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Abstract. Currently, the mechanism of the chronotropic
ability of stem cells modified to express the hyperpolariza-
tion-activated cyclic nucleotide-gated (HCN) gene remains to
be elucidated. The present study assessed the effects of mouse
(m)HCN2 gene modification on the expression of chronotropic
relevant receptors, adrenergic receptor $1 (Adrbl) and cholin-
ergic receptor muscarinic M2 (Chrm2),in bone marrow stromal
cells (BMSCs) co-cultured with atrial myocytes. BMSCs were
divided into the following four groups: i) BMSCs transfected
with the mHCN?2 gene and co-cultured with atrial myocytes for
48 h (TF + CO); ii) respective transfection (TF); iii) respective
co-culture (CO); and iv) the control group without treatment
(CTL). Green fluorescent protein (GFP) was observed in the
BMSCs 48 h after transfection with pEGFP-C1-mHCN2. The
expression of Adrbl and Chrm?2 was significantly increased
in the TF and TF + CO groups, particularly the TF + CO
group, compared with the CTL group (P<0.05). This suggests
that BMSCs modified to express the mHCN2 gene possess
autorhythmicity and chronotropic ability, particularly when
co-cultured with atrial myocytes. The results of the present
study provide novel information regarding the molecular basis
of biological pacemakers' chronotropic ability.

Introduction
The rhythm of a heart is determined by the pacemaker cells of

the sinoatrial node (1,2). Disease and aging leads to pacemaker
cell necrosis and dysfunction, leading to cardiac arrhythmias.
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The prevalence of sinus node dysfunction in the United States
has been estimated to be between 403 and 666 per million,
with an incidence rate of 63 per million per year requiring
pacemaker therapy (3). Electronic pacemaker implantation
has become an important method of treatment for cardiac
arrhythmias. However, electronic pacemakers are restricted
by the electrode implantation sites and the lack of automatic
response to neurotransmitters (4). Therefore, an electronic
pacemaker is not an ideal therapeutic strategy at present, due
to premature pacemaker stimulation, isolated skipped beats, or
asynchronous pacing also observed during in vitro and in vivo
testing (5). It is expected that more biological pacemakers will
developed in the near future.

Currently, there are two ways to build biological pace-
makers; autogenous sinus tissue plantation and transgenic
technology (6,7). Sinus tissue plantation has been reported
to increase the incidence of ventricular arrhythmias (8.9).
Embryonic and somatic stem cells are characterized by their
ability to differentiate into lineage-specific cell types. Due
to ethical controversies, embryonic stem cells are limited in
their application (10-13); therefore, somatic stem cell trans-
plantation (14) and the modification of specific genes (15) has
become another method of treatment.

Hyperpolarization-activated cyclic nucleotide-gated
(HCN) channels, HCNI1-4, serve a major role in the auto-
matic rhythm produced by sinus node pacemaker cells (1,15).
HCN2 and HCN4 are primarily located in the sinoatrial node
cells (16-19). A number of previous studies have suggested that
somatic stem cells transfected with the HCN gene produce a
pacemaker current (I;) (15,20,21). However, it remains unclear
whether transfected somatic stem cells have chronotropic
abilities. As chronotropic responses are closely associated
with the activities of sympathetic/parasympathetic nerves (22),
sympathetic/parasympathetic receptors, primarily adrenergic
receptor Bl (Adrbl) and cholinergic receptor muscarinic M2
(Chrm?2), are chronotropic relevant receptors. If transfected
somatic stem cells have chronotropic abilities, they should
express Adrbl, Chrm2 and HCN channel.

In the present study, bone marrow stromal cells (BMSCs), a
type of somatic stem cell, were selected in mice as a carrier for
mouse (M)HCN2 gene transfection. BMSCs were transfected
using a pEGFP-C1-mHCN?2 plasmid and induced in an atrial
myocyte microenvironment, involved in the cardiomyocyte
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differentiation from mesenchymal stem cells as described
previously (23-25), for 48 h. The present study investigated
the expression of Adrbl and Chrm2 mRNA in BMSCs, and
then analyzed the effects of mHCN2 gene modification on the
expression of Adrbl and Chrm?2.

Materials and methods

Materials. The pPEGFP-C1 plasmid and mHNC?2 primers were
obtained from Sangon Biotech Co., Ltd. (Shanghai, China). A
total of 32 male ICR mice weighing 18-22 g and aged 4 weeks
old were provided by the Experimental Animal Center of Anhui
Medical University (Anhui, China). Lipofectamine™ 2000
was purchased from Invitrogen (Thermo Fisher Scientific, Inc.,
Waltham, MA, USA). Rabbit polyclonal antibodies directed
against HCN2 were purchased from ProteinTech Group, Inc.
(Chicago, IL, USA). Transwell®-COL collagen-coated 0.4 ym
pore polytetrafluoroethylene (PTFE) membrane inserts were
purchased from Corning GmbH (Wiesbaden, Germany).
SYBR Premix Ex Taq (Tli RNase H Plus) was purchased from
Takara Bio, Inc. (Otsu, Japan).

Culture of mice BMSCs.The mice provided by the Experimental
Animal Center of Anhui Medical University were raised
with sterile water and standard food in temperature 20-24°C,
humidity 40-60% and a 10/14-h light-dark cycle. Mice bone
marrow cells were derived from the femora and shinbone of
male ICR mice. The present study was performed in accor-
dance with the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health (Bethesda, MD,
USA). The animal use protocol was reviewed and approved by
the Institutional Animal Care and Use Committee of Anhui
Medical University. Following sacrifice, the ends of the femora
and shinbone were removed. The marrow of the midshaft was
flushed out using 0.1 mol/l PBS with a needle and filtered
through a 75-um-pore-size cell strainer, then centrifuged
at 250 x g for 5 min at 20°C. The supernatant was removed
from the tube and the marrow was resuspended in Dulbecco's
modified Eagle's medium (DMEM; Gibco; Thermo Fisher
Scientific, Inc.) with low glucose. The cell suspension was
gently added to 10 ml Percoll separation medium (1.073 g/ml)
and centrifuged at 450-550 x g for 25-30 min at 20°C. The
medium was separated into three layers. The middle cell tiers
were obtained using a pipette and cultured in DMEM with
low glucose supplemented with 10% fetal bovine serum (FBS;
Gibco; Thermo Fisher Scientific, Inc.) at 37°C with 5% CO,.
The medium was replaced and non-adherent hematopoietic
cells were removed. When the cells reached 70-80% conflu-
ence, the BMSCs were digested with pre-warmed 0.125%
trypsin (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany)
for 5-10 min at room temperature in order to detach cells prior
to subculture. The second or third generation, undifferentiated
and uniform, was used for the subsequent experiments.

Identification of BMSCs. According to the instruction and
operation manual of the flow cytometer (BD FACSCanto II,
BD Biosciences, San Jose, CA, USA), flow cytometry (FCM)
was used to identify BMSCs in the second generation
using fluorescein isothiocyanate (FITC)-conjugated rabbit
anti-mouse monoclonal antibodies directed against cluster
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of differentiation (CD)90, 45 and 34 (1:100; cat. nos. 553004,
553080 and 553733, respectively; BD Biosciences). Cells,
seeded at 5.0x10°/ml, were assigned to one of three tubes in the
microcentrifuge (1 ml/tube), centrifuged at 100 x g for 2 min at
20°C, then 900 g1 of the supernatant was removed. Tube A was
treated with anti-CD90 antibodies, tube B with anti-CD45 anti-
bodies, tube C with anti-CD34 antibodies, and tube D served
as negative control and was treated with an immunoglobulin
(Ig)G-FITC monoclonal antibody (1:50; cat. no. 553995; BD
Biosciences). All tubes were incubated for 25-30 min at room
temperature. FCM was then used to examine the amount of
CD90*/CD45/CD34" cells with CytomicsTM FC500 Flow
Cytometry CXP software 2003 (Beckman Coulter, Inc., Brea,
CA, USA), which is indicative of BMSCs.

Groups. BMSCs were divided into the following four groups:
i) BMSCs transfected with the mHCN2 gene and co-cultured
with atrial myocytes for 48 h (TF + CO); ii) respective trans-
fection (TF); iii) respective co-culture (CO); and iv) control
group without treatment (CTL).

Construction of pEGFP-CI-mHCN2. mHCN2 was amplified
via the polymerase chain reaction (PCR) using specific primers
(Table I). The PCR was performed according to the instruc-
tions of Taq PCR MasterMix 2X (Takara Bio, Inc.) including
Taq DNA polymerase, dNTPs, MgCI2 and reaction buffer.
The parameters of PCR were denaturing at 95°C for 1 min;
30 cycles of 95°C for 30 sec, 62°C for 30 sec and 72°C for
3 min; followed by an extension of 72°C for 5 min. pPEGFP-C1
and mHCN2 were then digested with Sall and BamHI restric-
tion enzymes at 4°C overnight and ligated with DNA ligase
at 20°C for 1 h. The resulting pEGFP-CI-mHCN?2 plasmid
was transformed into a DH5a competent Escherichia coli
strain (26). Successfully transformed cells were selected using
kanamycin plates, amplified in Luria-Bertani medium at 37°C
for 12 h and extracted using a Magen plasmid Endotoxin-free
Midi kit according to the instructions (Magen Biotech Co.,
Ltd., Guangzhou, China). Sequence analysis of the DNA
fragment (by Sangon Biotech Co., Ltd., Shanghai, China) and
agarose gel electrophoresis (1.5% gel and ethidium bromide
visualization method) were used to confirm whether the
mHCN2 fragment was accurately inserted into the pPEGFP-C1
plasmid.

Culture of mice atrial myocytes. Using the tissue block enzy-
molytic method (27), atrial myocytes were isolated from the
atriums of 16 male neonatal (1-3 day old) ICR mice provided
by the Experimental Animal Center of Anhui Medical
University. An enzyme solution of 0.25% trypsin and 0.5%
collagenase II was prepared in advance. The tissues were
minced finely into 1-2 mm? sections and then washed twice
with PBS. The clear sections were transferred into a 15 ml
Falcon tube containing 10 ml enzyme solution, placed length-
ways in a 37°C water bath and incubated for 5-10 min. The
digested upper tissues were collected into another tube and
isopyknic medium (Gibco; Thermo Fisher Scientific, Inc.) was
administered to neutralize the enzymes. The solution was then
filtered through a 75-um-pore size filter unit and placed into a
100 mm Petri dish to culture at 37°C for 2 h in order to clear
the mixed fibrocyte. Finally, the upper cell suspension was
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Table I. Polymerase chain reaction primers for mHCN?2.
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mHCN?2 primer Length, bp Primer sequence (5'-3') Product size, bp
Forward 26 GTCGACATGGATGCGCGCGGGGGCGG 2604
Reverse 26 GGATCCTCACAAGTTGGAAGAGAGGC

mHCN2, mouse hyperpolarization-activated cyclic nucleotide-gated channel 2.

obtained by using a pipette, centrifugation at 250 x g for 3 min
at 20°C and removing the supernatant, then the cell density
was adjusted to 0.5-1x10° cells/ml and inoculated into 24 mm
Transwell-COL collagen-coated 0.4 ym pore PTFE membrane
inserts (1.5 ml/well). The atrial myocytes were observed to
beat rhythmically under an inverted microscope following
2-3 days culture in low-glucose DMEM with 10% fetal bovine
serum (Gibco; Thermo Fisher Scientific, Inc.) at 37°C.

Transfection of pEGFP-CI-mHCN2 into BMSCs and
co-culture with atrial myocytes. BMSCs at a confluency
of 70-80% in a 6-well plate were transfected with the
pEGFP-CI-mHCN?2 plasmid using Lipofectamine 2000
(Invitrogen; Thermo Fisher Scientific, Inc.). Firstly, BMSCs
at a density of 1-2x10%/ml were inoculated into 6-well plate
(1.5 ml/well) with DMEM with low glucose supplemented
with 10% FBS. The medium was replaced with 1.5 ml/well
Opti-minimum essential media (Opti-MEM™; Gibco; Thermo
Fisher Scientific, Inc.) the next day. The pEGFP-C1-mHCN2
plasmid (3.5 pxg) was mixed into 250 ul Opti-minimum
essential media, and 10 ul Lipofectamine 2000 was mixed
with 240 ul Opti-MEM medium for 5 min. These two solu-
tions were gently mixed and left to rest at room temperature
for 20 min. The mixture was then added to the wells in the
plates of TF + CO and TF group, which were incubated at
37°C. The mixture was replaced with DMEM containing 10%
FBS after 4-6 h. The Transwell insert with atrial myocytes was
placed into the wells of the plate for co-culture. A total of 48 h
after transfection with pPEGFP-C1-mHCN?2, green fluorescent
protein (GFP) was observed in the BMSCs of the TF + CO and
TF groups using fluorescence microscopy.

Analysis of mHCN2 protein expression by western blot
analysis. The four groups of BMSCs were washed twice with
PBS at 4°C, then added to 6-well plates with Cell Protein Lysis
Buffer for Western (Beyotime Institute of Biotechnology,
Shanghai, China). The cell density of each group was 2x10%/ml
(1 ml/well). The plates were put on ice for 30 min, and then cell
lysates were collected and centrifuged at 12,000 x g for 30 min
at 4°C. The proteins (20 pl/lane) were subjected to SDS-PAGE
on an 8% gel and then transferred electrophoretically onto
polyvinylidene difluoride (PVDF) membranes at 200 mA for
2 h in transfer buffer (192 mmol/I glycine, 25 mmol/I tris-base
and 5% methanol). The PVDF membranes were blocked with
5% non-fat milk in 0.05% tris-buffered saline with Tween-20
(TBST) at room temperature for 2 h. Each sample was then
incubated with primary antibodies directed against HCN2
(cat. no. 55245-1-AP) and B-actin (cat. no. 60008-1-Ig) (dilu-
tion, 1:1,000) in 5% non-fat milk in TBST overnight at 4°C

(ProteinTech Group, Inc.). After three washes in TBST at
20°C for 10 min, the membranes were incubated in horse-
radish peroxidase-conjugated goat anti-rabbit IgG secondary
antibodies (dilution, 1:10,000) in 5% non-fat milk in TBST at
room temperature for 1 h, and washed in TBST a further three
times. [3-actin was the loading control. The intensity of protein
bands was quantified by densitometry using ImageJ software
(version 1.36b; National Institutes of Health) to analyze the
expression of mHCN?2 in the experimental groups compared
with the control group.

Detection of cardiac troponin I (cTnl) by gold immunochro-
matographic assay (GICA). A GICA strip that consisted of
four sections (a sample pad, a conjugate pad, a nitrocellulose
membrane and an absorbent pad) was sequentially assembled
using a cI'nl Fast Test kit, purchased from Getein Biotech, Inc.
(Nanjing, China). The conjugate pad was sprayed with anti-cTnl
monoclonal antibody (1:1,000; cat. no. 66376-1-Ig; ProteinTech
Group, Inc.) labeled with gold nanoparticles. The nitrocellulose
membrane was coated with anti-cTnl antibody on the test line
to capture the anti-cI'nl receptor, which allowed colloidal gold
to form a red line. The control line was coated with rabbit
anti-mouse IgG (1:1,000; cat. no. 10283-1-AP; ProteinTech
Group, Inc.). The kit was thus modified for highly specific
antigen-antibody reaction. Colloidal gold dry-type immune
chromatography technology was used to quantitatively examine
the expression of cInl protein in BMSCs. The results were
analyzed using Getein1100 Immunofluorescence Quantitative
Analyzer (IF 1001; Getein Biotech, Inc., Nanjing, China).

Analysis of mHCN2, Adrbl and Chrm2 mRNA expression
by reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was isolated from the cultured cells using TRIzol
reagent (Gibco; Thermo Fisher Scientific, Inc.) according
to the manufacturer's protocol, and reverse transcribed to
cDNA for the subsequent experiment using PrimeScript™ RT
reagent kit (Takara Bio, Inc.) (28). The mHCN2, Adrbl, Chrm?2
and GAPDH oligonucleotide primers were designed using
Home-PubMed-NCBI tools (NCBI/Gene/Primer-BLAST,
National Institutes of Health) (Table IT). gPCR was performed
according to the manufacturer's protocol using SYBR Premix
Ex Taq (Tli RNase H Plus). The thermocycling conditions
were as follows: 95°C for 30 sec; 40 cycles of 95°C for 5 sec;
60°C for 34 sec; and 95°C for 15 sec, 60°C for 1 min and
95°C for 15 sec. The amount of product was measured using
the 2-24% method (29) and StepOne™ software (version 2.3;
Thermo Fisher Scientific, Inc.). Target gene expression was
calculated relative to GAPDH. The reproducibility of the test
was confirmed by running =3 samples in each group.
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Table II. Primers for reverse transcription-quantitative polymerase chain reaction analysis for mHCN2, Adrbl and Chrm2 in

BMSCs.

Target gene Forward (5'-3")

Reverse (5'-3") Product size, bp

mHCN2 TGTCGGATGGCTCCTATTTC
Adrbl TGCGAAACAGACAAATCTGG
Chrm?2 CACTGGGAGAAGTGGAGGAG
GAPDH GTTGTCTCCTGCGACTTCA

TATTCCTCCAGCACCTCGTT 133
GTAGAGGACCCACAGCAGGA 120
GAGACCTGGGTGTGGAGAAG 106
GCCCCTCCTGTTATTATGG 295

mHCN2, mouse hyperpolarization-activated cyclic nucleotide-gated channel 2; Adrb1, adrenergic receptor $31; Chrm2, cholinergic receptor

muscarinic M2; BMSCs, bone marrow stromal cells.

Figure 1. Morphological characteristics of BMSCs. (A) Following 24 h of culture, a number of cells began to adhere. (B) After 48 h, the adherent cells became
fibroblast-like, primarily rhomboid and triangle. (C) After 72 h, the cells appeared to be clustered and looked similar in a clone-growth form. (D) Cells were

arranged in swirl when 70-80% cells were achieved.

Statistical analysis. The data were expressed as the
mean + standard error of the mean. The statistical significance
of differences between groups were performed using one-way
analysis of variance followed by a post hoc Fisher's least
significant difference test. P<0.05 was considered to indicate a
statistically significant difference.

Results

Morphological characteristics of BMSCs. Freshly transformed
BMSCs were round, bright and appeared to be a similar size.
Following 24 h of culture, a number of cells began to adhere
(Fig. 1A); 48 h later, the adherent cells became fibroblast-like,
primarily rhomboid and triangle (Fig. 1B); 72 h later, the cells
appeared to be in a clone-growth (clustered and similar) form
(Fig. 1C); and the cells were arranged in a swirl when 70-80%
cells were achieved (Fig. 1D). The consistent size, pattern and
ability to proliferate were observed even in the third generation.

Specific surface antigen characteristics of BMSCs. BMSCs
in all groups were characterized by FCM. It was revealed that
the percentage of cells positive for CD90 (94.1+1.1%) was
significantly higher compared with that for leukocyte antigen
CD45 (3.1+1.0%) and CD34 (2.3+1.2%) (both P<0.05; data not
shown). This indicates that the cells extracted from mice bone
marrow were uncommitted and multipotent stem cells in the
state of undifferentiation.

Morphological characteristics of mice atrial myocyte cells.
Atrial myocytes from the atriums of neonatal ICR mice
were placed into the upper compartment of the Transwell
insert and BMSCs were cultured in the lower compartment
(Fig. 2A). The cells were large and oval in shape, with a large
nucleus. Following 24 h of culture, a number of atrial myocytes
were adherent (Fig. 2B). Following 72 h of culture, cells
spread out and were capable of spontaneous rhythmic beating
(Fig. 20).
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Figure 2. Co-culture of atrial myocytes and BMSCs. (A) Atrial myocytes from the atriums of neonatal ICR mice and BMSCs were cultured in the upper and
lower compartment of a Transwell insert, respectively. (B) Atrial myocytes were large and oval in shape, with a large nuclei. (C) Atrial myocytes were capable

of spontaneous rhythmic beating. BMSCs, bone marrow stromal cells.

Identification of the pEGFP-CI-mHCN2 plasmid. The
pEGFP-CI-mHCN?2 plasmids produced in E. coli were
digested and analyzed. DNA fragments of mHCN2 (2.6 Kb) and
pEGFP-C1 (4.7 Kbp) were identified by agarose gel electropho-
resis. The sequence of mHCN2 analyzed by Sangon Biotech
Co., Ltd. was identical to the mice gene pool, compared to an
NCBI sequence. This confirmed that the mHCN2 fragment
was accurately inserted into the pEGFP-C1 plasmid (Fig. 3).

Transfection of pEGFP-CI1-mHCN?2 into mouse BMSCs. GFP
was observed in the BMSCs of the TF and TF + CO groups via
fluorescence microscopy, revealing a transfection efficiency of
40-60% (Fig. 4). This indicates that ~50% of the BMSCs were
successfully transfected with pEGFP-C1-mHCN?2.

Expression of mHCN?2 protein. The results of mHCN2 protein
expression in BMSCs are presented in Fig. 5. The protein
bands detected at the expected molecular mass (~97 kDa)
indicated that the HCN2 protein was successfully expressed
in the TF + CO, TF and CO groups (Fig. 5A). The intensity of
the mHCN?2 protein bands compared with the 3-actin bands of
the TF + CO, TF and CO groups were significantly 23.2, 22.1
and 4.4 times higher compared with that of the control group,
respectively (P<0.05; Fig. 5B).

Expression of cTnl. The concentration of ¢I'nl in the was assessed
using a GICA. Each sample exhibited a control line, and the test
line was positive in the CO and TF + CO groups (Fig. 6A). In
the CTL and TF groups, only the control line was observed. In
the CO and TF + CO groups, the expression of cI'nl was signifi-
cantly increased to 1.25+0.29 and 1.20+0.07 ng/ml, respectively,
compared with that of the CTL group (both P<0.05; Fig. 6B).

A B
Plasmid: 2 pg 4 pg Marker DNA: 0.5 pg Marker

73 K— 47K—-
2.6 K— —3000 bp
=
g -
g 1000 bp
=
@ —500 bp

Figure 3. Results of agarose gel electrophoresis. (A) The pEGFP-C1-mHCN2
plasmid presented only one electrophoretic band at 7.3 Kbp by agarose gel
electrophoresis. (B) mHCN2 and pEGFP-C1 DNA fragments presented as
two electrophoretic bands at 2.6 and 4.7 Kbp, respectively. mHCN2, mouse
hyperpolarization-activated cyclic nucleotide-gated channel 2.

mHCN?2 transcription. The RT-qPCR analysis of mHCN2
mRNA expression is presented in Fig. 7A. The relative expres-
sion of mMHCN2 mRNA in the TF + CO and TF groups was
342.52+67 and 160.71+35, respectively, which was signifi-
cantly increased compared with the CTL group (P<0.05).
There was very little expression of mHCN2 mRNA in the CO
and CTL groups.

Adrbl and Chrm?2 transcription. The RT-qPCR analysis of
Adrbl and Chrm2 mRNA expression is presented in Fig. 7B.
The relative expression of Adrbl in the TF + CO and TF
groups (52.03+20 and 34.74+8.9, respectively) was signifi-
cantly increased compared with the CO and CTL groups (both
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Figure 4. Transfection of pPEGFP-C1-mHCN2 into BMSCs. (A) BMSCs prior to transfection at 70-80% confluence (magnification, x200). (B) BMSCs following
transfection with pEGFP-C1-mHCN?2 for 48 h (magnification, x200). BMSCs expressed GFP following transfection with pEGFP-C1-mHCN?2 for 48 h, which
was revealed by fluorescence microscopy at a magnification of (C) x200 and (D) x400. mHCN2, mouse hyperpolarization-activated cyclic nucleotide-gated

channel 2; GFP, green fluorescent protein; BMSCs, bone marrow stromal cells.
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Figure 5. Western blot analysis. (A) Western blot of BMSC expression of mHCN?2 protein. Blots obtained using an anti-HCN2 antibody exhibited representative
bands at the expected molecular mass of ~97 kDa. (B) Quantification of western blot analysis relative to $-actin demonstrated that the expression of mHCN2
significantly increased in the BMSCs of all three treatment groups. "P<0.05 vs. the CTL group. BMSCs, bone marrow stromal cells; TF, transfection only;
CO, co-culture with atrial myocytes; TF + CO, transfection and co-culture; CTL, control; mHCN2, mouse hyperpolarization-activated cyclic nucleotide-gated

channel 2.

P<0.05). The relative expression of Chrm2 was 61.10+8.8 and
39.65+8.3 in the TF + CO and TF groups, respectively, which
was significantly increased compared with the CO and CTL
groups (both P<0.05). There was very little expression of
Adrbl and Chrm2 mRNA in the CO and CTL group. In addi-
tion, Chrm2 mRNA expression was significantly increased in
thee TF + CO group compared with the TF group (P<0.05).

Discussion

Due to the limitations of electronic pacemakers, a number of
biological pacemakers have been established (30,31). It has

been demonstrated that BMSCs transfected with the HCN gene
are able to produce a pacemaker current, I, (20,21). However,
whether I; in BMSCs transfected with the HCN gene may be
regulated by sympathetic/parasympathetic neurotransmitters
remains unknown. The present study aimed to investigate
whether BMSCs, transfected with the mHCN2 gene and
co-cultured with atrial myocytes, were able to express the
chronotropic relevant receptors, Adrbl and Chrm?2. In addition,
the expression of mHCN2, Adrbl and Chrm?2 was evaluated.
The mHCN?2 channel is characterized by the presence of six
putative transmembrane domains (S,-S¢), and an ion-conducting
pore located between the Ss and Sy segments (32). The C-terminus
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CTL
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Figure 6. Expression of ¢Inl in bone marrow stromal cells assessed using a gold immunochromatographic assay. (A) Each sample had one control line, and
the test line was observed under the control line in the CO and TF + CO groups. (B) Comparative analysis of ¢Tnl expression; the concentration of cT'nl was
significantly higher in the CO and TF + CO groups compared with the CTL group. "P<0.05 vs. the CTL group. Ctnl, cardiac troponin I; TF, transfection only;
CO, co-culture with atrial myocytes; TF + CO, transfection and co-culture; CTL, control.
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Figure 7. mHCN2, Adrbl and Chrm2 mRNA expression. (A) mHCN2 was not expressed in BMSCs of the CO and CTL groups. However, the expression of
mHCN2 in the TF and TF + CO groups was significantly increased. (B) The expression of Adrbl and Chrm2 was nearly undetectable in BMSCs of the CO
and CTL groups. The expression of Adrbl and Chrm2 was significantly increased in the TF + CO and TF groups. "P<0.05 vs. the CTL group; “P<0.05 vs. the
CO group; *P<0.05 vs. the TF group. mCHN2, mouse hyperpolarization-activated cyclic nucleotide-gated channel 2; Adrbl, adrenergic receptor $1; Chrm?2,
cholinergic receptor muscarinic M2; BMSCs, bone marrow stromal cells; TF, transfection only; CO, co-culture with atrial myocytes; TF + CO, transfection

and co-culture; CTL, control.

of the ion-conducting pore possesses a cyclic nucleotide binding
domain (CNBD), which is a binding site for cyclic AMP
(cAMP) (32). Pacemaker current is directly activated by intra-
cellular cAMP (32,33), which acts by increasing the probability
of an open channel. Sympathetic nervous system stimulation
accelerates the cardiac rate by increasing the level of intracel-
lular cAMP, which shifts the voltage-dependence of I; activation
to a more positive potential (33,34). This mechanism underlies
mHCN?2 channel/I; modulation by sympathetic (-adrenergic)
and parasympathetic (muscarinic) neurotransmitters (35-37). An
ideal biological artificial pacemaker cell should have autorhyth-
micity and chronotropic ability; they should express an adequate
amount of mHCN2 channels and receptors for [3-adrenergic and
muscarinic neurotransmitters.

In mammalian heart muscle adrenaline can activate adenylyl
cyclase via Adrbl, and an increase in intracellular concentrations
of cAMP, which enhances the activities of cyclic nucleotide-gated
channels so as to cause positive inotropic cardiac action, chrono-
tropic action and lusitropic action (38,39). BMSCs modified to
express the mHCN2 gene express high levels of mHCN2, which

may provide additional CNBDs, thus altering levels of intracel-
lular cAMP (30). To meet cellular requirements for cAMP, a high
expression of HCN2 provides CNBDs for the cells to accept the
regulation of sympathetic nerves and may promote Adrbl tran-
scription (32). Consistent with this, in the present study BMSCs
transfected with pPEGFP-CI-mHCN2 were highly expressed
mHCN?2, Adrbl and Chrm2 mRNA. Co-culture with atrial
myocytes promotes the differentiation of mesenchymal stem
cells into cardiomyocytes (40-42) and enhances electrophysi-
ological properties (24). In the present study, the co-culture of
BMSCs with the atrial myocytes was able to further increase
the expression of mHCN2, Adrbl and Chrm2 mRNA. This
suggests that BMSCs modified to express the mHCN2 gene
possess autorhythmicity and chronotropic ability, particularly
when co-cultured with atrial myocytes. The current study there-
fore provides novel information for future biological pacemaker
therapy.

Although the present study indicated that BMSCs trans-
fected with pPEGFP-C1-mHCN?2 and co-cultured with atrial
myocytes were able to express HCN2, Adrbl and Chrm?2, which
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are essential for autorhythmicity and chronotropic ability, the
action potentials and ionic currents of the modified cells were
not assessed. Therefore, the electrophysiological activities, and
response to 3-adrenergic and muscarinic neurotransmitters, of
the modified cells requires further investigation.

In conclusion, the present study demonstrated that BMSCs
transfected with pEGFP-C1-mHCN2 exhibited increased
transcription of Adrbl and Chrm?2. In addition, co-culture
with atrial myocytes further increased this transcription.
Furthermore, BMSCs co-cultured with atrial myocytes
expressed the myocyte-specific marker cI'nl. The results of the
current study provide a model for future antiarrhythmic gene
therapy and novel information regarding the molecular basis
of biological pacemakers' chronotropic ability.
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