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  Various types of cardiomyocytes undergo changes in automaticity and electrical properties during fetal heart 
development. Human embryonic stem cell-derived cardiomyocytes (hESC-CMs), like fetal cardiomyocytes, are 
electrophysiologically immature and exhibit automaticity. We used hESC-CMs to investigate developmental 
changes in mechanisms of automaticity and to determine whether electrophysiological maturation is driven by 
an intrinsic developmental clock and/or is regulated by interactions with non-cardiomyocytes in embryoid bod-
ies (EBs). We isolated pure populations of hESC-CMs from EBs by lentivirus-engineered Puromycin resistance 
at various stages of differentiation. Using pharmacological agents, calcium (Ca 2+ ) imaging, and intracellular 
recording techniques, we found that intracellular Ca 2+ -cycling mechanisms developed early and contributed to 
dominant automaticity throughout hESC-CM differentiation. Sarcolemmal ion channels evolved later upon fur-
ther differentiation within EBs and played an increasing role in controlling automaticity and electrophysiologi-
cal properties of hESC-CMs. In contrast to the development of intracellular Ca 2+ -handling proteins, ion channel 
development and electrophysiological maturation of hESC-CMs did not occur when hESC-CMs were isolated 
from EBs early and maintained in culture without further interaction with non-cardiomyocytes. Adding back 
non-cardiomyocytes to early-isolated hESC-CMs rescued the arrest of electrophysiological maturation, indicating 
that non-cardiomyocytes in EBs drive electrophysiological maturation of early hESC-CMs. Non-cardiomyocytes 
in EBs contain most cell types present in the embryonic heart that are known to in� uence early cardiac develop-
ment. Our study is the � rst to demonstrate that non-cardiomyocytes in� uence electrophysiological maturation 
of early hESC-CMs in cultures. De� ning the nature of these extrinsic signals will aid in the directed maturation 
of immature hESC-CMs to mitigate arrhythmogenic risks of cell-based therapies.     

  Introduction 

 Animal models and human clinical trials have sug-
gested the promising therapeutic potential of stem 

and progenitor cell (SPC)-based therapies for myocardial 
replacement [ 1 ] and for generating biological pacemaker 
cells [ 2 ]. However, most SPC-derived cardiomyocytes (SPC-
CMs) possess automaticity despite differences in their action 
potential properties [ 3–5 ] and are reminiscent of primitive 
cardiomyocytes isolated from various regions of embryonic 
hearts [ 3 , 6 ]. Since implantation of immature cardiomyocytes 
carries potential arrhythmogenic risks [ 1 ], de� ning mecha-
nisms that govern automaticity and electrophysiological 

maturation during SPC-CM differentiation is important for 
developing safe replacement therapies. Since the molecular 
natures of signals that stimulate electrical maturation dur-
ing cardiomyogenesis are largely unknown, we evaluated 
the electrophysiological development of early human embry-
onic stem cell-derived cardiomyocytes (hESC-CMs) and 
addressed whether an intrinsic developmental timer versus 
extrinsic signals directs electrophysiological maturation. 

 The physiological mechanisms that underlie automatic-
ity in early-differentiated human or mouse ESC-CMs, as in 
mature sinus nodal cells (SNCs), are complex and remain 
controversial [ 5–11 ]. Various sarcolemmal ion channels, ion 
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the α-MHC promoter-driven Puromycin-resistant (α-MHC-
Puro r ) cassette by treatment with 1.8 µg/mL Puromycin for 
36–48 h and were analyzed on day 20 (early CS) and day 
60 (60D) ( Fig. 1 ). We operationally de� ne cells in EBs that 
are killed by Puromycin treatment as “non-cardiomyocytes 
(non-CMs)” because they do not express α-MHC-Puro r . To 
evaluate whether developmental changes resulted from in-
trinsic versus extrinsic cues, 20D CSs were maintained in 
culture for an additional 40 days (20+40D) without non-
CMs. The Puromycin puri� cation process did not affect the 
rate of primitive hESC-CM proliferation ( Supplementary Fig. 
1 ). We also added parental H9 hESC-derived EBs, contain-
ing mostly non-CMs without Puromycin resistance, back to 
20D CSs to rescue the maturational de� cit (add-back experi-
ments, see below and  Supplementary Materials  for details).  

  Ca 2+  imaging, intracellular recordings, 

and pharmacological applications 

 Standard techniques were used for intracellular record-
ing and Ca 2+  imaging with Fluo-3AM (Biotium, Inc., 
CA) of hESC-CSs. In brief, beating CSs were incubated 
with 5 µM Fluo-3AM and 0.1% DMSO in knockout (KO)-
Dulbecco’s modi� ed Eagle’s medium (DMEM; Invitrogen, 
Carlsbad, CA) for 30 min at 37°C. After the dye loading pro-
cess, coverslips containing these cells were transferred to 
the recording chamber of an inverted microscope (Zeiss, 
Oberkochen, Germany) and were constantly superfused 
with pre-oxygenated KO-DMEM. Fluorescent signals were 
obtained by a cooled CCD camera (Cooke Sensicam; PCO, 
Kelheim, Germany) using SlideBook software (Intelligent 
Imaging Innovations, Santa Monica, CA). The sources and 
the � nal concentrations (in KO-DMEM) of pharmacological 
agents used were (in µM): 1 ZD-7899, 10 KB-R7943, and 10 
ryanodine from Tocris (Ellisville, MO); 1 tetrodotoxin (TTX) 
from Tocris; and 10 2-APB from Sigma (St. Louis, MO) and 
Tocris. Beating CSs were stabilized for 10 min and the Ca 2+  
signal was then recorded for 10 min as the baseline control. 
All solutions, with or without drugs, were perfused into 
the chamber by a temperature-controlled perfusion system 
(ALA Scienti� c Instrument Inc., NY) at a rate of 1–2 mL/
min and Ca 2+  signals recorded after 10 min of drug applica-
tions were used for comparison (see  Supplementary Figs. 2  
and  3 ). 

 For intracellular recordings of beating CSs, sharp glass 
microelectrodes with resistances of 50–150 MΩ, when � lled 
with 3 M KCl, were used. The intracellular recordings of 
action potentials (APs) were obtained using an AxoPatch 
200B ampli� er in current clamp mode and pCLAMP-10 
software (Molecular Devices, Sunnyvale, CA). Data were 
sampled at 10 kHz using Clampex 10 software (Molecular 
Devices) and low-pass � ltered at 5 kHz. The following 
parameters of APs with >10 s of stable baselines were mea-
sured: AP amplitude (APA), maximum diastolic poten-
tial (MDP), maximal upstroke velocity ( V  max ), AP duration 
at 90% of the repolarization (APD90), and the cycle length 
between 2 spontaneous APs (RR). There is no known for-
mula that can precisely correct the in� uences of beating 
rates (BRs) on the APD (restitution effect). In order to obtain 
the mean value of APD90 from different CSs, the value of 
APD90 was corrected by heart rates with commonly used 
Bazett formula (APD/square root of RR) to avoid restitution 
effects on ADP90. Details of these protocols are provided in 

exchangers, and intracellular calcium (Ca 2+ ) cycling machin-
ery have been implicated in impulse generation of ESC-CMs 
[ 5 , 9–13 ]. However, intracellular Ca 2+  handling machinery 
has been reported to be immature in some studies of hESC-
CMs [ 12 , 13 ]. Additionally, ion channels, such as T-type Ca 2+  
[ 10 ], sodium (Na + ) [ 5 ], and hyperpolarization-activated 
cyclic nucleotide-gated (HCN) channels [ 10 , 11 ] of ESC-CMs, 
also display developmental changes during ESC-CM differ-
entiation. Whether development of intracellular Ca 2+  han-
dling machinery and ion channels in hESC-CMs requires 
extrinsic cues for further maturation has been largely unex-
plored. In mouse embryonic hearts, ion channels are known 
to undergo developmental changes during cardiogenesis 
[ 14 , 15 ], but little is known about the molecular pathways 
or developmental cues that control electrical maturation of 
early human fetal cardiomyocytes. Differentiating embryoid 
bodies (EBs) derived from mouse ESCs have been used as a 
model system to study cardiogenesis, in part because they 
contain many non-cardiomyocytes, such as endodermal, 
endothelial, neural crest, and epicardial cells, which in� u-
ence development of cardiomyocytes [ 3 , 9 , 16 ]. Therefore, we 
used human ESC-derived beating EBs, containing similar 
non-cardiomyocytes, to study developmental cues of induc-
ing electrophysiological maturation of hESC-CMs. 

 In this study, we isolated hESC-CMs from EBs with a 
Puromycin-selection method [ 17 ] and compared their elec-
trical maturation in isolation, to maturation in the presence 
of non-cardiomyocytes. Puromycin selection of hESC-CMs 
ef� ciently removed non-cardiomyocytes and overcame 
the limitations of commonly used methods, such as impu-
rity (manual microdissection and density sedimentation) 
or poor viability (� uorescence-activated cell sorting) [ 5 , 18 ]. 
We then studied developmental changes in mechanisms of 
dominant automaticity of puri� ed hESC-CMs by Ca 2+  im-
aging and pharmacological intervention as well as investi-
gated their electrical maturation by intracellular recordings 
during hESC-CM differentiation in EBs. We found that in-
tracellular Ca 2+ -mediated mechanisms developed early 
and depicted similar contribution to automaticity during 
20–60 days of hESC-CM differentiation without signi� cant 
in� uences from neighboring non-cardiomyocytes in EBs. 
Sarcolemmal ion channels developed later with maturation 
in EBs and displayed an increasing contribution to automa-
ticity and electrical properties of hESC-CMs. Importantly, 
hESC-CMs isolated at early stages of differentiation without 
further contacts with non-cardiomyocytes showed arrested 
electrical maturation and ion channel development. This 
arrested electrical maturation can be rescued by adding 
non-cardiomyocytes back to hESC-CM cultures. These 
results suggest that non-cardiomyocytes in developing EBs 
provide signals that direct electrophysiological maturation 
of early hESC-CMs.  

  Methods 

  Generation of Puromycin-selected hESC-derived 

cardiomyocyte spheroids 

 Details of the protocols to establish stable lines of uni-
formly transduced H9 hESCs [ 17 ] and to purify hESC-CMs 
are provided in  Supplementary Materials (available online at 
www.liebertonline.com/scd) . In brief, cardiomyocyte spher-
oids (CSs) of hESC-CMs were puri� ed from EBs harboring 
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shown in the Results section. Detailed protocols of quantita-
tive RT-PCR and immunostaining of frozen sections as well 
as PCR primer sequences and antibodies used are provided 
in  Supplementary Materials .  

  Statistical analysis 

 Data were presented as the mean ± standard error of the 
mean. Using the StatView program (SAS institute, Cary, NC), 
statistical difference was analyzed by an ANOVA procedure 
with post hoc Tukey/Kramer test for multiple comparisons 
and by the unpaired Student’s  t -test for pairwise comparisons. 
A difference with a  P  value <0.05 was considered statistically 
signi� cant and was labeled with an asterisk (*) in all � gures.   

  Results 

  Puromycin-puri� ed hESC-derived 

cardiomyocytes (hESC-CMs) 

 H9 cells stably transduced with the α-MHC-Puro r _Rex-
Neo r  (Rex promoter-driven neomycin resistance) tandem 
cassette were used to form EBs ( Fig. 1A and 1B ). Beating 
foci expressing cardiac α-MHC markers generally started to 

 Supplementary Materials . All experiments were conducted 
at 37°C and with 95% O 2 /5% CO 2 .  

  Quantitative RT-PCR and immunostaining 

of frozen sections 

 Standard techniques were used for quantitative RT-PCR, 
immunostaining, and cryosections of EBs and CSs. In brief, 
total RNA was prepared using Qiagen RNeasy Lipid Tissue 
Kit (Qiagen) from 5 to 10 Puromycin-selected CSs at vari-
ous stages of hESC-CM differentiation. cDNA was synthe-
sized by using a poly-dT primer and Superscript II Reverse 
Transcriptase (Invitrogen, Carlsbad, CA). Quantitative 
real-time polymerase chain reaction (PCR) was performed 
on a Roche Light Cycler using the Light Cycler FastStart 
DNA master SYBR Green I kit (Roche Applied Science, 
Indianapolis, IN). Quanti� cation was carried out by correct-
ing for ampli� cation ef� ciency of the primer using a stan-
dard curve and followed by normalizing transcript levels 
to the amount of total ubiquitously expressed GAPDH or 
PGK transcripts to control for variations in total amount of 
cDNA. Three to four respective sets of experiments from 
various stages of CSs were used to construct the histogram 
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  FIG. 1.     Culture, differentiation, and Puromycin selection of human embryonic stem cell (hESC)-derived cardiomyocyte 
spheroids (CSs). ( A ) Diagram of the lentivirus used to stably integrate α-MHC-Puro r  and Rex-Neo r  genes into hESCs. ( B ) 
Scheme of culturing procedures and Puromycin selection at 2 different stages of hESC-derived CSs. ( C ) Staining with cTnI 
antibodies (a) of an embryoid body (EB) at day 14 of differentiation (14D); (b) of a CS following 2 days of Puromycin (Puro) 
selection after 14D (early CS); (c) of an EB at 60 days; and (d) of a CS after 2 days of Puromycin selection at 58 days (60D CS). 
DAPI stains cell nuclei (blue). Scale bars are 50 µM. ( D ) Puromycin selection resulted in 95.99% ± 2.29% and 97.02% ± 0.96% 
purity of cardiomyocytes from early (6.67% ± 2.41%) and 60D (6.15% ± 1.24%) EBs. The number in each column and in pa-
rentheses represents the number of CS or EB clusters tested in this and following � gures. Asterisks denote statistically sig-
ni� cant difference between CSs and EBs.    
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The 10 µM 2-APB (2-aminoethoxydiphenyl borate), a mem-
brane-permeable IP 3 R blocker [ 22 ], insigni� cantly decreased 
BRs of CSs and did not affect the intensity of [Ca 2+ ] i  signals 
in CSs ( Fig. 2Ca-b ). However, after RyR blockade, 10 µM 
2-APB decreased BRs of CSs by additional 20%–30%, indi-
cating that IP 3 R also plays a part in the automaticity reserve 
when RyRs are mostly unavailable. Most importantly, these 
pharmacological agents exerted similar effects on the auto-
maticity and intensity of [Ca 2+ ] i  transient of both early and 
60D CSs during differentiation (results are summarized in 
 Fig. 2D ). These results suggest that intracellular Ca 2+  han-
dling proteins developed early and contributed to automa-
ticity with similar magnitudes at 20–60 days of hESC-CM 
differentiation.  

  Increasing role of HCN4 channels in the automaticity 

of hESC-CMs during differentiation by developmental 

cues from non-cardiomyocytes 

 HCN channels, especially the type 4 isoform (HCN4), 
are thought to mediate automaticity of SNCs [ 23 ], murine 
ESC-CMs [ 10 ], and human ESC-CMs [ 11 ]. ZD7288 at 1 µM 
is a speci� c HCN channel blocker and was therefore used 
to inhibit the HCN-mediated current (I f ) and automaticity 
[ 24 ]. Immunostaining with the HCN4 antibody revealed 
substantial presence of membrane HCN4 channels in most 
hESC-CMs at early and 60D differentiation (>99% of cells, 
 Fig. 3A ). However, ZD7288 at 1 µM blocked BRs of early CSs 
by only 15% yet signi� cantly reduced BRs of 60D CSs by 39% 
[ Fig. 3B  (top and bottom left panels) and  3C ]. Furthermore, 
when CSs were isolated at 20D and cultured for another 40 
days in isolation of in� uences from non-cardiomyocytes 
in EBs (labeled as 20+40D CS in  Fig. 3B , top right panel), 
1 µM ZD7288 blocked the BRs by only 14%, which is the 
same degree of blockade by ZD7288 on early CSs. This lack 
of ZD7288 sensitivity could be corrected by adding non-
cardiomyocytes back to early CS cultures (add-back CS,  Fig. 
3B , bottom right panel and summarized in  Fig. 3C ). These 
results indicate that HCN channel-mediated currents play 
an increasing role in automaticity from early to 60D CSs, 
potentially re� ecting ongoing differentiation and/or matu-
ration. Furthermore, this mechanistic maturation of automa-
ticity with increasing ZD7288 sensitivity appears to depend 
on cues from non-cardiomyocytes in EBs. 

 For add-back experiments, the protocol is shown in 
 Figure 4A  and detailed in  Supplementary Materials . In 
brief, parental H9 hESC lines without Puromycin resistance 
were used to derive beating EBs, which contained <7% of 
cardiomyocytes ( Fig. 1C and 1D ). These parental H9-derived 
beating EBs were dissociated into small, isolated cell clus-
ters with collagenase to obtain suf� cient numbers of non-
cardiomyocytes for ef� cient rescue of electrical maturation 
of early puri� ed CSs. Dissociated small clusters of cells from 
beating EBs contained only <1% of parental cardiomyocytes 
due to cell loss during enzymatic dissociations ( Fig. 4B ). 
Cells with ∼99% non-cardiomyocytes from parental EBs 
were then mixed with a Puromycin-puri� ed early hESC-CS 
(<20D, >95% pure cardiomyocytes) for add-back experi-
ments. The add-back clusters were maintained for an addi-
tional 40 days and then treated with a second Puromycin 
treatment to eliminate parental H9-derived cells and to re-
cover Puromycin-resistant hESC-CMs (with >97% purity 

appear on day 9 of differentiation (9D). Early (<20D) and 60D 
CSs puri� ed by Puromycin treatment were plated on cov-
erslips for immunostaining and Ca 2+  imaging studies. By 
immunostaining, the number of cardiac-speci� c Troponin 
I (cTnI)-positive cells relative to total cells (DAPI-labeled) 
in beating EBs was usually <7% and Puromycin selection 
resulted in >95% pure cardiomyocytes ( Fig. 1C and 1D ).  

  Contribution of intracellular Ca 2+  signaling to 

automaticity developed early and was unchanged 

during 20–60 days of hESC-CMs differentiation 

 The intracellular Ca 2+  handling machinery in cardiac 
cells, including type 2 inositol 1,4,5-trisphosphate (IP3) 
receptor (IP 3 R2) [ 19 ], type 2 ryanodine receptor (RyR2) [ 9 ], 
and type 1 sodium (Na + )/Ca 2+  exchanger (NCX1) [ 8 ], had 
been implicated in the generation of pacemaker rhythms in 
adult SNCs and fetal cardiomyocytes. However, due to lack 
of speci� c markers to distinguish or isolate pacemaker cells 
from working cardiomyocytes at early embryonic stages 
[ 20 ], it has not been possible to apply single-cell recordings 
to evaluate the mechanisms of automaticity in early pace-
maker cells. Nonetheless, dominant pacemaker cells in CSs 
would be expected to dictate the BR and a change of BR by 
applied drugs, in turn, would implicate the mechanism of 
dominant automaticity. Therefore, Ca 2+  imaging of puri� ed 
CSs combined with pharmacological characterization would 
be a better method to experimentally determine drug effects 
on intracellular calcium ([Ca 2+ ] i ) transients of hESC-CMs and 
dominant BRs of CSs simultaneously. Puromycin-puri� ed 
CSs were used to avoid potential confounding effects, such 
as neurohormonal in� uences, on automaticity. Of note, this 
study was not designed to address the controversial topic of 
whether intracellular Ca 2+  cycling proteins or sarcolemmal 
ion channels “initiate” cardiac rhythm, which would require 
single pacemaker cell recordings [ 7 , 8 ]. However, without a 
speci� c pacemaker cell marker at these early stages of hESC-
CM differentiation, applying interpretation of results from 
non-selective single-cardiomyocyte recordings to pace-
maker cells is very contentious. 

 We � rst used speci� c immunostaining to indicate that 
IP 3 R2, RyR2, and NCX1, which handle [Ca 2+ ] i , co-existed in 
cells with cTnI (or α-actinin) and displayed minor changes in 
their levels from early to 60D CSs ( Fig. 2A ). Next, we applied 
various antagonists to determine the degree of contribu-
tion of these [Ca 2+ ] i  handling proteins to automaticity dur-
ing hESC-CM differentiation. For both early and 60D CSs, 
10 µM ryanodine, a RyR2 blocker, decreased BRs by ∼50% 
and reduced the intensity of [Ca 2+ ] i  signals in CSs by ∼14% 
( Fig. 2Ba-b ). KB-R7943 at 10 µM should block Ca 2+  in� ux via 
NCX1 (the reverse mode) and slightly inhibit the inward cur-
rent through NCX1 (the forward mode) at this concentration 
[ 21 ]. Application of 10 µM KB-R7943 decreased the inten-
sity of [Ca 2+ ] i  signals in CSs by ∼47% but slightly increased 
BRs of CSs ( Fig. 2Bc ). Furthermore, co-application of 10 µM 
KB-R7943 and ryanodine after either KB-R7943 or ryano-
dine blockade completely abolished BRs of CSs ( Fig. 2Bd ). 
Since 10 µM KB-R7943 slightly increased the BRs at baseline 
when RyRs are fully functional yet signi� cantly blocked 
the BRs when RyRs are de� cient, this result suggests that 
NCX1 acts as an automaticity reserve to compensate the loss 
of RyRs for maintaining the beating rhythm (or vice versa). 
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93.43% ± 1.32% and 92.39% ± 3.03%, respectively. Co-application of ryanodine and KB completely arrested beating. Also, 
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20+40D CS ( Fig. 5A ). We used tetrodotoxin (TTX) at 1 µM to 
determine the role of I Na  in automaticity. At 1 µM, TTX should 
block >50% of TTX-resistant Na V 1.5 channels and completely 
block TTX-sensitive Na +  channels (such as Na V 1.1) that medi-
ate cardiac Na +  currents [ 5 , 25 ]. The 1 µM TTX blocked BRs of 
early CSs by ∼20% and BRs of 60D CSs by 79% [ Fig. 5B  (top 
and second panels) and 5C]. In contrast to 60D CSs, 1 µM 
TTX blocked BRs of 20+40D CSs by ∼30%, which is not sta-
tistically different (ANOVA) from blockade by TTX on BRs 
of early CSs ( Fig. 5B , the third panel and  5C ). Additionally, 
this low TTX sensitivity of automaticity of early-isolated CSs 
was partially recovered ( Fig. 5B , bottom panel and  Fig. 5C ) 
by co-cultures with non-cardiomyocytes (add-back) and the 
levels of Na +  channel transcripts in working cardiomyo-
cytes of add-back CSs were also corrected (see below). These 
results suggest that the dependence of automaticity on Na +  

of hESC-CMs determined by the method shown in  Fig. 1 ) 
for subsequent electrophysiological and molecular studies 
( Fig. 4B ). This add-back protocol would have, in worse cases, 
<0.05% contamination of non-Puromycin-resistant H9 
hESC-CMs for � nal add-back experiments after 2 sequential 
treatments with Puromycin.  

  Non-cardiomyocytes promote the role of sodium 

channels in automaticity of hESC-CMs 

during differentiation 

 Cardiac Na +  currents (I Na ), mainly mediated by Na V 1.5 
subunit, have been suggested to underlie the automaticity 
in hESC-CMs [ 5 ]. We found that the intensity of immunos-
taining of Na V 1.5 Na +  channel subunit in most hESC-CMs 
increases substantially from early to 60D CSs but not in 
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tion. ( A ) Immunostaining showed the presence of membrane HCN4 channels on isolated early (a), 60D (b), and 20+40D (c) 
hESC-CMs. An early cardiomyocyte spheroid (CS) cluster is shown in the left upper panel of (a) as an example indicating 
that >99% of puri� ed hESC-CMs were positive for both cTnI and HCN4 staining. ( B ) The 1 µM ZD7288 reduced beating 
rates (BRs) of 60D CSs (left lower panel) and add-back CSs (right lower panel) more than the BR of early and 20+40D CSs 
(top 2 panels). Horizontal scale bars are 10 s. ( C ) Summary of effects of ZD7288 on BRs. The 1 µM ZD7288 decreased BRs 
to 84.87% ± 1.50%, 60.70% ± 2.62%, and 86.35% ± 2.85% of control BRs at early, 60D, and 20+40D of differentiation, respec-
tively. Adding non-cardiomyocytes back to 20+40D CS cultures rescued the sensitivity of BRs to ZD7288 (60.36% ± 4.99%). 
Reduction of BRs at every stages of differentiation was statistically different from the baseline BRs and is shown as gray 
bars. The BR reduction by ZD7288 at 60D and add-back CSs is statistically different ( P  < 0.05, analysis of variance [ANOVA], 
asterisks) from the BR reduction at early and 20+40D CSs.    
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electrophysiological properties of cardiomyocytes (>95% 
purity) in early CSs (<20D) with those of 60D and 20+40D 
CSs by intracellular recording techniques. Since only a very 
small percentage of cells evolved into pacemaker cells [ 3 ] and 
we could not isolate pacemaker cells at these early stages of 
hESC-CM differentiation, the majority of recordings are 
likely to be of primitive working cardiomyocytes instead of 
early pacemaker cells. As previously reported [ 3 , 4 ], electro-
physiological properties of hESC-CMs are heterogeneous 
and variable. We speculated that inhomogeneous contact of 
hESC-CMs with non-cardiomyocytes might account for the 
variation. The measured action potential (AP) duration at the 
90% of repolarization (APD90) was corrected by BRs (cAPD90 
= APD90/square root of RR, see  Supplementary Materials ) 
to minimize restitution effects [ 26 ].  Figure 6A–6H  shows 
that the AP amplitude (APA), maximum diastolic potential 
(MDP), maximal upstroke velocity ( V  max ), and cAPD90 were 
compared between hESC-CMs from early, 60D, and 20+40D 
CSs. Among all parameters measured (summarized in  Table 
1 ),  V  max  was the only value that was statistically different be-
tween early and 60D hESC-CMs ( Fig. 6C ). After a detailed 

channels increases with hESC-CM differentiation in EBs 
and non-cardiomyocytes appear to promote this develop-
mental progression. 

 Of note, it is not possible to investigate the development 
of every ion channels in a single study. However, many 
ion channels, other than HCN and Na +  channels, also dis-
play developmental changes during hESC-CM and car-
diac differentiation [ 9–11 , 14 , 15 ]. We therefore examined the 
in� uence of non-cardiomyocytes on the expression of ion 
channel transcripts and overall electrophysiological prop-
erties of hESC-CMs during 20 to 60 days of differentiation 
with our Puromycin-selection and non-cardiomyocyte add-
back methods.  

  Non-cardiomyocytes in� uence the maturation 

of electrophysiological properties of primitive 

working hESC-CMs 

 The preceding experiments suggest that non-cardio-
myocytes in the EB in� uence some of ion channel matura-
tion during hESC-CM differentiation. Next, we compared 
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non-CMs for 40D

: Cardiomyocyte
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Culture for 40D
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Add-back

+

2nd Puromycin Selection

Add-back CS

200 μm

cTnI/Hoechst cTnI/Hoechstba

200 μm
50 μm

α-Actinin/Hoechstc

  FIG. 4.     Protocol of the add-back experiment with non-cardiomyocytes from parental H9-derived beating embryoid bodies 
(EBs). ( A ) Scheme of culturing procedures and Puromycin selection for obtaining 20+40D cardiomyocyte spheroids (CSs) 
and add-back CSs. Add-back CSs were treated with Puromycin twice to allow experiments on puri� ed human embryonic 
stem cell-derived cardiomyocytes (hESC-CMs) with α-MHC-Puro r . ( B ) Images (a and b) of cell clusters of non-cardiomyo-
cytes (non-CMs) obtained from 2 separate parental H9-derived beating EBs after enzymatic dissociations. Horizontal scale 
bars are 200 µm. (c) The percentage of cardiomyocytes (cardiac α-actinin-positive) in add-back CSs after the second treat-
ment of Puromycin is 97.51% ± 0.85% ( n  = 10). Hoechst stains cell nuclei (blue). A magni� ed area of hESC-CMs from add-
back CSs is shown as the inset (right lower corner).    
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  FIG. 5.     Effects of the Na +  channel blocker, tetrodotoxin (TTX), and non-cardiomyocytes on the automaticity of human 
embryonic stem cell-derived cardiomyocytes (hESC-CMs) during differentiation. ( A ) Immunostaining showed increasing 
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to 20+40D CS cultures rescued the TTX sensitivity of automaticity. Horizontal scale bars are 10 s. ( C ) Summary of effects of 
TTX on the BRs. The 1 µM TTX decreased the BRs to 82.85% ± 1.96%, 21.21% ± 4.74%, 68.06% ± 6.90%, and 43.32% ± 8.00% 
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  FIG. 6.     Characteristics of action potentials from various stages of cardiomyocyte spheroids (CSs) by intracellular record-
ings. ( A ) Representative tracings of action potentials (APs) of human embryonic stem cell-derived cardiomyocytes (hESC-
CMs) from early (gray) and 60D (black) CSs as well as ( B ) from 20+40D CS (gray) and a mature hESC-CM (black) in add-back 
CSs. ( C ) The  V  max  (= d V  m /d t  max ) values of hESC-CMs from 60D and add-back (Abk) CSs were statistically faster than those 
of early CSs. They were divided into 2 groups based on  V  max  was >8 V/s or < 8 V/s (shaded columns at right, see text). The 
statistically difference of  V  max  between early and 60D hESC-CMs (or add-back hESC-CMs) was from the group of mature 
cells with  V  max  >8 V/s. ( D ) The action potential amplitude (APA) versus  V  max  plot demonstrated a mature population of 
hESC-CMs with  V  max  > 8 V/s (the dotted line) and higher APAs in 60D and add-back CSs. ( E ) The maximum diastolic po-
tential (MDP) versus  V  max  plot also showed a mature population of hESC-CMs with  V  max  > 8 V/s (the dotted line) and more 
hyperpolarized MDPs in 60D and add-back CSs. ( F ) Compared to early CSs, the values of APA were statistically different in 
add-back CSs as well as in the subgroup of 60D and add-back CSs with  V  max  > 8 V/s, which had a higher APA. ( G ) The values 
of MDP were variable at every stage of differentiation. Compared to early CSs, only hESC-CMs from add-back CSs displayed 
statistical difference. Also, 60D and add-back hESC-CMs with  V  max  > 8 V/s had signi� cantly more hyperpolarized MDPs 
(** indicates  P  < 0.05 by Student’s  t -test only). ( H ) The values of cAPD90 display no statistical difference between all groups 
and subgroup analysis. Importantly, adding non-CMs back to early CSs rescued all electrophysiological phenotypes. The 
number of hESC-CMs tested is indicated in each column of ( G ). The values used to construct this � gure are listed in  Table 1 . 
Asterisks in all � gures indicate  P  < 0.05 with analysis of variance (ANOVA).    
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group ( P  < 0.05,  Fig. 6D–6G ). Importantly, these parameters 
of electrophysiological maturation were lost when the hESC-
CMs were isolated at <20D (early CSs) and cultured without 
further interaction with non-cardiomyocytes (20+40D CSs) 
( Fig. 6C–6H ). These immature electrophysiological proper-
ties could be rescued by co-culturing early CSs with non-

examination, values of  V  max  of all early hESC-CMs were <8 
V/s. We therefore divided the cardiomyocytes from 60D CSs 
into 2 groups: Immature hESC-CMs with  V  max  < 8 V/s (60%) 
and relatively matured CMs with  V  max  > 8 V/s (40%). The ma-
ture subgroup of 60D hESC-CMs possessed more hyperpo-
larized MDP, higher APA, and faster  V  max  than the immature 
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post-translational regulation ( Fig. 7A ). Minimal changes 
in transcript levels of RyR2 and NCX1 from 20 to 60D 
hESC-CM differentiation were detected. Relative to early 
CSs, IP 3 R2 mRNA abundance increased slightly in 60D 
CS and this increase is not dependent on non-cardiomyo-
cytes. HCN4 levels changed only slightly and were consis-
tent with the immunostaining results in  Figure 3 . Since we 
could not isolate pacemaker cells for a mechanistic study, 
one of the possible explanations for the increased ZD7288 
sensitivity of automaticity in 60D CSs is that more hyper-
polarized MDP with maturation increases I f  currents due to 
the voltage dependence of HCN channel activation pro� les 

cardiomyocytes (add-back CSs,  Fig. 6C–6H ), indicating that 
non-cardiomyocytes also stimulate the overall electrophysi-
ological maturation of working cardiomyocytes.  

  Effects of non-cardiomyocytes on the developmental 

regulation of ion channels and [Ca 2+ ] i  handling 

proteins at the level of transcript expression 

 In order to provide molecular insight into the basis of 
electrical maturation of early working hESC-CMs, quanti-
tative RT-PCR was performed on various stages of CSs to 
determine if electrical maturation is controlled by pre- or 

 T able  1.    E lectrophysiological  P roperties of  hESC-CMs  

  

 Early CS  60D CS  20+40D CS  Add-back CS  60D CS  Add-back CS 

 n = 17  n = 20  n = 10  n = 48 

 V max  > 8 

(n = 8)  <8 (n = 12) 

 V max  > 8 

(n = 17)  <8 (n = 31) 

 V  max  (V/s)  2.21 ± 0.46  9.86 ± 2.09  4.83 ± 1.94  7.96 ± 1.15  19.03 ± 2.93  3.74 ± 0.63   15.00 ± 2.43   4.10 ± 0.32

APA (mV)  36.91 ± 3.78   46.41 ± 4.33   37.88 ± 6.65  53.99 ± 3.00   59.41 ± 6.99  37.73 ± 4.01   74.11 ± 3.28   42.96 ± 2.68

MDP (mV) −29.68 ± 3.15 −33.68 ± 2.70 −30.52 ± 3.52 −39.93 ± 2.49 −41.90 ± 4.39 −28.19 ± 2.44 −56.44 ± 3.29 −30.87 ± 2.03

cAPD90 (ms)  227.27 ± 14.97  201.58 ± 8.57   184.18 ± 10.62  212.91 ± 14.12   204.75 ± 11.69  199.46 ± 12.35   197.36 ± 20.40   221.44 ± 18.84

Raw APD90 

(ms)

  353.11 ± 38.65  249.63 ± 16.96   201.30 ± 13.59   388.58 ± 18.74   222.85 ± 16.24  267.48 ± 25.38   347.72 ± 29.96   410.98 ± 23.28

  Abbreviations: hESC-CMs, human embryonic stem cell-derived cardiomyocytes; CS, cardiomyocyte spheroid; APA, action potential amplitude; MDP, 

maximum diastolic potential.  
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  FIG. 7.     Quantitative RT-PCR results of ion channels and [Ca 2+ ] i  handling proteins from various stages of cardiomyocyte 
spheroids (CSs) relative to early CSs. ( A ) Relative to early CSs, quantitative RT-PCR results of ion channels and [Ca 2+ ] i  han-
dling proteins from 3 to 4 respective sets of various stages of CSs indicated that non-cardiomyocytes (CMs) present during 
the culture period restored the mRNA levels of Na v 1.5, Na V 1.1, Ca v 3.1, and Kir2.2 of 20+40D CSs. mRNA levels were normal-
ized to that for GAPDH. Normalization to PGK mRNA resulted in a similar trend of RT-PCR data (not shown). The levels 
of Na V 1.1, Na V 1.5, Ca V 3.1, and Kir2.2 mRNA in either 60D or add-back CSs are statistically different (asterisks, analysis of 
variance (ANOVA) from those in 20+40D CSs. ( B ) A schematic summary is shown to demonstrate effects of non-CMs on the 
development of automaticity and electrophysiological properties of human embryonic stem cell-derived cardiomyocytes 
(hESC-CMs). Intracellular Ca 2+ -based mechanisms developed early and contributed to automaticity throughout the � rst 
60D of hESC-CM development. Non-CMs induced the development of sarcolemmal ion channel-mediated automaticity 
of CSs from 20 to 60 days of hESC-CMs differentiation in embryoid bodies (EBs) (a). For electrophysiological properties of 
working cardiomyocytes, non-CMs in EBs induced faster  V  max , higher action potential amplitude (APA) and more hyperpo-
larized maximum diastolic potentials (MDPs) of hESC-CMs during differentiation (b, bottom tracings).    
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Our results suggest for the � rst time that the electrical 
maturation of developing pacemaking and working car-
diomyocytes also depends upon signals from neighboring 
non-cardiomyocytes in stem cell cultures. 

  Intracellular Ca 2+  handling proteins developed early 

and their contributions to automaticity were not 

changed during 60D of hESC-CM differentiation 

 We found that RyR, IP 3 R2, and NCX1 played similar 
roles in handling [Ca 2+ ] i  and controlling pacemaker rhythm 
in early and 60D CSs ( Fig. 2 ). Expression levels of mRNA 
transcripts and immunostaining of these [Ca 2+ ] i  handling 
machineries are also unchanged between early and 60D 
CSs ( Figs. 2  and  7 ), suggesting further maturation or de-
velopment of these proteins, if any, occurred after 60D of 
hESC-CM differentiation. We found that RyR contributed 
signi� cantly to automaticity in early and 60D CSs, consistent 
with the role of RyRs in [Ca 2+ ] i  handling in other hESC-CMs 
[ 13 ] and early murine ESC-CMs [ 9 ]. In early and 60D CSs, 
NCX is responsible for a portion of Ca 2+  in� ux and IP3Rs 
play a minor role in automaticity and [Ca 2+ ] i  transients at 
the basal state. However, when BRs of CSs were decreased 
by 50% from RyR blockade, both NCX1 and IP3R acted as a 
backup system and play compensatory roles in maintaining 
automaticity. The interplay between IP3R, NCX1, and RyR 
for generating pacemaker activities in early hESC-CMs is 
consistent with the intracellular Ca 2+  store-mediated auto-
maticity reported in mouse ESC-CMs [ 9 , 29 ]. Importantly, the 
mechanisms underlying automaticity become more complex 
and ion channels play increasing roles in automaticity with 
further cardiac development.  

  Non-cardiomyocytes in� uence the development of 

HCN and Na +  channel-dependent automaticity and 

electrical properties 

 A major implication of this study is that non-cardiomyo-
cytes in EBs promote the acquisition of HCN-based automa-
ticity ( Fig. 3 ) and the development of more hyperpolarized 
MDP in primitive cardiomyocytes ( Fig. 6 ) during hESC-CM 
differentiation. Since molecular levels of HCN channels did 
not change signi� cantly and they only activate at membrane 
potentials more negative than −40 mV [ 5 , 10 , 11 , 15 ], induction 
of HCN channel-based automaticity is most likely due to the 
development of the hyperpolarized MDP that allows pre-
existing HCN channels to be operational. 

 Non-cardiomyocytes also appear to regulate Na +  chan-
nel-dependent automaticity and Na +  channel expression in 
primitive hESC-CMs. Notably, TTX sensitivity of automatic-
ity was partially recovered when non-cardiomyocytes were 
added back to culture, and we interpret this as indicating 
that a subset of non-cardiomyocytes is needed for close con-
tact with the rare pacemaker cells for this induction. The 
 V  max  and Na v 1.5 transcripts of primitive working hESC-CMs 
also increased in the presence of non-cardiomyocytes but 
not in their absence ( Figs. 6  and  7 ). It is likely that increased 
expression of Na +  channels and their availability associated 
with more hyperpolarized MDP [ 5 ] account for the induc-
tion of Na +  channel-based automaticity and  V  max  during 
these stages of differentiation.  

[ 5 ]. In addition to HCN4, other isoforms of HCN channels 
may also be involved in early automaticity [ 5 , 10 , 11 ]. Both 
Na V 1.5 mRNA level ( Fig. 7A ) and immunostaining ( Fig. 5 ) 
were up-regulated with maturation, which is dependent 
on cues from non-cardiomyocytes. Since 1 µM TTX signi� -
cantly blocked BRs of 60D and add-back CSs, Na V 1.1 mRNA 
levels of various CSs were also measured. The transcript 
levels of Na V 1.1 mRNA also increased with maturation that 
required the presence of non-cardiomyocytes. The T-type 
Ca 2+  channel subunit (Ca v 3.1) mRNA was up-regulated and 
non-cardiomyocytes also in� uenced this process. L-Type 
Ca 2+  channel (Ca v 1.2) mRNA did not change dramatically 
during 60D of hESC-CM differentiation. Transcripts of IK 1  
channel subunits (Kir2.1/2.2) and IK 1 -mediated currents (see 
( Supplementary Fig. 4 ), responsible for maintaining rest-
ing membrane potentials, also increased with maturation. 
Consistent with the electrophysiological � nding reported in 
 Figure 6G , non-cardiomyocytes also in� uenced the expres-
sion of IK 1  channel transcripts, particularly Kir2.2, which 
resulted in the hyperpolarized MDP of mature 60D hESC-
CMs (see Discussion). Thus, signals from non-cardiomyo-
cytes had a profound in� uence on transcript levels of several 
channels, such as Na V 1.5.   

  Discussion 

 Human or murine ESC-CMs provide a model system to 
study the development of cardiomyocytes [ 9–11 ], in part be-
cause they are a heterogeneous and immature population of 
cardiomyocytes [ 3–5,9 ] that have been shown to be able to 
mature in the EB environment [ 3–5 ]. Elucidating molecular 
pathways governing the functional development of early 
hESC-CMs would help in creating directed myocardiogen-
esis for myocardial repair or replacement therapies. Both 
intracellular [Ca 2+ ] i  handling proteins and sarcolemmal ion 
channels play signi� cant roles in the functional maturation 
of early hESC-CMs and contribute to their automaticity and 
electrophysiological properties. Prior studies have shown 
that various sarcolemmal ion channels, such as HCN [ 10 , 11 ] 
and Na +  [ 5 ] channels displayed developmental changes 
during ESC-CM differentiation. The developmental status 
of intracellular [Ca 2+ ] i  handling apparatus of hESC-CMs is 
less clear with reports varying from the presence of a fully 
functional intracellular [Ca 2+ ] i  handling apparatus [ 27 ] to 
defective [ 12 ] or immature [ 13 ] apparatus in hESC-CMs. 
These differences in functional development of hESC-CMs 
have been attributed to different culture and experimental 
conditions as well as different sources of human ESC lines 
[ 13 ]. Although not mutually exclusive, another possibility 
suggested by our results is that non-cardiomyocytes reg-
ulate electrophysiological maturation, and differential ex-
posure of hESC-CMs to non-cardiomyocytes in EBs might 
cause cell-to-cell and EB-to-EB variation in automaticity 
and electrophysiological properties. More importantly, we 
found that intracellular Ca 2+  handling proteins developed 
early and contributed to automaticity with similar degrees 
during 20–60 days of hESC-CM differentiation regardless 
of further maturation in the EB milieu. In contrast, non-
cardiomyocytes in EBs heavily in� uenced the development 
of sarcolemmal ion channels, resulting in electrical matu-
ration of hESC-CMs. Non-cardiomyocytes have been impli-
cated in the induction and differentiation of various types 
of cardiomyocytes during embryonic development [ 16 , 28 ]. 
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  Other ion channel development 

 Since many ion channels, such as Ca 2+  [ 30 ] and K +  [ 31 ] 
channels, also undergo developmental changes during car-
diogenesis and it is not feasible to report functional studies on 
all relevant ion channels in one study, we include only data of 
expression levels of molecular transcripts pertaining to Ca 2+  
and K +  channels during the � rst 60D of hESC-CM develop-
ment in this report. However, some preliminary predictions 
could be drawn from our molecular and electrophysiological 
studies. Ca 2+  channels have been implicated in the excitabil-
ity and conduction of murine ESC-CMs [ 10 , 30 ]. The mRNA 
level of Ca V 1.2, the major L-type Ca 2+  channel α subunit in 
adult hearts, did not change during 20–60 days of hESC-CM 
differentiation. The mRNA level of Ca V 3.1, a major T-type Ca 2+  
channel α subunit in adult hearts, increased with hESC-CM 
differentiation and non-cardiomyocytes appeared to promote 
this process, consistent with the up-regulation of Ca V 3.1 sub-
units reported during cardiac development [ 30 ]. In terms of 
K +  channel development, MDPs of hESC-CMs become more 
hyperpolarized with maturation and in the presence of non-
cardiomyocytes ( Fig. 6G ). However, only Kir2.2 but not Kir2.1 
mRNA level increased with non-cardiomyocytes ( Fig. 7A ), 
suggesting that I K1  (Kir2.x) development is intrinsically as well 
as extrinsically regulated. Future functional studies with our 
Puromycin-selection and add-back methods will shed light 
on how non-cardiomyocytes exert their in� uence on develop-
ment of various ion channel subunits in hESC-CMs.  

  Implications for deriving mature pacemaking and/or 

working cardiomyocytes 

 Our result demonstrates that non-cardiomyocytes in� u-
ence the electrophysiological maturation of hESC-CMs. A 
summary of the proposed role of non-cardiomyocytes on 
ion channel maturation is presented in  Figure 2B . Different 
lines of human SPCs might vary in their capacity to generate 
speci� c subtypes of non-cardiomyocytes that provide the 
developmental signals and, consequently, lead to cell line-to-
cell line variation of the electrical phenotype of hESC-CMs. 
Moreover, inhomogeneous exposure to non-cardiomyocytes 
within EBs could explain variation within cultures as dem-
onstrated by our add-back experiments. Lastly, implantation 
of heterogeneous and immature populations of hESC-CMs 
into hearts for cell replacement therapy may carry arrhyth-
mogenic risks. Therefore, research to elucidate the identity 
of non-cardiomyocytes and the molecular nature of signals 
(or cell–cell contacts) that promote electrophysiological mat-
uration could facilitate safe application of pacemaking or 
working cardiomyocytes for cell-based therapies.           
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