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Abstract. Intracardiac injection of the growth‑promoting tran-
scription factor of the sinoatrial node T‑box18 (TBX18) has been 
shown to reprogram cardiomyocytes into induced sinoatrial 
nodes that produce high‑frequency and neuroregulated ectopic 
beats. Fibroblasts, the most important non‑cardiomyocyte cell 
type in the heart, can affect the electrophysiological properties 
of cardiomyocytes by electrically coupling with them. The 
aim of the present study was to explore the reprogramming 
of cardiac fibroblasts (CFs) transfected with TBX18 in vitro 
and observe its effect on the pacing frequency of neonatal rat 
ventricular cardiomyocytes (NRVMs) in a co‑culture system. 
CFs transfected with TBX18 could be transformed into 
cardiac myofibroblasts that expressed high levels of hyperpo-
larization‑activated cyclic nucleotide‑gated cation channel 4 
protein and low levels of connexin 43 (COX43) and COX45 
protein. In addition, TBX18‑CFs could increase the beating 
rates of NRVMs and TBX18‑NRVMs in a co‑culture system. 
The results of the present study indicated that the TBX18 gene 
could induce CFs to undergo a transformation that promotes an 
increase of the beating rates of NRVMs and TBX18‑NRVMs.

Introduction

Reprogramming, a widely used technique in regenerative 
medicine, is the direct transformation of fully differentiated 
somatic cell into another type of fully differentiated cell 
in response to the induction of one or more transcription 
factors without requiring the induced pluripotent stem cell 
(iPSC) stage (1). In the laboratory, this technique is gener-
ally performed by using fibroblasts as the initial cells to be 

reprogramed into induced neurons (2), cardiomyocytes (3) and 
haematopoietic progenitor cells (4).

Using reprogramming technology, Hu et al (5) successfully 
reprogrammed T‑box18 (TBX18)‑transfected cardiomyocytes 
directly to induced sinoatrial node (iSAN) cells in adult pig 
hearts with a complete heart block. Cells in the vicinity of the 
injection site expressed higher levels of SAN‑specific genes 
and lower levels of chamber‑specific genes. TBX18, a tran-
scription factor, is required for the embryonic development of 
the head area of the SAN but is undetectable after birth and 
in adulthood (6). In addition, Tbx18 is the only transcription 
factor that has converted working myocytes into SAN cells 
and has caused an increase in the spontaneous beating rate (7). 
In addition, cardiac fibroblasts (CFs), the most important 
non‑cardiomyocyte cell type in the heart, can electrically 
couple with cardiomyocytes to affect their electrophysiological 
properties (8). So, it is unclear what changes might occur with 
fibroblasts when TBX18 is injected directly into the heart and 
what effect these changes might have on surrounding cardio-
myocytes.

In this study, we explored the reprogramming effect of 
TBX18 on in vitro neonatal rat CF cell cultures and observed 
the effect of these changes on beating rates when TBX18‑CFs 
were co‑cultured with neonatal rat ventricular cardiomyocytes 
(NRVMs) and TBX18‑NRVMs. These data will help us 
understand the contributions of fibroblasts to the development 
of biological pacemakers when TBX18 is directly injected into 
the heart.

Materials and methods

Materials. Dulbecco's modified Eagle's medium (DMEM)/F12 
(1:1) and foetal bovine serum were purchased from Gibco 
(Thermo Fisher Scientific, Inc., Waltham, MA, USA). Trypsin, 
type II collagenase and 5‑bromodeoxyuridine were purchased 
from Sigma‑Aldrich (Merck KGaA, Darmstadt, Germany). 
DH5α competent cells were purchased from Tiangen (Beijing, 
China). Specific rabbit monoclonal antibodies against hyper-
polarization‑activated cyclic nucleotide‑gated cation channel 4 
(HCN4), which is a marker for SAN, connexin 43 (COX43), 
which is a common connexion between cardiac cells, cardiac 
troponin I (cTnI), which is a marker for NRVMs, α‑striated 
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actin (α‑SA), which is a marker for NRVMs, and GAPDH were 
purchased from Abcam (Cambridge, MA, USA); antibodies 
for vimentin, which is a marker for CFs, and COX-45, which 
is another common connexion between cardiac cells, were 
purchased from Cell Signaling Technology, Inc. (Danvers, 
MA, USA) and Santa Cruz Biotechnology, Inc. (Dallas, TX, 
USA), respectively; and antibodies for myosin heavy chain 
(MHC), which is a marker for NRVMs, and α‑striated muscle 
actin (α‑SMA), which is a marker for cardiac myofibroblasts 
(CMFs) were purchased from Wuhan Sanying Biotechnology 
(Wuhan, China) and Wuhan Tiandeyue Biotechnology 
(Wuhan, China), respectively.

Cons t ru c t ion  o f  the  T BX18 len t iv i ra l  vec tor. 
pHBAd‑MCMV‑GFP (Ad‑GFP) (Hanbio, Shanghai, China) 
was digested using BamHI and NotI. The ORF sequence of 
the human TBX18 gene (GenScript, Nanjing, China) was 
amplified using polymerase chain reaction (PCR). After the 
restriction enzyme digestion, gel extraction was performed. 
The digested fragment and vector were ligated to form 
pHBAd‑MCMV‑GFP‑TBX18 (Ad‑TBX18), which was then 
transformed into competent DH5α cells (Tiangen). Positive 
clones were identified by liquid sequencing. Bacteria in the 
logarithmic growth phase were incubated at 37˚C overnight in 
LB culture medium while shaking at 300 x g. The large‑scale 
preparation of recombinant plasmids was conducted using a 
Plasmid Midi Preparation kit (Beijing CW Biotech Co., Ltd., 
Beijing, China). Cells were transfected with Ad‑TBX18 and the 
backbone vector pHBAd‑BHG using LipofilterTM (both from 
Hanbio). The supernatant was harvested after viral amplifica-
tion. Ad‑GFP and Ad‑TBX18 were adjusted to 1x1010 PFU/ml 
and stored at ‑80˚C.

Isolation and culture of CFs and NRVMs. The present study 
was approved by the Ethical Board of The Renmin Hospital 
of Wuhan University (Wuhan, China). Hearts were dissected 
from 16 neonatal (1‑ to 2‑day‑old) rat heart ventricles, minced 
and washed in solution A (0.02% phenol red, 137 mM NaCl, 
5.4 mM KCl, 0.34 mM Na2HPO4, 0.44 mM KH2PO4, 5.6 mM 
D‑glucose and 20 mM HEPES, pH 7.3) at room temperature. 
The heart tissue was dissociated using a digestion solution 
containing 450 U collagenase and 14 U DNase per ml of solu-
tion A in an Erlenmeyer flask containing glass beads. Then, the 
flask was placed in a shaking water bath at 37˚C. We pooled 
cell suspensions from two dissociations and centrifuged the 
mixture 1,000 x g for 15 min. We then resuspended the cells in 
Ham's F10 medium supplemented with 10% fetal bovine serum 
(FBS) and 10% horse serum (HS) and plated the cells onto 12 
Primaria‑coated 6 cm culture dishes. The cells were plated for 
45 min to allow fibroblasts to preferentially attach to the bottom 
of the culture dishes. The non‑adherent cells (cardiomyocytes) 
were collected, and the adherent cells (mainly fibroblasts) 
were supplemented with DMEM containing 10% FBS and 
antibiotics (100 U/ml penicillin and 0.1 g/l streptomycin). 
Fibroblasts were grown to confluence and then passaged and 
plated onto 10 collagen I‑coated 6‑well stretch plates. The 
collected cardiomyocytes were directly plated at a density of 
1x105 cells/cm2 onto 8 collagen I‑coated 6‑well stretch plates 
and cultured in Ham's F10 and DMEM (1:1) supplemented with 
8% HS and antibiotics. The cardiomyocytes and fibroblasts 

were incubated at 37˚C in 5% CO2 in a humidified incubator. 
The culture medium used to incubate both cell types was 
refreshed every 2‑3 days.

CFs and NRVMs transfected with TBX18. CFs in passages 3‑5 
were removed from the culture dishes by digestion. A 
cell suspension was prepared and inoculated onto 6‑well 
plates. When cell confluence reached 70‑80%, Ad‑TBX18 
in DMEM/F12 was added to the cells at a multiplicity of 
infection (MOI) of 100, and these cells were used as the 
experimental group. CFs that were treated with Ad‑GFP were 
used as the control group. After a 2‑h incubation period, the 
medium was replaced with fresh complete medium. Following 
the same method, we transfected NRVMs with Ad‑TBX18 at 
an MOI of 100. After a 2‑h incubation in an incubator, the 
medium was replaced, and the cells were cultured for an addi-
tional 2 to 5 days. The cells were observed under light and 
fluorescence microscopy. The percentage of green fluorescent 
protein‑positive cells was determined using flow cytometry 
(BD Biosciences, Franklin Lakes, NJ, USA).

Western blot assays. TBX18‑CFs and GFP‑CFs were seeded 
into 6‑well culture dishes. The cells were harvested using 
RIPA lysis buffer. Equal amounts of protein were loaded 
onto a gel for sodium dodecyl sulphate‑polyacrylamide gel 
electrophoresis (SDS‑PAGE), and the proteins were sepa-
rated and transferred to nitrocellulose membranes. Then, the 
membranes were incubated with primary antibodies against 
HCN4, α‑SMA, COX43, COX45, cTnI, α‑SMA and MHC 
overnight at 4˚C. The bound primary antibodies were detected 
by incubating the membranes with horseradish peroxidase 
(HRP)‑conjugated secondary antibodies that were raised in 
the appropriate species, and the results were then detected 
using enhanced chemiluminescence. The level of GAPDH was 
used to normalize the signal intensities.

Immunofluorescence staining. After the cells were pre‑plated, 
we calculated the purity of the obtained cell populations, 
and the CFs and NRVMs were cultured on gelatine‑coated 
coverslips in 6‑well culture dishes. The cells were washed 
with phosphate‑buffered saline (PBS) and fixed with 4% 
paraformaldehyde. Following permeabilization with 0.1% 
Triton  X‑100, the CFs and NRVMs were incubated with 
primary anti‑vimentin and anti‑cTnI antibodies overnight 
at 4˚C. Secondary antibodies (HRP‑Goat anti‑Rat IgG and 
HRP‑Goat anti‑Rabbit IgG) were then used to detect cTnI. 
We used 4',6‑diamidino‑2‑phenylindole (DAPI) to visualize 
the nuclei. The cells were observed under a fluorescence 
microscope. We randomly selected three visual fields in each 
of three different cell isolates to calculate the percentage of 
fluorescent cells in the total number of cells, and the mean 
value was determined. In addition, the same method was used 
to incubate TBX18‑CFs and GFP‑CFs with antibodies against 
HCN4, vimentin and α‑SMA to observe expression of these 
proteins.

Co‑culture conditions. In the co‑culture experiments, CFs and 
NRCMs were mixed and plated at a ratio of 1:4 (20% CFs) on 
60‑cm2 culture dishes. Two groups of co‑cultures were estab-
lished according to the experimental strategy, as follows. The 
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first group consisted of co‑cultures of NRVMs, NRVMs+CFs, 
NRVMs+GFP‑CFs and NRVMs+TBX18‑CFs; the second 
group consisted of co‑cultures of NRVMs, TBX18‑NRVMs, 
TBX18‑NRVMs+CFs, TBX18‑NRVMs+GFP‑CFs and 
TBX18‑NRVMs+TBX18‑CFs. The combinations in the first 
group were co‑cultured for 14 days as isotropic monolayers, 
and the medium was changed after 24  h. Fluorescence 
mapping was performed after 2 days, the cells were observed 
once every two days, and the beating frequency was deter-
mined in each group by observing red fluorescence using a 
BX41 microscope. In addition, the mean, min and max number 
of spontaneous beats were determined in the second group at 
the time of the highest value observed in the first group. The 
co‑culture experiments were performed three times to validate 
the results.

Statistical analysis. All data are presented as the mean ± stan-
dard error of the mean. Statistical comparisons among multiple 
groups were analysed using one‑way analysis of variance with 
Dennett's T3 test in SPSS 19.0 software (IBM Corp., Armonk, 
NY, USA). P<0.05 was considered to indicate a statistically 
significant difference.

Results

Changes in FCs following TBX18 transfection‑induced repro‑
gramming
Protein expression in TBX18‑CFs was characteristic of iSAN 
cells. After the cells were pre‑plated, we obtained CFs with 
a purity of 96%. The transfection efficiency in the CFs was 
76.2±6.2% at an MOI of 100.

On the 2nd day after cells were transfected with 
Ad‑TBX18, a few cells became round (indicative of dead 
cells), but the remaining cells were morphologically radial and 
flaky. There were vacuoles in the cytoplasm of some cells, and 
cell proliferation slowed down. No spontaneous beating was 
observed in any of the cultures. After 4‑6 days of culture, the 
CFs proliferated, and their synapses were partially extended 
without fusiform, triangular or conical changes, which are the 
morphological characteristics of SANs. In addition, sponta-
neous beatings were not observed until the 8th day of culture 
(Fig. 1). These results indicate that the TBX18‑CFs did not 
transform into iSAN cells.

HCN4 is an important channel protein that functions as 
a pacemaker current (If) channel and is highly expressed in 
SAN cells (3). The HCN4 protein was expressed at signifi-
cantly higher levels in TBX18‑CFs but was rarely observed 
in GFP‑CFs, which perhaps reflects the immature state of 
fibroblasts in neonatal rats. The expression levels of COX43 
and COX45 were higher in GFP‑CFs than in TBX18‑CFs 
(P<0.05), and the expression levels of COX proteins were 
lower in TBX18‑CFs than in GFP‑CFs (Fig. 2), indicating that 
TBX18 reduced the connections between CFs.

TBX18‑CFs were not converted into cardiomyocytes. cTnI, 
α‑SA and MHC are cardiomyocyte‑specific proteins. All three 
proteins were expressed at much lower levels in TBX18‑CFs 
and GFP‑CFs than in NRVMs, which were used as the positive 
control group. In addition, the difference in cTn1 expression 
was much more conspicuous in each group (Fig. 3). These 

results indicate that CFs did not exhibit cardiomyocyte‑like 
phenotypes after they were transfected with TBX18.

TBX18‑CFs were transformed into CMFs. Vimentin is a 
fibroblast‑specific protein. Our results showed that under 
fluorescence microscopy, TBX18‑CFs and GFP‑CFs exhibited 
red fluorescence and a filamentous arrangement in the cyto-
plasm, indicating that these two groups of cells expressed a 
fibroblast‑specific protein and maintained the histological 
characteristics of fibroblasts (Fig. 4A and B). α‑SMA is a 
CMF‑specific protein (8). Western blot and immunofluores-
cence analyses showed that α‑SMA was expressed at higher 
levels in TBX18‑CFs but at much lower levels in GFP‑CFs and 
CFs, both of which served as negative controls (Fig. 4), indi-
cating that TBX18 induced fibroblasts to transform into CMFs.

TBX18‑transfected CFs improved the pulsation rate of 
co‑cultured NRVMs. Spontaneous beating was analysed in 
the groups of co‑cultured cells for 14 days, and the results are 
shown in Fig. 5A. On the 8th day of co‑culture, the rate of spon-
taneous beating in the NRVM+TBX18‑CF cultures was higher 
(86±10 b.p.m.) than the rate in the NRVM culture (65±9 b.p.m.) 
and significantly higher than the rate in the NRVM+GFP‑CF 
and NRVM+CF cultures (24±7 and 21±6 b.p.m., respectively). 
There was no difference in the rate of spontaneous beating 
between the NRVM+GFP‑CF and NRVM+CF cultures. 
Spontaneous beating began to decrease in the NRVMs after 
8 days in co‑culture and then gradually slowed until it stopped 
on the 14th day.

TBX18‑transfected CFs improved spontaneous beating in 
co‑cultured NRVMs that were transfected with TBX18. On the 
8th day of co‑culture, spontaneous beating was observed in 
each of the groups (Fig. 5B‑D). The cells in the TBX18‑NRVM 
group were beating significantly faster than the cells in the 
NRVM group (94.20±7.38 vs. 62.10±11.67 b.p.m., respec-
tively; P<0.001), indicating that TBX18 significantly improved 
myocardial cell pulsation. There was no significant difference 
in the rates between the CF and GFP‑CF co‑culture groups 
(P=0.71), suggesting that transfecting GFP did not affect 
spontaneous beating in the co‑culture system. There was also 
no significant difference between the CF co‑culture group 
and the TBX18‑NRVM group (P=0.52), but co‑culturing cells 
with CFs tended to decrease the spontaneous beating rates. 
The rate of spontaneous beating in the TBX18‑NRVMs was 
increased by approximately 40 b.p.m. (118.50±7.25 b.p.m.) 
and reached as high as 132 b.p.m. in the TBX18‑NRVMs that 
were co‑cultured with TBX18‑CFs. These results indicate 
that TBX18 could abolish the inhibitory effect of CFs on the 
co‑culture system.

Discussion

In this study, TBX18‑CFs were not transformed into iSAN 
cells, but the protein expression levels of HCN4, COX43 and 
COX45 were increased. TBX18‑CFs also did not undergo a 
cardiomyocyte‑like transformation, but they overexpressed 
α‑SMA, indicating that they had transformed into CMFs. 
In addition, TBX18‑CFs could gradually increase the rate 
of spontaneous beating when they were co‑cultured with 
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NRVMs or TBX18‑NRVMs. However, GFP‑transfected CFs 
and CFs showed the opposite effect, indicating that the TBX18 
gene could induce CFs to transform, which contributed to the 
increase of the beating rates of NRVMs and TBX18‑NRVMs.

In 2006, Takahashi and Yamanaka et al  (9) found that 
multiple transcription factors can be combined to reverse 
the embryonic fibroblasts into iPSCs; these iPSCs can be 
transformed into other cells if exposed to a certain induc-
tive environment. However, many studies have found that 
transfecting certain single transcription factors could cause 
cells to undergo cross‑line reprogramming. For example, 
myogenic differentiation (MyoD) can directly reprogram fibro-
blasts into skeletal muscle cells (10). The transcription factor 
octamer‑binding factor 4 (OCT4) directly reprogrammed blood 
cells into induced neural progenitor cell (iNPCs) (11) without 
requiring the intermediate step of forming iPSCs. This means 

the technology to directly transform one cell into another cell is 
possible, which would require a short cycle and a simple process 
and potentially reduce teratoma formation and the risk of muta-
tion (12). Direct reprogramming has also been used in biological 
pacing. Kapoor et al (7) found that cardiomyocytes induced by 
TBX18 could directly transform them into pacing iSAN cells 
both in vivo and in vitro. Hu et al (5) reported similar results in 
large animal experiments. Transfecting TBX18 into neonatal 
rat hearts could decrease the expression of COX43, increase the 
expression of inward rectifier potassium channels and HCN4, 
and then increase the spontaneous beating rates of heart (7). 
Additionally, transfection with TBX18 could increase the regu-
lation of cAMP (e.g., the ‘membrane clock’ and ‘Ca+ clock’) 
and induced spontaneous local Ca2+ release (LCR) events (4). 
These data indicate that TBX18‑reprogrammed cardiomyo-
cytes exhibit stable pacing functions.

Figure 2. Expression of sinoatrial node specific proteins in fibroblasts transfected with TBX18. (A) The protein expression levels of HCN4, COX43 and COX45 
were observed in TBX18‑CFs and GFP‑CFs. (B) The expression of HCN4 protein in TBX18‑CFs was significantly increased; however, the expression levels 
of COX43 and COX45 were decreased. (C) The expression of HCN4 protein was observed in the TBX18‑CF and GFP‑CFs groups (magnification, x200). Blue 
fluorescence indicates nuclear staining, green fluorescence indicates GFP staining and red fluorescence indicates HCN4 protein. **P<0.01, as indicated. TBX18, 
T‑box18; CFs, cardiac fibroblasts; HCN4, hyperpolarization‑activated cyclic nucleotide‑gated cation channel 4; COX, connexin; GFP, green fluorescence protein.

Figure 1. Morphological differences in fibroblasts transfected with TBX18. The morphological changes and pulsatility of CFs were observed by fluorescence 
microscopy from 2 to 8 days following TBX18 transfection. Cultivated to 2 days (magnification, x100); 4 days (magnification, x200); 6 days (magnification, 
x200); and to 8 days (magnification, x200). TBX18, T‑box18; CFs, cardiac fibroblasts.
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Fibroblasts, as the most numerous non‑cardiomyocyte cell 
type in heart, account for 45% of the total number of cardiac 
cells (13). Under physiological conditions, fibroblasts continue 
to synthesize and degrade both collagen and fibronectin to 
support the structural integrity of the heart. Fibroblasts can 

also directly influence the electrophysiological activity of the 
myocardium by forming gap junctions with myocardium (14). 
Fibroblasts are non‑excitatory cells that have high membrane 
resistance and high resting potential and can produce mechan-
ically sensitive currents (8). Therefore, we can predict that 

Figure 3. Expression of cardiomyocyte‑specific proteins in fibroblasts transfected with TBX18. The expression of α‑SA, MHC and cTnI was observed in 
transfected fibroblasts and compared with that in NRVMs. None of the three proteins were observed in fibroblasts transfected with TBX18. **P<0.01, as 
indicated. TBX18, T‑box18; CFs, cardiac fibroblasts; NRVMs, neonatal rat ventricular cardiomyocytes; cTnI, cardiac troponin I; α‑SA, α‑striated actin; MHC, 
myosin heavy chain.

Figure 4. Expression of α‑SMA and Vimentin in fibroblasts transfected with TBX18. (A) The expression of α‑SMA and Vimentin in TBX18‑CFs, GFP‑CFs 
and CFs was (B) compared with that observed in non‑transfected fibroblasts. The expression of α‑SMA protein in TBX18‑CFs was significantly increased, 
while Vimentin expression showed no difference. (C) Fluorescence microscopy was used to observe the expression of α‑SMA protein (magnification, x200). 
Blue fluorescence indicates nuclear staining, green fluorescence indicates GFP staining and red fluorescence indicates α‑SMA protein. **P<0.01, as indicated. 
TBX18, T‑box18; CFs, cardiac fibroblasts; α‑SMA, α‑smooth muscle actin; GFP, green fluorescence protein.
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when the TBX18 gene is injected into the heart of animals, 
both cardiomyocytes and fibroblasts could be transfected. 
However, what type of alterations of the characteristics of 
CFs and the effect of these alterations to adjacent cardio-
myocytes has never been studied. Here, we observed that 
TBX18‑CFs could increase the beating rates of NRVMs or 
TBX18‑NRVMs in a co‑culture system, but GFP‑CFs and CFs 
showed the opposite effect. Previous research indicates that 
COX43 is mainly expressed between the myocardium, while 
COX45 is mainly expressed in fibroblasts (15), and fibroblasts 
in SANs form electrical couplings and exchange materials 
with P cells via COX45 (14). In vitro co‑cultures of fibroblasts 
and cardiomyocytes with an increased density of fibroblasts 
exhibited decreased beating rates of the cardiomyocytes (16), 
but when COX43 was inhibited in the fibroblasts, the pulse and 
conduction rate were significantly restored (17,18), indicating 
that when fibroblasts and cardiomyocytes are adjacent to each 
other, the higher resting potential of the fibroblasts induces 
peripheral myocardial cell depolarization through COX43, 
which reduces their excitability (19). In this study, we observed 
that the expression of both COX43 and COX45 was decreased 
in TBX18‑CFs. Compared with the results of Hu's research (5), 
our data show a significant decrease in COX43 expression 
(which is similar with Hu's results), but COX45 expression just 
decreased to physiologically normal levels and was still higher 
than COX43 expression. Therefore, we hypothesised that the 
TBX18 gene removes the restraint of CFs on NRVMs by 
decreasing COX43 expression and then delivering an inward 
current (which is generated by HCN4) to adjacent NRVMs via 
COX45, therefore increasing the beating rates of NRVMs in 
the co‑culture system.

At the same time, several researchers have found that 
TBX18 can reprogram cardiomyocytes into iSANs  (5,7), 
but according to our study, TBX18 cannot induce the same 

activity in CFs, which were simply transformed to CMFs 
with the protein properties of SANs. Therefore, we consider 
that the effects of TBX18 on CFs and cardiomyocytes are 
different. Though many studies have found that CFs could be 
directly programmed into other types of cells (2‑4), our study 
considers that TBX18 alone was insufficient to reprogram 
CFs, but it could transform them into similar cells (CMFs), 
which are common in heart and belong to same family as 
iSANs.

There are some limitations in this paper that should be 
noted. First, we used neonatal fibroblasts and cardiomyocytes, 
which exhibit phenotypes that are not similar to either mature 
cardiomyocytes or mature nodal cells. The effect of TBX18 
on neonatal and mature cells may therefore not be the same as 
its effect in mature cells. This limits speculation regarding the 
possibility of reprogramming cardiomyocytes and fibroblasts 
using TBX18 in adult hearts. Second, because of limitations 
associated with the experiment environment, no functional 
studies were performed (e.g., an evaluation of ion channels or 
fura uptake) apart from an analysis of the beating rate. We 
therefore could not determine whether transfected CFs might 
potentially produce arrhythmia or other adverse reactions. 
Further research should be performed to evaluate these possi-
bilities in the future.
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