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Abstract. The 'funny' current, also known as the If current, 
play a crucial role in the spontaneous diastolic depolarization 
of sinoatrial node cells. The If current is primarily induced by 
the protein encoded by the hyperpolarization‑activated cyclic 
nucleotide‑gated channel 4 (HCN4) gene. The functional If 
channel can be reconstructed in canine mesenchymal stem cells 
(cMSCs) transfected with mouse HCN4 (mHCN4). Biomimetic 
studies have shown that electric pulse current stimulation 
(EPCS) can promote cardiogenesis in cMSCs. However, 
whether EPCS is able to influence the properties of the If 
current reconstructed in mHCN4‑transfected cMSCs remains 
unclear. The present study aimed to investigate the effects of 
EPCS on the If current reconstructed in mHCN4‑transfected 
cMSCs. The cMSCs were transfected with the lentiviral vector 
pLentis‑mHCN4‑GFP. Following transfection, these cells 
were divided into two groups: mHCN4‑transfected cMSCs 
(group  A), and mHCN4‑transfected cMSCs induced by 
EPCS (group B). Using a whole cell patch‑clamp technique, 
the If current was recorded, and group A cMSCs showed 
significant time and voltage dependencies and sensitivity to 
extracellular Cs+. The half‑maximal activation (V1/2) value 
was ‑101.2±4.6 mV and the time constant of activation was 
324±41 msec under ‑160 mV. In the group B cells the If current 
increased obviously and activation curve moved to right. The 
absolute value of V1/2 increased significantly to ‑92.4±4.8 mV 
(P<0.05), and the time constant of activation diminished under 
the same command voltage (251±44 vs. 324±41, P<0.05). 
In addition, the mRNA and protein expression levels of 
HCN4, connexin 43 (Cx43) and Cx45 were upregulated in 
group B compared with group A, as determined by reverse 

transcription‑quantitative polymerase chain reaction and 
western blot analyses. Transmission electron micrographs also 
confirmed the increased gap junctions in group B. Collectively, 
these results indicated that reconstructed If channels may have 
a positive regulatory role in EPCS induction. The cMSCs 
transfected with mHCN4 induced by EPCS may be a source 
of effective biological pacemaker cells.

Introduction

The sinoatrial node (SAN) is located in the right dorsal wall 
of the right atrium, and serves as the primary pacemaker for 
initiating the heartbeat and controlling the rate and rhythm of 
contraction (1). Deficiencies in such function due to congenital 
defects, acquired diseases, gene mutation and aging may lead 
to sinus node dysfunction (sick sinus syndrome), necessitating 
pacemaking therapy (2). The present primary therapy is elec-
tronic pacemaker implantation. However, such devices are not 
optimal because of the limited battery life, biological respon-
siveness deficiency and other shortages (2). With respect to 
these concerns, on‑going research is focused on developing a 
biological pacemaker that is able to integrate into the myocar-
dium and provide a permanent cure (2‑5).

The 'funny' current, also called the If current, is 
crucially involved in the spontaneous diastolic depolar-
ization of SAN cells. The If current is generated by the 
hyperpolarization‑activated cyclic nucleotide‑gated channel 
(HCN) family. Among the four known HCN isoforms, 
isoform 4 (encoded by HCN4) strongly contributes to pace-
maker function (3). In previous studies, the present authors 
showed that mouse HCN4 (mHCN4)‑transfected mesen-
chymal stem cells (MSCs) are able to generate a functional If 
current (3‑5).

The heart is the largest source of bioelectricity in the human 
body (6,7). Electrical signals are correlated with cardiac depo-
larization and contraction, and electrical currents have been 
administered to cells in order to mimic native heart conditions 
in a number of prior biomimetic studies (7‑9). Furthermore, 
an electrical stimulation system has been designed to deliver 
electrical signals mimicking those in the native heart by the 
present authors (10). This electric pulse current stimulation 
(EPCS) had been shown to be safe in canine MSCs (cMSCs), 
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and may be able to promote cardiogenesis in cMSCs in our 
previous study (10). However, it is not clear whether EPCS is 
able to influence the properties of If current reconstructed in 
HCN4‑transfected cMSCs.

In the present study, cMSCs with high‑level expression of 
mHCN4 were produced using exogenous transfection. The 
kinetic characteristics of the resulting If current were analyzed. 
In addition, the mRNA and protein expression levels of HCN4, 
connexin 43 (Cx43) and Cx45 were evaluated using reverse tran-
scription‑quantitative polymerase chain reaction (RT‑qPCR) 
and western blot assays, and the ultrastructures of the cardiac 
connective proteins were characterized using transmission elec-
tron microscopy (TEM).

Materials and methods

cMSC culture. Under 30 mg/kg sodium pentobarbital (i.v.) 
and 1‑2% isoflurane anesthesia (Abbott Laboratories Co., Ltd., 
Shanghai, China), cMSCs were harvested from bone marrow of 
three adult Chinese rural canines (two males and one female; 
Third Military Medical University (Chongqing, Chian), weighing 
10‑14 kg, as previously described (5) . cMDCs were cultured in 
α‑minimum essential medium (α‑MEM) with L‑glutamine and 
ribo‑ and deoxyribonucleosides (SH30265.01B; Hyclone; GE 
Healthcare Life Sciences, Logan, UT, USA). cMSC purity was 
evaluated using flow cytometry, as previously described (5), in 
order to detect the markers CD29+, CD44+, CD34‑ and CD45‑, 
and by the ability to differentiate into adipogenic, chondrogenic 
and osteogenic lineages, using Oil Red O, Alcian Blue and 
Toluidine Blue, and Alizarin Red staining, respectively (5). Third 
generation cMSCs were transfected with pLentis‑mHCN4‑GFP 
in the presence of 2 µg/ml polybrene (H9268; Sigma‑Aldrich, 
St. Louis, MO, USA) at a multiplicity of infection (MOI) of 20 
for 24 h. Following 48 h of transfection, 90% of the cMSCs cells 
exhibited green fluorescent protein (GFP) expression, which 
indicated successful transfection. These cMSCs were expanded 
using standard techniques (3‑5,10). In order to produce consis-
tent comparisons between mHCN4‑transfected cMSCs with or 
without EPCS induction, the cells were divided into two groups: 
mHCN4‑transfected cMSCs (group A), and mHCN4‑transfected 
cMSCs induced with EPCS (group B). Ethical approval for the 
present study was obtained from the Committee on the Ethics 
of Animal Experiments of Third Military Medical University 
(SYXK2013‑0012).

mHCN4 transfection. The lentiviral vector expressing mHCN4 
(pLentis‑mHCN4‑GFP) was constructed by inserting the 
mHCN4 gene into a pLentis‑GFP vector using BamHI (FD0054) 
and EcoRI (N41890) restriction sites, using materials obtained 
from Invitrogen (Thermo Fisher Scientific, Inc., Waltham, MA, 
USA). The transcription of mHCN4 was promoted by a Spleen 
Focus‑Forming Virus promoter (Invitrogen). The lentiviral 
particles were prepared using a calcium phosphate method, as 
previously described (3‑5).

EPCS induction. An electric stimulation device designed 
in our lab provided a constant electric signal to the cMSCs, 
which had been shown to be safe to cMSCs and to promote 
cardiogenesis in cMSCs. The property of the electrical 
signal was pulse polarity‑altered positive and negative varia-

tions (rectangular, 2 msec; current intensity, 40 µA; current 
frequency, 2 Hz) (10). For EPCS, the transfected GFP‑positive 
cells in group B were reseeded in α‑MEM at a density of 
2x105  cells into 60‑mm culture dishes (430166; Corning 
Incorporated, Corning, NY, USA) with platinum electrode 
(Chow Sang Sang Jewellery Corporation, Hong Kong, China). 
The EPCS treatment was initiated on the next day after seeding, 
lasting 3‑6 h per day for 5 days until the cells reached ~95% 
confluence. α‑MEM was changed once during this treatment 
period. Each experiment was repeated three times.

Patch clamp studies for If current detection in transfected 
cMSCs. Following EPCS induction for 5 days, the cMSCs in 
group B and parallel cMSCs in group A were subjected to 
whole‑cell patch clamp detection. The If current was recorded 
using a voltage clamp (Axon Instruments. Foster City, CA, 
USA) with an Axopatch 200B amplifier (Molecular Devices, 
LLC, Sunnyvale, CA, USA)  (3‑5). The pipette solution 
contained the following (in mmol/l):  5.0 Na2‑phosphocreatine, 
5.0 Mg2‑adenosine triphosphate, 110 K aspartate, 0.1 GTP 
(Sigma‑Aldrich), 1.0 MgCl2, 20 KCl, 0.05 EGTA and 10 HEPES 
(Sangon Biotech Co., Ltd., Shanghai, China); pH was adjusted to 
7.2 with KOH (Zhengzhongyi Biotech Co., Ltd., Beijing, China). 
The extracellular solution contained the following (in mmol/l): 
0.33  NaH2PO4, 1.0  MgCl2, 1.8  CaCl2, 5.4  KCl, 136  NaCl, 
10 glucose and 10 HEPES; pH was adjusted to 7.4 with NaOH 
(Sangon Biotech Co., Ltd.). When required, 4 mmol/l CsCl was 
added into the bath solution. Cs+ is a specific pacemaker current 
blocker to block If current and has been used to confirm the If 
current. The sealing resistance was >4 mΩ and the temperature 
was maintained at 25±1˚C.

In preparation for patch clamping, cells were trypsinized 
(SH30042.01; Hyclone; GE Healthcare Life Sciences) for 
10‑20 sec, while remaining attached to the coverslips. The 
membrane capacity was measured by the application of a 
voltage clamp step, and current density was shown as the value 
of the peak current per capacity. If current was detected using 
custom voltage clamp methods, as previously described (3‑5). 
Normalized tail currents were recorded to construct the fully 
activated current‑voltage relation. The slope factor (k) and the 
half‑maximal activation voltage (V1/2) were obtained by fitting 
the activation curves to the Boltzmann equation, as follows: 
Itail/Imax = A/{1.0 + exp  [(V‑V1/2)/k]}. The time constants of 
activation were determined by fitting current traces to a single 
exponential function.

Immunofluorescence analysis. Immunofluorescence was 
performed according to previously reported methods  (10). 
Transfected cMSCs (1.5×104 cells/cm2) were fixed with 4% 
paraformaldehyde (Wuhan Boster Biological Technology, Ltd., 
Wuhan, China) for 15 min at room temperature, washed in phos-
phate‑buffered saline (PBS; AR0030; Wuhan Boster Biological 
Technology, Ltd.), then treated with 0.2% Triton X‑100 (T8787; 
Sigma‑Aldrich) for 15 min. Cells were incubated with rabbit 
polyclonal anti‑HCN4 antibody (1:100; ab69054; Abcam, 
Cambridge, UK) overnight at 4˚C. Following washing three 
times with PBS for 5 min, the cells were incubated with Alexa 
FluorTM 647‑conjugated donkey anti‑rabbit IgG (1:200; A‑31573; 
Invitrogen) for 60 min at 25±1˚C. After further washing with 
PBS, the cells were mounted with Antifade Mounting Medium 
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(Beyotime Institute of Biotechnology, Shanghai, China). Nuclei 
were stained with 4',6‑diamidino‑2‑phenylindole (D9542; 
Sigma‑Aldrich) as a location control. Fluorescent images were 
obtained using an inverted laser confocal microscope (LSM 710; 
Carl Zeiss Microscopy GmbH, Cologne, Germany). The results 
were analyzed using ZEN lite software, 2011 edition (Carl Zeiss 
Microscopy GmbH).

TEM. Cells were fixed in cacodylate‑buffered 1% osmium 
tetroxide, then dehydrated and embedded in Epon 812 (both 
Sangon Biotech Co., Ltd.) for ultra‑thin sectioning. The ultra-
structures of connection protein were examined by TEM using 
a TecnaiTM‑10 electron microscope (FEI Company, Hillsboro, 
OR, USA) and operated at a high‑tension setting of 80 kV with 
a magnification of x135,000.

RT‑qPCR analysis. RT‑qPCR was conducted according to 
previously described methods (11). Briefly, total mRNA was 
extracted using TRIzol (Invitrogen) and purified. For RNA 
purification, the RNA was treated with chloroform, centrifuged 
at 12,000 x g for 15 min at 4˚C to collect the supernatant prior 
to treatment with isoamylalcohol and vortexing for 10 min at 
room temperature. Following centrifugation at 12,000 x g for 
15 min at 4˚C, the supernatant was discarded and the subse-
quent sediment RNA was reverse transcribed into cDNA at 
37˚C for 15 min and 98˚C for 5 min using a ReverTra Ace qPCR 
RT kit (FSQ‑101; Toyobo Co., Ltd., Osaka, Japan). RT‑qPCR 
amplification was performed using a 12.5 µl SYBR® Green 
(2X) Realtime PCR Master Mix kit (QPK‑201; Toyobo Co., 
Ltd.), 1 µl forward primer, 1 µl reverse primer, 5 µl cDNA and 
5.5 µl water on a Stratagene Mx3000P qPCR system (Agilent 
Technologies, Inc., Santa Clara, CA, USA), according to the 
manufacturer's instructions. Thermal cycling was performed 
as follows: 95˚C for 30 sec, followed by 40 cycles of 95˚C 
for 30 sec, 60˚C for 30 sec and 72˚C for 20 sec, and 72˚C for 
10 min prior to holding at 4˚C. The primer sequences used 
were designed as follows: HCN4 forward, 5'‑AGT​TGC​GTT​
TCG​AGG​TCTT‑3' and reverse,  5'‑CTT​TGT​TGC​CCT​TAG​
TGAGC‑3'; Cx43  forward, 5'‑TGC​TAT​GAC​AAA​TCC​TTC​
CCA​ATC‑3' and reverse,  5'‑GCC​GTG​CTC​TTC​AAT​TCC​
ATA​CTT‑3'; Cx45 forward, 5'‑CAG​CAG​ACT​TCC​TTG​CCC​
TCATA‑3' and reverse,  5'‑CTT​AGC​ATT​GGA​CAG​TTC​
GGTGT‑3'; GAPDH  forward,  5'‑GAG​ATC​CCG​CCA​ACA​
TCAAA‑3' and reverse, 5'GGC​ATC​AGC​AGA​AGG​AGC​AG3' 
(Invitrogen). Quantitative measurements were determined 
using the comparative Ct (2‑ΔΔCq) method (12). All samples 
were normalized against the endogenous level of GAPDH. 
All results were repeated in triplicate and were analyzed using 
MxPro‑Mx3000P software (Agilent Technologies, Inc.).

Western blot analysis. Western blot assays were performed 
according to previously described methods (10,11,13). Briefly, 
cMSCs were lysed with RIPA buffer containing phenylmeth-
ylsulfonyl fluoride (Sangon Biotech Co., Ltd.) , then 50 µg total 
protein was quantitated using a BCA protein assay kit (P0009; 
Beyotime Institute of Biotechnology) and subjected to 6‑10% 
SDS‑PAGE. After being resolved by electrophoresis, the 
proteins were transferred to a polyvinylidene fluoride membrane 
(EMD Millipore, Billerica, CA, USA), blocked for 3 h at room 
temperature in Tris‑buffered saline (TBS) with 5% bovine serum 

albumin (10099‑141; Gibco; Thermo Fisher Scientific, Inc.), and 
incubated with anti‑HCN4 (1:100; ab69054; Abcam), anti‑Cx43 
(1:200; sc‑9059; Santa Cruz Biotechnology, Inc., Dallas, TX, 
USA), anti‑Cx45 (1:200; sc‑25716) rabbit and GAPDH (1:200; 
sc‑48166; Santa Cruz Biotechnology, Inc.) goat polyclonal anti-
bodies overnight at 4˚C, with gentle agitation. After washing 
three times with TBS with Tween‑20, the membranes were incu-
bated with corresponding horseradish peroxidase‑conjugated 
mouse anti‑rabbit polyclonal IgG (1:5,000; sc‑2357; Santa Cruz 
Biotechnology, Inc.) at room temperature for 2 h. The specific 
bands of the target proteins were visualized using an enhanced 
chemiluminescence detection kit (P0018A; Beyotime Institute 
of Biotechnology), according to the manufacturer's recom-
mendations. Finally, the target signals were normalized against 
the GAPDH signal and analyzed using Quantity One software 
(version 4.62; Bio‑Rad Laboratories, Inc., Hercules, CA, USA). 
Standard curve concentrations were 0.025, 0.05, 0.1, 0.2, 0.3, 0.4 
and 0.5 µg/µl, respectively with the wavelength set to 562 nm in 
UV. Experiments were performed >3 times to verify quantifica-
tion values.

Statistical analysis. All values are presented as the mean ± stan-
dard error of the mean. Statistical comparisons were analyzed 
using Student's unpaired t‑test with SPSS 19.0 software (IBM 
SPSS, Armonk, NY, USA). P<0.05 was considered to indicate a 
statistically significant difference.

Results

Demonstration of gene transfer. At an MOI of 20, the 
transfection rate of the cMSCs was 95±3.7%, which was 
confirmed by confocal laser microscope images in at least 

Figure 1. Laser confocal microscopy images of canine mesenchymal 
stem cells following successful transfection of pLentis‑mHCN4‑GFP, as 
evidenced by the expression of HCN4 with GFP. Nuclei were stained with 
4',6‑diamidino‑2‑phenylindole (scale bar, 20 µm). GFP, green fluorescent pro-
tein; HCN4, hyperpolarization‑activated cyclic nucleotide‑gated channel 4.
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two different random fields. The mHCN4‑GFP‑transfected 
cMSCs in groups A and B expressed GFP and HCN4 protein 
(Fig. 1).

Characteristics of If in transfected cMSCs. The If character-
istics were recorded in whole cell patch‑clamp mode. The 
mHCN4‑GFP transfected cMSCs in group A showed a time 

Figure 2. Characteristics of functional expression of If in mouse hyperpolarization‑activated cyclic nucleotide‑gated channel 4 (mHCN4)‑transfected canine 
msenchymal stem cells (cMSCs). (A) If current recorded in group A. (B) Effect of extracellular Cs+ on If. (C) Effect of EPCS on HCN4‑transfected cMSCs. 
(D) Voltage protocol enables the mensuration of the (E) reversal potentials. (F) Representative tail currents used to construct the If activation curves. Data are 
presented as the mean ± standard error of the mean. EPCS, electric pulse current stimulation.

  A   B

  C   D

  E   F

Table I. Comparative data measured for If in mHCN4‑transfected canine mesenchymal stem cells in groups A and B.

Parameter	 Group A	 Group B

Detection rate	 76% (16/21)	 77% (17/22)
Current amplitude (pA, ‑160 mV)	‑ 1,081.5±15.4	‑ 1, 343.4±18.6a

Cell membrane capacitance (pF)	    24.3±4.8	 25.0±5.6
Current density (pA/pF, ‑160 mV)	   ‑45.6±7.7	‑ 53.7±4.0a

Half‑maximal activation (mV)	‑ 101.2±4.6	‑ 92.4±4.8a

Slope factor	   ‑16.0±1.6	‑ 18.8±1.8a

Time constant of activation (msec, ‑160 mV)	    324±41	  251±44a

Reversal potential (mV)	   ‑26.4±3.8	‑ 28.9±3.0a

Data are presented as the mean ± standard error. aP<0.05 vs. group A.
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and voltage dependent inward current (Fig. 2A). The current 
amplitude was ‑1,081.5±15.4  pA at ‑160  mV command 
voltage, and the current density was ‑45.6±7.7 pA/pF at the 
same voltage. The V1/2 was ‑101.2±4.6 mV, the time constant 
of activation was 324±41 msec at ‑160 mV, similar to values 
for HCN4 expression in cardiac myocytes (14). The voltage 
protocol (Fig. 2D) enabled the measurement of the reversal 
potential (Fig. 2E), which was ‑26.4±3.8 mV. The detection 
rate of this inward current was 76% (16/21). It was also inves-
tigated whether Cs+, a specific pacemaker current blocker, 
was able to block this expressed current. This inward current 
was blocked following the external addition of 4 mmol/l Cs+ 
(Fig. 2B), consistent with Cs+ inhibition of If as previously 
reported (3‑5).

Under the same recording conditions, the detection rate 
of the If current was similar in the EPCS inductive group B 
(77%, 17 of 22). The channel activation curve shifted to right 
(Fig. 2F), which indicated that the current curve depicted a 
positive forward reaction. The V1/2 changed to ‑92.4±4.8 from 
‑101.2±4.6 mV (P<0.05; Table I), while the absolute values 
of If channel reversal potential increased (‑28.9±3.0  vs. 
‑26.4±3.8  mV, P<0.05). The time constant of activation 
decreased to 251±44 msec at ‑160 mV (P<0.05).

Expression of gap junction proteins. For consistent compari-
sons in mHCN4 transfected cMSCs with or without EPCS 
induction, the gap junctions between adjacent cells were 
analyzed using TEM (Fig. 3). Following EPCS induction, 
the cMSCs showed an increased expression of gap junctions 
as Fig. 3B. In addition, the mRNA and protein expression 
levels of Cx43 and Cx45 in each group were evaluated using 
RT‑qPCR and western blot analyses. As shown in Fig. 4, 
the mRNA expression levels of HCN4, Cx43 and Cx45 were 
significantly increased in EPCS inductive group B compared 
with group  A (P<0.05). The protein expression levels of 
HCN4, Cx43 and Cx45 were also upregulated in group B, as 
shown in Fig. 5.

Discussion

Due to the limited ethical restrictions and immune privilege, 
MSCs are currently the optimal candidate for biological 
pacemaker reconstruction (3‑5). In our previous studies, we 
demonstrated that mHCN4‑transfected cMSCs can express 
HCN4 protein stably and produce an If pacemaker current 
in vitro and in vivo (3,4). Wen et al previously reported that 
cMSCs are able to differentiate into cardiomyocytes by treat-
ment with EPCS (10). The aim of the present study was to 
investigate the effects of EPCS on the If channel reconstructed 
in mHCN4‑transfected cMSCs.

The HCN gene family is responsible for the generation 
of the pacemaker If current. The isoform HCN4 has been 
demonstrated to be important for the proper function of pace-
making (3). The heart is the largest source of bioelectricity in 

Figure 5. HCN4, Cx43 and Cx45 protein expression was detected using 
western blot analysis. HCN4, hyperpolarization‑activated cyclic nucleo-
tide‑gated channel 4; EPCS, electric pulse current stimulation; Cx, connexin.

Figure 3. Transmission electron micrographs of gap junctions in adjacent cells. 
(A) Gap junctions in hyperpolarization‑activated cyclic nucleotide‑gated 
channel 4 (mHCN4)‑transfected canine mesenchymal stem cells (cMSCs) 
(group A). (B) Gap junctions were increased in mHCN4‑cMSCs induced by 
EPCS (group B). Arrows indicate the gap junctions.

Figure 4. HCN4, Cx43 and Cx45 gene expression were examined using 
reverse transcription‑quantitative polymerase chain reaction. Data are pre-
sented as the mean ± standard error. *P<0.05 vs. HCN4 (group A). HCN4, 
hyperpolarization‑activated cyclic nucleotide‑gated channel 4; EPCS, elec-
tric pulse current stimulation; Cx, connexin.

  A

  B
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the human body, and numerous studies have investigated the 
effects of applying electrical stimulation signals to heart (6‑10). 
In cardiac tissue engineering studies, biomimetic systems 
mimicking electrical signals in native heart have been used 
to enhance functional coupling of the cells and to increase the 
amplitude of synchronous construct contractions (6‑10). An 
electric stimulation system had been designed in the Department 
of Cardiology at Southwest Hospital, Third Military Medical 
University to deliver electrical signals mimicking those in the 
native heart. This EPCS system had been shown to be safe 
for use in cMSCs, and successfully promoted the cardiogen-
esis of cMSCs in our previous study (10). The present study 
demonstrated that mHCN4‑expressing cMSCs are capable 
of generating a time‑ and voltage‑ dependent inward current. 
This current is quite sensitive to extracellular Cs+ and has 
similar channel kinetic characteristics as physiological HCN4 
If current  (14). Following EPCS conduction, the channel 
activation curve shifted to the right and the time constant of 
activation decreased. TEM images showed more gap junctions 
in the EPCS inductive group. Therefore, it was hypothesized 
that these changes in the If current may be associated with the 
variation of gap junctions.

Gap junctions can establish communication channels 
between adjacent cells and allow direct intercellular transfer 
of ions, small molecules and electrical coupling (15). Gap 
junctions are composed of Cx protein subunits, and there 
are 21 members in the Cx gene family in the human genome 
and 20 members in the mouse to date (16). Cx40, Cx43 and 
Cx45 are expressed in cardiac tissues with distinct distribu-
tions. Cx45 is predominantly expressed in SAN, and is able 
to assemble gap junction channels with low conduction. By 
contrast, Cx40 and Cx43 are primarily expressed in working 
myocardium and can form gap junction channels with high 
conduction. Notably, a number of studies have suggested that 
Cx43 may also be expressed in SAN (16,17). Mutations in Cx43 
may result in cardiac malformations and related to atrial fibril-
lation and sudden infant death syndrome (18,19). Recently, 
Yamada et al reported that Cx45 expression was markedly 
increased in patients with heart failure, and the upregulation of 
Cx45 in cardiac myocytes may lead to increased arrhythmias 
in the failing heart, which may impact the downregulation of 
Cx43 (20,21).

In the present study, the expression fold changes of Cx43 
and Cx45 were evaluated in mHCN4 genetically modified 
cMSCs in vitro. The mRNA and protein expression levels 
of Cx43 and Cx45 were detected in mHCN4‑transfected 
cMSCs. Following EPCS induction, the expression of Cx43, 
Cx45 and HCN4 were significantly increased. Under the 
same conditions, reduced Cx43 expression and barely detect-
able Cx45 expression were detected in GFP‑transfected 
cMSCs, indicating that mHCN4 is able to promote the 
expression of gap junction proteins, and that EPCS enhanced 
this effect. Collectively, the present results indicate that the 
activation and amplification of mHCN4 may promote the 
cardiac differentiation progress of cMSCs. In our previous 
study, we performed preliminary experiments using fluores-
cence recovery after photo bleaching to determine whether 
mHCN4‑transfected cMSCs could form functional gap 
junctions  (22). The average fluorescence recovery rate of 
mHCN4‑transfected cMSCs co‑cultured with neonatal rat 

atrial cells was obviously increased compared with those of 
GFP‑transfected cMSCs co‑cultured with neonatal rat atrial 
cells, and it was same as cultured neonatal rat atrial cells (data 
not shown). These results suggest that mHCN4‑transfected 
cMSCs are able to assemble functional gap junctions, which 
is consistent with the findings of Valiunas et al (23).

In conclusion, the present results suggest that 
mHCN4‑transfected cMSCs are able to generate pacemaker If 
current, and that EPCS enhanced this effect. In addition to the 
increased gap junctions and upregulated Cx43 and Cx45 expres-
sion, we infer that EPCS may promote the If current reconstructed 
in mHCN4 genetically modified cMSCs via the incremental 
gap junctions assembled by Cx43 and Cx45. In addition, this 
study may provide a reference for the future studies involving 
biological pacemaker reconstruction in canines, and may assist 
in the future development of gene‑targeted and regenerative 
therapeutic remedies for SAN dysfunction in humans.
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