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Abstract. Ion channels serve important roles in the 
excitation‑contraction coupling of cardiac myocytes. 
Previous studies have shown that the overexpression or 
activation of intermediate‑conductance calcium‑activated 
potassium channel (SK4, encoded by KCNN4) in embryonic 
stem cell‑derived cardiomyocytes can significantly increase 
their automaticity. The mechanism underlying this effect 
is hypothesized to be associated with the activation of 
hyperpolarization‑activated cyclic nucleotide‑gated channel 2 
(HCN2). The aim of the present study was to explore 
whether a biological pacemaker could be constructed by 
overexpressing SK4 alone or in combination with HCN2 in 
a rat model. Ad‑green fluorescent protein (GFP), Ad‑KCNN4 
and Ad‑HCN2 recombinant adenoviruses were injected into 
the left ventricle of Sprague‑Dawley rat hearts. The rats were 
divided into a GFP group (n=10), an SK4 group (n=10), a 
HCN2 group (n=10) and an SK4 + HCN2 (SK4/HCN2) group 
(n=10). The isolated hearts were perfused at 5‑7 days following 
injection, and a complete heart block model was established. 
Compared with the GFP group, overexpressing SK4 alone did 
not significantly increase the heart rate after establishment 
of a complete heart block model [98.1±8.9  vs. 96.7±7.6 
beats per min (BPM)], The heart rates in the SK4/HCN2 
(139.9±21.9 BPM) and HCN2 groups (111.7±5.5 BPM) were 
significantly increased compared with the GFP and SK4 
groups, and the heart rates in the SK4/HCN2 group were 

significantly increased compared with the SK4 or HCN2 
groups. In the HCN2 (n=8) and the SK4/HCN2 (n=7) groups, 
the shape of the spontaneous ventricular rhythm was the same 
as the pacing‑induced ectopic rhythm in the transgenically 
altered site. By contrast, these rhythms were different in the 
SK4 (n=10) and GFP (n=10) groups. There were no significant 
differences in action potential duration alternans or ventricular 
arrhythmia inducibility between the four groups (all P>0.05). 
Western blotting, reverse transcription‑quantitative PCR and 
immunohistochemistry analyses showed that the expression 
levels of SK4 and HCN2 were significantly increased at 
the transgene site. Biological pacemaker activity could be 
successfully generated by co‑overexpression of SK4 and 
HCN2 without increasing the risk of ventricular arrhythmias. 
The overexpression of SK4 alone is insufficient to generate 
biological pacemaker activity. The present study provided 
evidence that SK4 and HCN2 combined could construct an 
ectopic pacemaker, laying the groundwork for the development 
of improved biological pacing mechanisms in the future.

Introduction

Calcium‑activated potassium channels can be categorized 
as large‑conductance calcium‑activated potassium channels, 
intermediate‑conductance calcium‑activated potassium chan-
nels (IK or SK4, encoded by KCNN4), or small‑conductance 
calcium‑activated potassium channels (SK1‑3) according to 
their level of conductance (1).

SK4 is a non‑voltage‑dependent channel, and intracellular 
free calcium concentrations are sufficiently high to activate 
these channels. The channel is widely distributed in red 
blood cells, lymphocytes, monocytes, macrophages, epithelial 
cells and vascular smooth muscle cells (2). In addition, SK4 
transcripts are found in embryonic stem cell‑derived cardio-
myocytes (ESC‑CM), the mouse sinoatrial node, the adult 
human right atrium and in ventricular biopsies (3‑6). Previous 
studies have shown that the overexpression or activation of 
SK4 in ESC‑CM can significantly increase the duration of 
action potentials, elevate the trigger frequency and increase the 
beating area of cardiac embryoid bodies; these effects disap-
pear after SK4 channel blockage, indicating that SK4 serves 
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an important role in regulation of the cardiac rhythm (3,4). A 
recent study has shown that SK4 is closely related to the pace 
function of the sinoatrial node in vivo (7). It was shown that 
the trigger frequency of the sinoatrial node decreased signifi-
cantly following application of a specific inhibitor of SK4, and 
a mathematical model predicted that the trigger frequency of 
the sinoatrial node cells could be increased by the increasing 
SK4 current (6). A previous study postulated that the SK4 
outward potassium current, which is responsible for the notch 
of the maximum diastolic potential (MDP), provides a driving 
force that is sufficiently strong to activate funny current [I(f) 
current] at the early phase of the diastolic depolarization (DD) 
slope (2).

Hyperpolarization‑activated cyclic nucleotide‑gated 
channel (HCN)2 is a member of the HCN channel family and 
its activity is affected by cAMP. Compared with HCN1, HCN2 
and HCN4 both respond strongly to camp, but HCN2 has faster 
kinetics than HCN4, thus HCN2 was chosen for the present 
study. Previous studies have shown that the overexpression of 
HCN2 alone (8,9) or in combination with other genes (10‑13) 
can increase the beating frequency of cardiomyocytes, and 
promote in  vivo pacemaker activity in a canine model of 
complete heart block. The aim of the present study was to 
explore whether the SK4 overexpression alone or combined 
with HCN2 could generate biological pacemaker activity. This 
was investigated in a rat model of complete heart block.

Materials and methods

Animals. The present study was approved by the Animal Studies 
Subcommittee of Wuhan University School of Medicine and 
was conducted in accordance with the Guide for the Care 
and Use of Laboratory Animals of the National Institutes of 
Health (14). All of the surgeries were performed under sodium 
pentobarbital anesthesia (40 mg/kg). After a 30‑min procedure, 
the animals were routinely treated with penicillin for 3 days to 
prevent infection, and then housed in a barrier environment 
until the end of the experiment. Prior to the heart extraction, 
the rats were anesthetized intraperitoneally with pentobarbital 
sodium (40 mg/kg). When deep anesthesia was established 
[respiratory depression, severe muscle relaxation, bradycardia, 
no reflexes (palpebral, corneal) and pupil dilation], the heart 
was removed for further experiments.

Adenovirus construction and purification. pHBAd‑MCMV 
(Hanbio Biotechnology Co., Ltd.) was double digested with 
BamHI/AgeI. The ORF of the mouse KCNN4 gene (GenScript) 
was amplified via PCR using Taq polymerase (SinoBio Biotech). 
The sequences were: Kcnn4, forward 5'‑GTT​CTG​CAC​GCT​
GAG​ATG​TTG‑3' and reverse 5'CTT​GGC​ATG​GAA​GAC​CAC​
AAT‑3'. The thermocycling conditions were pre‑denaturation 
at 98˚C for 5 min, denaturation at 98˚C for 10 sec, annealing 
at 55˚C for 10 sec, and a final extension at 72˚C for 90 sec, a 
total of 30 cycles. After enzyme digestion, gel extraction was 
performed. The digested fragment and vector were ligated to 
form pHBAd‑MCMV‑KCNN4, which was then transformed 
into competent DH5α cells (Tiangen Biotech Co., Ltd.). Positive 
clones were identified by liquid sequencing. Large‑scale prepa-
ration of recombinant plasmid was conducted using the Plasmid 
Midi Preparation kit (Beijing CW Biotech Co., Ltd.). 293 

cells (from our laboratory; 60% confluence) were transfected 
with pHBAd‑MCMV‑KCNN4 (1  µg/µl) and the backbone 
vector pHBAd‑BHG (Hanbio Biotechnology Co., Ltd.) using 
Lipofectamine 2000® (Thermo Fisher Scientific, Inc.). The 
supernatant was harvested after virus amplification (10 days). 
pHBAd‑MCMV vector was also used for mouse HCN2 
(M‑HCN2, forward 5'‑GTT​CTG​CAC​GCT​GAG​ATG​TTG‑3' 
and reverse 5'‑CTT​GGC​ATG​GAA​GAC​CAC​AAT‑3') and GFP 
construction. HCN2 vectors were prepared as described previ-
ously (15). The titers of Ad‑GFP, Ad‑HCN2 and Ad‑KCNN4 
were measured as 1x1010 PFU/ml and preserved at ‑80˚C.

Experimental protocol. A total of 40 male 8‑week Sprague 
Dawley rats each weighing 220‑250 g were purchased from 
Hunan Slac Jingda Laboratory Animal Co., Ltd. and raised in 
an SPF laboratory animal room at 20‑26˚C with humidity of 
40‑70% and fed with irradiated feed and sterile water. The rats 
were randomly divided into 4 groups: A GFP group (n=10), 
a SK4 group (n=10), a HCN2 group (n=10) and a SK4/HCN2 
group (n=10). All of the surgeries were performed under sodium 
pentobarbital anesthesia (40 mg/kg). Once anesthetized, the 
rats were intubated, and a thoracotomy was performed on the 
left side to expose the heart. The free left ventricle wall was 
used as the transgene injection site. The injection site was 
marked by a line on the surface of the left ventricle, and the 
virus was injected with a microsyringe (1x109 PFU/ml, 100 µl).

Ex vivo electrocardiogram recording. At 5‑7 days following 
cardiac injection (the levels of gene expression were highest 
during this time window; data not shown), when complete 
anesthesia was established in rats, a thoracotomy was 
conducted, and the hearts were quickly isolated, inserted 
into a Langendorff perfusion system (ADInstruments Ltd.) 
and secured for retrograde perfusion at 37˚C with oxygen-
ated Tyrode's solution at a rate of 6‑8 ml/min. The perfused 
heart was placed on a Sylgard‑coated plate filled with warm 
Tyrode's solution (mM:NaCl 130, KCL 5.4, CaCl2 1.8, MgCl2 
1, Na2HPO4 0.3, HEPES 10 and Glucose 10; pH=7.4, adjusted 
with NaOH). ECG leads I and II were placed at appropriate 
sites. After a 20‑min equilibration period, the atrioventricular 
node region was ablated with 75% alcohol using a microsy-
ringe. After a complete heart block was stably established, the 
heart rate was recorded for a period of 20 min and electrode 
pacing was performed at the site of the transgene injection at 
200‑msec intervals.

Action potential duration (APD) alternans. Paired platinum‑ 
stimulating electrodes were positioned on the basal surface of 
the right ventricle. The S1‑S1 pacing protocol was performed 
with a series of pulse trains at a regular pacing cycle length 
(PCL). Starting at 150 msec, the PCL was shortened to 
70 msec in 10‑msec intervals. The regular pacing at each 
PCL lasted for 15 sec to ensure a steady rhythm, and each 
pacing was separated by at least 30 sec to minimize the pacing 
memory. The APD at a PCL of 300 msec was determined at 
90% repolarization (APD90) at each site. The APD alternans 
was assessed at each site by subtracting the APD90 for 2 
consecutive beats when the alternate APD90 differed by 5% 
over 10 beats. The threshold was defined as the maximal PCL 
(PCLmax) that induced APD alternans.
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Ventricular arrhythmia (VA) inducibility. Burst pacing proto-
cols were performed to determine the VA susceptibility. Burst 
pacing (2‑msec pulses at 50 Hz and two spacing durations) 
was performed at the left anterior free‑wall, and repeated 
3 times after a 2‑sec rest period. VA was defined as a run of 
>2 sec of consecutive premature ventricular contractions (wide 
QRS complexes). VA was considered non‑sustained when the 
contractions lasted 2‑30 sec and sustained when they lasted 
>30 sec, according to established criteria (16). The VA vulner-
ability was evaluated based on the incidence of VA and the 
ratio of sustained VA.

Western blot analysis. Tissue specimens were obtained from 
the myocardium from the injection site and temporarily stored 
at ‑80˚C until assay. The tissue protein was extracted by 
RIPA Lysis Buffer (Aspen Technology, Inc.). Determination 
of protein concentration was the BCA method. Then, 5% of 
concentration gel and 10% of separation gel were chosen and 
the protein samples (40 µg protein/lane) were mixed with 5X 
SDS‑PAGE buffer (Aspen Technology, Inc.) in a water bath 
at 95‑100˚C for 5 min, prior to being transferred to a poly-
vinylidene difluoride membrane. The expression of SK4 and 
HCN2 was measured using western blotting (n=10/group). 
Membranes were incubated with the primary antibodies 
against GAPDH (loading control; 1:500; ab181602, Abcam), 
SK4 (1:500; ab215990, Abcam) and HCN2 (1:1,000; ab19346, 
Abcam). The membranes were blocked with 5% non‑fat dry 
milk in tris‑buffered saline with 0.05% Tween 20 (TBST) 
for 1 h at room temperature and incubated with the primary 
antibodies overnight at 4˚C. The membranes were then washed 
in TBST three times, incubated with horseradish peroxi-
dase‑conjugated anti‑rat (1:10,000; 14‑16‑06) and anti‑rabbit 
(1:10,000; 074‑1506) secondary antibodies (SeraCare Life 
Sciences, Inc.) for 1 h at 37˚C, and imaged using Immun‑Star 
(Bio‑Rad Laboratories, Inc.) horseradish peroxidase substrate. 
The relative expression of the protein levels were determined 
using image analyzer software (AlphaEaseFC V; Alpha 
Innotech; ProteinSimple).

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from the myocardium (100 mg) at the end 

of the study using TRIzol reagent (1 ml) (Invitrogen; Thermo 
Fisher Scientific, Inc.). RT‑qPCR was performed to evaluate 
the mRNA expression of KCNN4 and HCN2 (n=10/group). 
Isolated RNA (2 µg) was converted into cDNA using a First 
Strand cDNA Synthesis kit (Toyobo Life Science) in a 15 µl 
mixture as follows: 42˚C for 2 min, 37˚C for 15 min, 85˚C 
for 5 min and 4˚C for 10 min. The primers (Table I) used for 
qPCR amplification were synthesized by Invitrogen (Thermo 
Fisher Scientific, Inc.). qPCR was performed using a StepOne 
Real‑Time PCR system (Life Technologies, Thermo Fisher 
Scientific, Inc.) and SYBR® Premix Ex Taq™ II (Takara 
Bio, Inc.) as follows: Pre‑denaturation at 95˚C for 5  min, 
denaturation at 95˚C for 30 sec, annealing at 58˚C for 20 sec, 
and a final extension at 72˚C for 45 sec, a total of 40 cycles. 
The dissolution curve was from 60‑95˚C and the temperature 
was raised by 1˚C per 20 sec. Semilog amplification curves 
were analyzed using the 2‑∆∆Cq comparative quantification 
method, and the expression of each gene was normalized to 
GAPDH (17).

Immunohistochemistry. SK4 and HCN2 overexpression were 
validated by immunohistochemistry. All the samples for 
histology were fixed in 4% paraformaldehyde for 15 min at 
room temperature and embedded in paraffin. Sections (4 µm) 
were cut from paraffin blocks of myocardium. The sections 
were stained with a rabbit anti‑HCN2 antibody (1:200; 
ab84817, Abcam) and a mouse anti‑SK4 antibody (1:200; 
ab219108, Abcam) overnight at 4˚C. The sections were then 
incubated with Cy3‑conjugated goat anti‑mouse IgG (1:50, 
AS‑1112, Aspen Technology, Inc.; red fluorescence for SK4) 
and Alexa Fluor® 488‑conjugated goat anti‑rabbit IgG (1:50, 
AS‑1109, Aspen Technology, Inc.; green fluorescence for 
HCN2) secondary antibodies for 50 min at 37˚C. DAPI was 
used to visualize the nuclei at room temperature for 3 min. 
Images were obtained from three random visual fields in three 
different samples. Each slide was examined under a fluores-
cence microscope (magnification, x200).

Statistical analysis. The data are expressed as the 
mean ± standard deviation. The statistical significance of 
the differences between two groups was determined using 

Table I. Polymerase chain reaction primers used in this study.

Gene	 Primer sequences	 Product size (bp)

R‑GAPDH	
  Forward	 5'‑CGCTAACATCAAATGGGGTG‑3'	 201
  Reverse	 5'‑TTGCTGACAATCTTGAGGGAG‑3'
M‑HCN2		
  Forward	 5'‑TCCTCATAGTGGAGAAGGGAATC‑3'	 191
  Reverse	 5'‑ACAGATGCGCATCACTGCAC‑3'
M‑SK4	
  Forward 	 5'‑GTTCTGCACGCTGAGATGTTG‑3'	 126
  Reverse	 5'‑CTTGGCATGGAAGACCACAAT‑3'

R‑GAPDH, rat GAPDH; M‑HCN2, mouse hyperpolarization‑activated cyclic nucleotide‑gated channel 2; M‑SK4, mouse intermediate‑conduc-
tance calcium‑activated potassium channel.

https://www.spandidos-publications.com/10.3892/mmr.2019.10591
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Student's t‑test. Comparisons among multiple groups were 
made using one‑way analysis of variance with Turkey tests. 
P<0.05 was considered to indicate a statistically significant 
difference. All of the statistical analysis was performed using 
SPSS 20.0 software (IBM Corp.).

Results

Expression of SK4 in the rat heart. The expression of SK4 was 
detected using western blotting in different portions of the 
Ad‑GFP rat heart (n=10); the expression level of SK4 in the 
ventricle area was the highest, followed by the sinoatrial node 
and the atrioventricular node area. The expression was lowest 
in the atrial area (Fig. 1).

Ex vivo complete heart block model and origin of ectopic 
rhythm. The atrioventricular node region was ablated with 
75% alcohol using a microsyringe. After the atrioventricular 
node was ablated, the electrocardiogram showed obvious 
atrioventricular dissociation, and the heart rate was clearly 
slowed. After the atrioventricular node was ablated, all 
of the isolated perfused hearts showed junctional escape 
rhythm or ventricular rhythm (Fig. 2). Compared with the 
spontaneous electrocardiogram after complete heart block 
and the pacing electrocardiogram of the transgene site, it was 
observed that the hearts in the GFP and SK4 groups showed 
junctional escape rhythms (Fig. 2A and B). Furthermore, the 
pacing electrocardiogram at the transgene site was markedly 
different compared with the spontaneous electrocardiogram 
(Fig. 2A and B). By contrast, the pacing electrocardiograms 
at the transgene sites in the HCN2 (n=8) and the SK4/HCN2 
(n=7) groups were similar to the corresponding spontaneous 
electrocardiograms, and exhibited a ventricular rhythm 
(Fig. 2C and D). As opposing P wave axes were observed 
in the GFP group, and the SK4 and HCN2 groups, it was 
hypothesized that the P waves may change polarity during 
the process of atrioventricular block, due to the heteroge-
neity of conduction velocity in the heart. Compared with 
the GFP [96.7±7.6 beats per min (BPM; maximum, 105 
BPM; minimum, 80 BPM)] and SK4 groups [98.1±8.9 BPM 
(maximum, 105 BPM; minimum, 74 BPM)], the sponta-
neous heart rates in the HCN2 group were significantly 
increased [111.7±5.5 BPM (maximum, 123 BPM; minimum, 
103 BPM); P<0.05 vs. GFP and SK4], and the heart rates 
in the SK4/HCN2 group were further increased compared 

with the HCN2 group [139.9±21.9 BPM (maximum, 217 
BPM; minimum, 120 BPM); P<0.05, Table II]. To determine 
the stability of heart rates after complete heart block was 
established, heart rate variability with an assessment of the 
standard deviation of NN intervals (SDNN). The SDNNs of 
the four groups are presented in Table III. It was determined 
that the SDNN was not significantly affected by SK4 and/or 
HCN2 overexpression.

APD alternans and VA inducibility. To evaluate the risk of 
VA, APD alternans and VA inducibility were measured. The 
threshold of APD alternans was not statistically significant 
between the various groups. Additionally, neither non‑sustained 
ventricular tachycardia nor ventricular fibrillation was induced 
in each group, and the incidence of ventricular premature 
contraction was not significantly different between the groups 
(Table IV).

Expression levels of SK4 and HCN2. Myocardial tissue was 
extracted from the transgene site to detect the expression of 
SK4 and HCN2 protein, and the corresponding genes HCN2 
and KCNN4 (Figs. 3 and 4). Western blotting revealed that 
the expression levels of SK4 were higher in the SK4 group 
(0.83±0.04) and the SK4/HCN2 group (0.84±0.04) compared 
with in the GFP group (0.45±0.03; P<0.05; Fig. 3A); however, 
there was no significant difference between the SK4 and 
SK4/HCN2 groups (P>0.05), nor between the HCN2 and GFP 
groups. Similarly, the expression levels of HCN2 in the HCN2 
group (0.65±0.03) and the SK4/HCN2 group (0.67±0.02) were 
higher than in the GFP group (0.15±0.01; P<0.05; Fig. 3A). 
There was no significant difference between the HCN2 and 
the SK4/HCN2 groups (P>0.05), or the SK4 and GFP groups 
(P>0.05). The RT‑qPCR results demonstrated similar expres-
sion profiles at the mRNA level (Fig. 3B). SK4 and HCN2 
overexpression were further validated by immunohistochem-
istry. As presented in Fig. 4, SK4 (red) and HCN2 (green) 
were both overexpressed in tissue from the SK4, HCN2 and 
SK4/HCN groups compared with the GFP group.

Discussion

In the present study, biological pacemaker activity was 
successfully generated via the overexpression of SK4/HCN2 
in a rat model of complete heart block. The results showed 
the following: i) SK4 and HCN2 were successfully expressed 

Figure 1. Expression of SK4 in different portions of the rat heart. Western blots of protein sample extracts from the different portion of the normal heart. 
Antibodies for GAPDH were used as a reference. SK4, intermediate‑conductance calcium‑activated potassium channel; LA, left atrium; RA, right atrium; LV, 
left ventricle; RV, right ventricle; SAN, sinoatrial node; AVN, atrioventricular node.
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in the myocardium after the adenoviral vectors was injected; 
ii) SK4/HCN2 co‑overexpression could generate an ectopic 
rhythm in the ventricle; and iii) the pacing efficiency in the 

SK4/HCN2 co‑overexpression group was improved compared 
with that in the groups with overexpression of HCN2 or SK4 
alone.

Figure 2. Electrocardiographic recordings of intact perfused hearts. (A) GFP and (B) SK4 group hearts showed a narrow‑QRS junctional escape rhythm, the 
opposite pattern to those of electrode‑paced beats at the injection site. The morphology of the ectopic beats in (C) HCN2 and (D) SK4/HCN2 group were very 
similar to those of the electrode‑paced beats at the transgene site. GFP, green fluorescent protein; HCN2, hyperpolarization‑activated cyclic nucleotide‑gated 
channel 2; SK4, intermediate‑conductance calcium‑activated potassium channel.

https://www.spandidos-publications.com/10.3892/mmr.2019.10591
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SK4 previously was found to be expressed in the mouse 
SAN  (6), ESC‑CM  (4,5), adult human SAN  (6) and right 
atrium, and in ventricular biopsies  (2). The present study 
found that SK4 was expressed in the rat atrium, ventricle, SAN 
and atrioventricular node, with the highest expression levels 
observed in the ventricle. A previous study has shown that 
after the SK4 channel was specifically inhibited, the MDP of 
cardiomyocytes was depolarized but the duration of APD50 
was unaltered, indicating that SK4 currents do not notably 
affect the action potential repolarization duration and only act 
on the late stage of repolarization (5).

Previous studies have shown that overexpression or activa-
tion of SK4 in embryonic stem cell‑derived cardiomyocytes 
(ESC‑CM) can increase the APD, trigger frequency and 
beating area of the embryoid body  (3,4); a mathematical 
model predicted that the trigger frequency of the sinoatrial 
node cells could be increased by increasing SK4 current (6). 
Therefore, the improved biological pacing activity induced 
by SK4/HCN2 co‑overexpression in the present study may be 
regulated by the outward SK4 potassium current. This current 
is responsible for the notch of the MDP, providing a driving 
force that is sufficiently strong to activate the I(f) current at the 
early phase of the DD slope; SK4 synergistically interacts with 
I(f) by maintaining the voltage changes within a range where 
HCN channels can most effectively operate (2). It is proposed 
that this phenomenon is termed SK4‑induced I(f) activation. 
However, the overexpression of SK4 alone cannot generate 

biological pacing activity, possibly due to inadequate activa-
tion of HCN channels.

Similar to IK1‑induced I(f) activation  (18), IK1 has 
long been considered to hyperpolarize cell membranes and 
inhibit cardiac automaticity; inhibition or knockout of IK1 
can increase cardiac automaticity (19). However, it has been 
observed that co‑overexpression of IK1/HCN can significantly 
increase the beating frequency of left ventricular cardiomyo-
cytes (20) and induce the automaticity of unexcitable 293T cells 
and ESC‑CM cells (21). Electrophysiological data have shown 
that IK1 can promote an increase in MDP hyperpolarization, 
accelerate the four‑phase depolarization slope and shorten the 
APD, thus increasing the frequency of I(f)‑induced automa-
ticity (18). Other studies indicated that biological pacemaker 
activity can also be successfully created by overexpression of 
T‑box18 (TBX18) in vivo (22‑24). The hypothesized mecha-
nisms underlying this phenomenon are as follows: i) TBX18 
can convert ventricular myocytes into sinoatrial node‑like 
cells; and ii) TBX18 drives upregulation of HCN4 or HCN2, 
and downregulation of connexin 43, which increases automa-
ticity and the conduction of impulse. The similarities between 
the above studies and the present study is that HCN channel is 
involved; however, unlike TBX18, which affects the expression 
of HCN, the present study focused on the synergistic effects of 
SK4 and HCN2 channel overexpression.

Previous studies have shown that the biological heart rates 
generated by overexpression of HCN212, Adenylate yclase1 

Table II. Heart rate after a complete heart block was established between groups.

Groups	 GFP 	 SK4 	 HCN2 	 SK4/HCN2

Heart rate (beats/minute)	 96.7±7.6	 98.1±8.9	 111.7±5.5a	 139.9±21.9a,b

Data analyzed using one‑way ANOVA; GFP, green fluorescent protein; SK4, intermediate‑conductance calcium‑activated potassium channel; 
HCN2, hyperpolarization‑activated cyclic nucleotide‑gated channel 2; aP<0.05 vs. GFP or SK4, bP<0.05 vs. HCN2.

Table III. Heart rate variability after a complete heart block was established between groups.

Groups	 GFP	 SK4 	 HCN2 	 SK4/HCN2 	 P‑value

SDNN (mean ± standard deviation, msec)	 0.52±0.07	 0.50±0.06	 0.55±0.05	 0.53±0.06	 P>0.05 for all

Data analyzed using one‑way ANOVA; P>0.05. GFP, green fluorescent protein; HCN2, hyperpolarization‑activated cyclic nucleotide‑gated 
channel 2; SK4, intermediate‑conductance calcium‑activated potassium channel; SDNN, standard deviation of NN intervals.

Table IV. APD alternans and VA inducibility between groups.

Groups	 GFP 	 SK4 	 HCN2 	 SK4/HCN2 	 P‑value

APD alternans (msec)	 82.5±8.9	 83.8±10.6	 83.8±7.4	 82.5±12.8	 P>0.05 for all
VA inducibility	 3/30	 5/30	 4/30	 4/30	 P>0.05 for all

Data analyzed using one‑way ANOVA; P>0.05. GFP, green fluorescent protein; HCN2, hyperpolarization‑activated cyclic nucleotide‑gated 
channel 2; SK4, intermediate‑conductance calcium‑activated potassium channel; APD, action potential duration alternans; VA, ventricular 
arrhythmia.
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Figure 3. Expression of SK4 and HCN2 in rat hearts following transgene injection. (A) Western blots of protein samples extracted from the ventricular myocar-
dium of the transgene site of the experimental groups. Representative images of western blot results for SK4 (top) and HCN2 (bottom). Antibodies for GAPDH 
were used as a reference. SK4 (top panel): *P<0.05 vs. GFP or HCN2. HCN2 (bottom panel): #P<0.05 vs. GFP or SK4. (B) Reverse transcription‑quantitative 
PCR analysis of KCNN4 (left) and HCN2 (right) in the ventricular myocardium of the transgene site of the experimental groups. KCNN4: *P<0.05 vs. GFP 
or HCN2. HCN2: #P<0.05 vs. GFP or SK4. SK4, intermediate‑conductance calcium‑activated potassium channel; HCN2, hyperpolarization‑activated cyclic 
nucleotide‑gated channel 2; GFP, green fluorescent protein.

Figure 4. Immunohistochemical staining for SK4 and HCN2. Positive HCN2 (green) and SK4 (red) staining were detected in the injected myocardium from 
animals that received the corresponding adenovirus (magnification, x200). The nuclei were stained blue using DAPI. HCN2, hyperpolarization‑activated cyclic 
nucleotide‑gated channel 2; SK4, intermediate‑conductance calcium‑activated potassium channel.
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(AC1) and T‑box3 far exceed the physiological heart rates and 
even cause ventricular tachycardia (9,10,25). The present study 
found that the heart rate of the SK4/HCN2 group increased 
significantly compared with other groups; however, the fastest 
heart rate observed was 214 BPM, which is remains slower than 
the normal heart rate of rats (400‑500 BPM). This result indi-
cated that the co‑overexpression of SK4/HCN2 can safely and 
successfully generate biological pacing activity. In addition, a 
study has reported on methods of introducing exogenous genes, 
such as the overexpression of AC1 and HCN2/AC1, that may have 
proarrhythmic effects, which can occur after depolarization; 
overexpression can also induce both activity and calcium over-
load‑induced VAs (10). APD alternans is closely associated with 
VAs, with calcium‑triggered calcium release and abnormal intra-
cellular calcium leakage contributing to these effects (26). In the 
present study, APD alternans and burst pacing‑induced VAs were 
measured, revealed that the threshold of APD alternans between 
each group was not significantly different. Furthermore, neither 
non‑sustained ventricular tachycardia nor ventricular fibrillation 
was induced in any group, and the incidence of VA inducibility 
was not significantly different between the groups (Table II). 
These results indicated that co‑overexpression of SK4/HCN2 
does not increase the risk of VAs. However, there are limitations 
to the present study. First, the myocardium at the transgene site 
was not isolated, nor were other cellular electrophysiological 
parameters measured, such as SK4 and I(f) currents, MDP or 
APD. Data such as these may provide additional information 
regarding the underlying mechanisms of the observed effects. 
Additionally, SK4 and HCN2 were not co‑expressed at different 
ratios, as has been performed in other studies (15); such experi-
ments may enable the identification of optimal co‑expression 
ratios for achieving biological pacemaker activity.

In conclusion, biological pacemaker activity can be 
successfully generated by co‑overexpression of SK4 and 
HCN2 without increasing the risk of VAs. The overexpression 
of SK4 alone was insufficient to generate biological pacemaker 
activity. This study provides evidence that SK4 and HCN2 
combined could function as an ectopic pacemaker, laying 
the groundwork for the development of improved biological 
pacing strategies in the future.
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