phosphocreatine, 5 EGTA, 10
HEPES, and pH adjusted to 7.3 with KOH. The external
Tyrode’s bath solution consisted of (in millimolar): 140 NaCl,
5 KCl, 1 MgCl,, 0.4 KH,PO,, 1.8 CaCl,, 10 Glucose, 5
HEPES, with pH adjusted to 7.4 with NaOH. Twenty consec-
utive action potentials from spontaneously firing HES3-derived
cardiomyocytes dissociated from EBs were recorded per cell to
ensure stable waveforms for analysis. For electrically quiescent
cardiomyocytes, a stimulation of 0.1-1 nA for 5 ms was given
to elicit an action potential. The sampling frequency was
2.00 kHz and data were corrected for the liquid junction

potentials of +15.9 mV. Maximal diastolic potential (MDP) as
well as action potential duration at 90 % (APDgg) and 50 %
repolarization level (APDsg) were measured.

Confocal Calcium Imaging

In brief, beating cardiomyocyte clusters or individual
cardiomyocytes digested from the beating EBs were placed
onto glass coverslips for confocal calcium imaging [5, 6]. They
were incubated with 5 tM Fluo-3 AM (Invitrogen) for 25 min
at 37 °C in Tyrode’s solution containing (in millimolar): 140
NaCl, 5 KCl, 1 MgCl,, 1.8 CaCl,, 10 glucose and 10 HEPES
at pH 7.4. The spontaneous calcium transient of single or
clusters of ESC-derived cardiomyocytes was recorded with a
confocal imaging system (Olympus Fluoview System version
4.2 FV300 TIEMPO) mounted on an upright Olympus micro-
scope (IX71). To record the caffeine-induced calcium transient,
20 ul of 10 mM caffeine was applied to the cell surface during
measurement. The fluorescence intensity was converted to the
calcium concentration referring to the calibration performed
using calcium calibration buffer kits (Invitrogen). To examine
the spontaneous beating rates of the EBs, basal calcium tran-
sients were recorded for 50-100 s. For data analysis, raw
recordings were quantified as the background-subtracted fluo-
rescence intensity changes normalized to the background-
subtracted baseline fluorescence using Felix32 fluorescence
analysis software (Photon Technology International, Birming-
ham, NJ).

Statistical Analysis

All data are expressed as mean+SEM. Statistical significance
was determined for all individual data points and fitting pa-
rameters using Student’s ¢ test and one-way ANOVA with
Bonferroni’s post-test, as appropriate. Calculations were
performed using OriginPro 7.5 software (OriginLab Corpora-
tion, Northampton, MA). A P value<0.05 was considered
statistically significant.

Results

Cell viability of hESC-derived cardiomyocytes was tested
against by Trypan Blue (Life Technologies Inc., Cat# 15250—
061) exclusion test. It was shown that the percentage of viable
cardiomyocytes cultured for days in the absence (control) or
presence of electrical stimulation was similar (>95 %, P>0.05)
(data not shown).

Gene Expression Profiles

The expression of cardiac-specific and ion channel genes in
human ESC-derived cardiomyocytes with or without electrical
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Fig. 1 Real-time PCR results of the various cardiac-specific genes in
electrically stimulated HES3-derived cardiomyocytes relative to control
unstimulated cardiomyocytes (n=7; *P <0.05; **P<0.01)

stimulation was compared. As shown in Fig. 1, quantitative
real-time PCR analysis revealed that early cardiac marker—
GATA-binding protein 4 (GATA4, 1.2-fold); and late cardiac
markers—myosin light chain-2 ventricular (MLC2V, 1.6-fold)
and sarcoplasmic reticulum Ca”"-ATPase (SERCA, 1.9-fold)
were upregulated in hESC-derived cardiomyocytes following
electrical stimulation compared with the control. These obser-
vations suggest that electrical stimulation increased the expres-
sion of both early and late cardiac-specific genes.

In addition, expression of several genes on ion channels was
modulated following electrical stimulation. The expression of
hyperpolarization-activated cyclic-nucleotide-gated channel
1(HCNI, 1.2-fold); sodium channel, voltage-gated, type V, alpha
subunit (SCNS5A, 1.7-fold); and voltage-gated potassium chan-
nel subunit (Kv4.3, 1.8-fold) was increased in hESC-derived
cardiomyocytes following electrical stimulation. Contrary to this,
the expression of hyperpolarization-activated cyclic-nucleotide-
gated channel 3 (HCN3, 0.6-fold); potassium voltage-gated
channel, KQT-like subfamily, member 1 (KCNQI1, 0.7-fold)
and potassium voltage-gated channel, subfamily H (eag-
related), member 2 (KCNH2, 0.7-fold) was decreased in
hESC-derived cardiomyocytes following electrical stimulation.

Cardiac Differentiation

Figure 2 shows the representative immunocytochemical pattern
of the cardiac-specific proteins, troponin-T and o-sarcomeric
actinin, in ESC-derived cardiomyocytes with or without electri-
cal stimulation. Morphological assessment of the ESC-derived
cardiomyocytes revealed that electrical stimulation contributed
to not only a well-organized cytoskeleton network (Fig. 2a), but
also cell elongation as reflected by the significantly larger length/
width ratio upon electrical stimulation (3.66+0.22, n =132) than
the control (1.90+0.10, n=137) (P<0.001) (Fig. 2b). Flow
cytometry analysis also demonstrated that the percentage of
troponin-T positive cells was significantly increased following
electrical stimulation compared with the control (15.8£2.1 % vs.
63+1.2 % n=3, P<0.01) (Fig. 3). This result indicates that
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Fig. 2 Effect of electrical stimulation on the morphology of the HES3-
derived cardiomyocytes. a Cardiomyocytes subjected to electrical stimu-
lation (£ Stim) and the control group (Control) were revealed by immu-
nostaining with antibody specific to human cardiac troponin-T (¢7nT) and
sarcomeric alpha-actinin (sACT); nuclei (blue) were revealed by DAPI
staining; scale bar 25 pum. b The length-to-width ratio of the cTnT-positive
cells was found significantly increased upon electrical stimulation from
1.90+0.10, n=137 (Control) to 3.66+0.22, n=132 (E Stim); P<0.001

electrical stimulation more than doubled the yield of cardiac
differentiation from hESCs.
Cellular Electrophysiological Properties

Detailed electrophysiological properties of hESC-derived
cardiomyocytes with or without electrical stimulation were
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further characterized by a whole-cell patch-clamping experi-
ment. For both groups, the hESC-derived cardiomyocytes
dissociated from EBs exhibited all the three major types of
cardiomyocytes: atrial-, nodal-, and ventricular-like pheno-
types. Figure 4a depicts the representative single action po-
tential waveforms recorded of atrial-, nodal-, and ventricular-
like phenotypes from both control and electrically stimulated
(E Stim) cardiomyocytes. Following electrical stimulation, the
percentage of hESC-derived cardiomyocytes with ventricular-
like phenotype significantly increased (48 vs. 29 %; P <0.05)
and the percentage of nodal-like cells decreased (39 vs. 59 %;
P <0.05) compared with controls, while the percentage of
cells exhibiting atrial-like phenotype remained unchanged
(13 vs. 12 %; P>0.05). This finding indicates that electrical
stimulation enhanced the differentiation of ventricular-like
cardiomyocytes from human ESCs.

Nevertheless, there was no significant difference in the
spontaneous beating rate of hESC-derived cardiomyocytes
with or without electrical stimulation (Fig. 4b). There was
also no significant difference in the MDPs (Fig. 4¢) and action
potential upstroke (Fig. 4d) of the corresponding spontaneous
beating cardiomyocytes from both groups. Nonetheless, the
action potential duration of cells at 90 % repolarization
(APDy) (Fig. 4e) and 50 % repolarization (APDs() (Fig. 4f)

were longer in those ventricular- and atrial-like phenotypes
following electrical stimulation compared with the control
(Table 1).

Calcium Handling

Spontaneous intracellular calcium ([Ca*'];) transients in the
hESC-derived cardiomyocytes were recorded using confocal
laser microscopy. As shown in Fig. 5a, b, the amplitude of
[Ca?"; transients measured in cardiomyocytes following elec-
trical stimulation was approximately 1.6-fold higher than that
in the control group (P<0.01). Similarly, kinetic analysis
revealed that cardiomyocytes displayed faster calcium release
and removal rates following electrical stimulation than the
controls, as indicated by the significant increase in the up-
stroke (maximal [Ca®']; release rate) and decay (maximal
[Ca?"]; removal rate) velocities (Fig. 5¢, d, n=10, P<0.01).
To evaluate the sarcoplasmic reticulum performance, the
caffeine-induced [Ca”']; transient was also recorded. As
shown in Fig. 6a, brief exposure to 10 mM caffeine induced
a surge in [Ca®"]; that subsequently decayed back to baseline
in the cardiomyocytes derived from both the control and
electrically stimulated groups. Similar to the observations in
spontaneous [Ca”"]; transient, the amplitude of the caffeine-
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Fig. 4 a—f Electrophysiological study by patch-clamping technique on
action potential of both control and the electrically stimulated individual
HES3-derived cardiomyocytes. a Cells from both groups displayed all
the three major cardiac phenotypes: ventricular-, atrial-, and nodal-like; b

induced [Ca®"]; transient from the electrically stimulated
group was significantly higher than the control (Fig. 6b, ap-
proximately 1.6-fold increase, P <0.01). This finding suggests
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that sarcoplasmic reticulum [Ca”']; storage was increased in
cardiomyocytes upon electrical stimulation. In the kinetic
analysis, hESC-derived cardiomyocytes also showed faster
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Table 1 AP parameters recorded from individual control and electrically stimulated HES3-cardiomyocytes by patch clamping
Phenotype MDP Upstroke APDy APDs, APDso/APDg, Spontaneous
(mV) (mV/ms) (ms) (ms) ratio beating frequency
(Hz)
Control Ventricular-like —68.90+4.15 6.08+0.70 291.8+20.82* 234.0+16.10* 0.80+0.01 1.13+0.07
(n=34) (n=10)
Atrial-like (n=4)  —56.62+3.16 4.17+£0.53 259.3+46.96  127.7+10.31*** 0.53+0.07* 1.26+0.12
Nodal-like (2=20) —62.05+1.72 3.73£0.59 197.7+13.46  140.6+9.41 0.71£0.01 1.15+0.12
Electrically stimulated ~ Ventricular-like —68.54+1.55 7.59+£0.83 387.7+35.35% 313.9+27.94* 0.81+0.01 1.06+0.08
(n=23) (n=11)
Atrial-like (n=3)  —65.53+1.72 4.73£0.61 370342633  260.8+7.88***  (.71+0.04* 1.21+0.05
Nodal-like (#=9)  —61.07+3.60 3.53+0.66 227.2+19.23  157.4+12.56 0.70+0.03 1.10+0.12

Data are means+=SEM. n indicates the number of cells tested

APD ¢y AP duration measured at 90 % repolarization, 4PD 5, AP duration measured at 50 % repolarization, MDP maximum diastolic potential

*P<0.05; ***P<0.001 compared with each other

upstroke (Fig. 6¢, n=10, P<0.01) and decay (Fig. 6d, n=10,
P<0.05) velocities during caffeine-induced [Ca*']; transient
following electrical stimulation compared with the control.
Interestingly, despite the significantly increased calcium re-
moval rates during spontaneous calcium transient in the elec-
trically stimulated group (about 3.5-fold, P<0.01) (Fig. 5d),
the caffeine-induced calcium transient was increased by only
1.7-fold in the electrically stimulated group (Fig. 6d). This
suggests that the enhanced calcium removal ability following
electrical stimulation may in part also be due to the increased
non-sarcoplasmic reticulum-mediated calcium removal
mechanism.

Taken together, these results demonstrate improved calci-
um handing of hESC-derived cardiomyocytes following elec-
trical stimulation.

Discussion

In this study, we investigated the effects of electrical stimula-
tion on cardiac differentiation and maturation of human ESCs.
The principal findings of this study are that electrical stimu-
lation results in significant upregulation of cardiac-specific
gene expression including HCN1, MLC2V, SCN5A, SERCA,

Fig. 5 Spontaneous intracellular A 01 - B
calcium transients of the HES3- : 5s Maximal [Ca]; released
derived cardiomyocytes. a 0.08 + 0.10-
Representative tracings of * *%
rhythmic spontaneous s 0.06 3 0.084
intracellular calcium ([Ca®'];) e £ 0.061
transients in HES3-derived = 004 | = =1
. © . o
cardiomyocytes developed under o O, 0.044
n(‘)rmal ('Control). and elegt.rical 0.02 } < 0.024
stimulation (£ Stim ) conditions; b
amplitude; ¢ maximal calcium g - 0.00 r
release rate; d maximal calcium CTR E Stim Control E Stim
removal rate of the spontaneous
[Ca”"]; transients in the HES3- c D
derived cardiomyocytes. Data . .
shown as meanLSEM from the Maximal [Ca]; release rate Maximal [Ca]; removal rate
recordings of 10-15 cells from 0.15 5
three to five independent o )
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Kv4.3, and GATA4; an increased proportion of troponin-T
positive cells, and promotion of ventricular-like phenotypes,
and maturation of the electrophysiological properties and the
calcium handling of human ESC-derived cardiomyocytes.

Upregulated Expression of Cardiac-Specific Genes
upon Electrical Stimulation

Our real-time PCR data demonstrated significant upregulation
of early transcription factor (GATA4) following electrical
stimulation that contributes to cardiac development [17, 18];
and late cardiac-specific genes that are involved in calcium
handling (SERCA) and develop into ventricular phenotypes
(MLC2V). These findings concur with an increased yield in
cardiomyocyte differentiation with a higher percentage of
troponin-T positive cells and ventricular-like phenotype as
demonstrated by FACS and patch-clamping analysis, respec-
tively; and improved calcium handling in the hESC-derived
cardiomyocytes. Morphological analysis also showed that
hESC-derived cardiomyocytes have a more elongated and
organized cytoskeletal structure following electrical
stimulation.

In addition, expression of genes on several ion channels
including HCN1, SCNS5A, and Kv4.3 that respectively encode
for I¢ (hyperpolarization-activated cyclic-nucleotide-
modulated channel current), /y, (voltage-gated sodium
current), and [, (transient-outward potassium current) were
increased, while HCN3, KCNQI1, and KCNH2 that respec-
tively encode for I, /K (slowly activating delayed rectifier
potassium current) and /K, (rapid activating delayed rectifier
potassium current) were decreased following electrical stimu-
lation. These changes in ion channel gene expression did not
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affect either the maximal diastolic potential or the action
potential upstroke but increased the action potential duration
of ventricular- and atrial-like cardiomyocytes. This is likely
due to the more prominent effects of decreased /K, and /K, on
the overall action potential duration than increased /I, and 7,
[19, 20]. Moreover, the increase in action potential duration
may also be attributed to the improved calcium handling of the
hESC-derived cardiomyocytes due to increased systolic Ca*"
entry into the cells [21].

Possible Underlying Pathways that Govern Stem Cell
Differentiation Towards a Cardiac Lineage Upon Electrical
Stimulation

The present FACS analysis showed that the percentage of
troponin-T positive cells was significantly increased following
electrical stimulation of the HES3-derived cardiomyocytes
compared with the control. This result indicates that electrical
stimulation more than doubled the yield of cardiac differentia-
tion from human ESCs. Previous reports revealed that electrical
stimulation induced cardiomyocyte pre-commitment of fibro-
blasts in vitro and is an effective alternative to cytokine-induced
differentiation [22, 23]. In a study by Genovese et al., the
effects of long term electrical stimulation on human mesenchy-
mal stem cells were studied. Electrical stimulation induced both
morphological and biochemical changes in human mesenchy-
mal stem cells that resulted in a shift toward a striated muscle
cell phenotype expressing cardiac-specific markers [22]. In
another study, Genovese et al. also demonstrated the induction
of cardiac-specific gap junction proteins, cardiomyogenic nu-
clear transcription factors and cardiomyogenic cytoplasmic
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filaments following in vitro electrical stimulation of fibroblasts
[23].

Contrary to these findings, electrical stimulation of mouse
ESCs has been found to promote cardiomyogenic [10] and
angiogenic [24, 25] differentiation. Nonetheless, the means by
which electrical stimulation activates cell differentiating path-
ways is poorly understood. One possible mechanism involves
the generation of reactive oxygen species (ROS) within the
cell [10, 26]. Sauer et al. [10] demonstrated that stimulation
with an exogenous electric field increased intracellular ROS
production in mouse EBs. ROS are highly reactive molecules
generated during the normal metabolism of oxygen by
NADPH oxidases or as side products of several enzymatic
systems (e.g., cyclooxygenases, nitric oxide synthases, and
mitochondrial cytochromes). Although excessive concentra-
tion of ROS, such as superoxide anions (O*") and hydrogen
peroxide (H,0,), is considered destructive and results in inhi-
bition of gene expression [27, 28], small amounts of ROS
function as intracellular second messengers and activate sig-
naling cascades involved in growth and differentiation of
many cell types [29-31]. Taken together, these previous stud-
ies suggest that electrical stimulation could mediate hESC
differentiation towards cardiac lineages, probably due to the
effect of the small amounts of ROS generated upon electrical
stimulation [11].

Organization of HES3-derived Cardiomyocytes
upon Electrical Stimulation

The morphological analysis of the present study showed that
hESC-derived cardiomyocytes have a more elongated and
organized cytoskeletal structure following electrical stimula-
tion. Typically, stimulation methods often rely on producing a
homogenous electrical potential between two large electrodes
over a small volume. It has been shown that such electrical
field stimulation over an 8-day period increases the amplitude
of synchronous contractions in a tissue construct of cardiac
cells, and promotes structure (presence of striations, ordered
gap junctions) in otherwise disorganized cardiomyocytes [32].
With mouse ESCs, the application of a single 90-s DC pulse
over an EB had, in certain cases, doubled the yield of beating
EBs [10].

Calcium Handling Enhancement upon Electrical Stimulation

Sarcoplasmic reticulum Ca”* release through ryanodine
receptor-2 (RYR2) and Ca”" uptake via sarcoplasmic reticu-
lum Ca*" ATPase 2a (SERCA2a) play a major role in the
Ca**-induced calcium release mechanism mediating excita-
tion—contraction coupling [33]. As shown by calcium imaging
experiments, the HES3-derived cardiomyocytes exhibited sig-
nificant increases in the amplitude, upstroke rate, and decay
rates of the calcium transient upon electrical stimulation

compared with the control group, indicating more effective
handling of the release and removal of intracellular Ca**
during excitation—contraction coupling. To confirm whether
there is any improvement in the sarcoplasmic reticulum load,
caffeine-induced calcium transients were measured. In the
electrically stimulated group, though the calcium removal
rates during spontaneous calcium transient were significantly
increased approximately 3.5-fold (P <0.01), that of the
caffeine-induced calcium transient was merely raised approx-
imately 1.7-fold. This implies the possible involvement of the
non-sarcoplasmic reticulum-mediated calcium removal mech-
anism in enhancing the calcium removal ability and deserves
further study.

Clinical Applications and Limitations

Our previous studies have demonstrated that genetic [5] or
chemical [6] modulation of the hypoxia-inducible factor-1
pathway can enhance differentiation and maturation of ESC-
derived cardiomyocytes. Unfortunately, the introduction of
gene vectors or chemical compounds may lead to unwanted
toxicities for ESCs. This may explain the potential advantages
of using electrical stimulation in driving cardiomyocyte dif-
ferentiation as compared with other common methods.

To date, differentiation methods that use either small mol-
ecules or growth factors have very little control on the pheno-
type of the cardiomyocytes produced [34]. Specifically, the
differentiation methods cannot specify cardiomyocytes into a
ventricular, atrial, or pacemaker phenotype. Therefore, the
advantage of electrical stimulation is the ability to further
mature cardiomyocytes into a specific and desired phenotype.

Previous work has demonstrated the importance of electri-
cal factors, that electrical field stimulation over an §-day
period increased the amplitude of synchronous contractions
in a tissue construct of cardiac cells [32]. Stimulation appears
to be helpful in establishing physiological structure and func-
tion, as shown by the presence of striations, gap junctions, and
cell coupling [35].

It has been shown that monolayers of cells in DC fields
respond with higher sensitivity towards DC fields than the
sparse populations of cells [36]. This was attributed to the fact
that the latter experienced a smaller voltage drop across the
width of each individual cell than the former that came across a
larger voltage drop across the barely adjacent cells [37]. None-
theless, in the myocardium, cells are depolarized by local
currents propagating in a wave-like pattern but not by synchro-
nous field stimulation. Such stimulation techniques would thus
not adequately mimic the electrical micro-environment that
stem cells may be subjected to in a graft. An alternative method
is a local “point-source” stimulation approach using a con-
trolled current. By using a current source, stimulation thresh-
olds stay relatively constant even with drifting electrode im-
pedance [35]. Voltage drop across the load can readily be
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measured to ensure that voltages stay within a safe margin, thus
preventing electrode corrosion and water electrolysis [38].

Conclusion

Our results showed that electrical stimulation not only in-
creased the expression of cardiac-specific genes and the yield
of differentiation, but also promoted ventricular-like pheno-
types and improved the calcium handling of hESC-derived
cardiomyocytes. To enhance the future clinical application,
electrical stimulation of the graft micro-environment to drive
differentiation and maturation of transplanted hESC-derived
cardiomyocytes for myocardial regeneration deserve further
development and investigation.
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