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Abstract: Sinus nodal cells can generate a diastolic or “pacemaker” depolarization at the end of an action potential 
driving the membrane potential slowly up to the threshold for firing the next action potential. It has been proved 
that adult cardiac stem cells (CSCs) can differentiate into sinus nodal cells by demethylating agent. However, there 
is no report about adult CSCs-derived sinus nodal cells with pacemaker current (the funny current, If). In this study, 
we isolated the mouse adult CSCs from mouse hearts by the method of tissue explants adherence. The expression 
of c-kit protein indicated the isolation of CSCs. Then we co-cultured mouse CSCs with mouse sinus node tissue to 
induce the differentiation of these CSCs into sinus node-like cells, which was proved by identifying the enhanced 
expression of marker proteins cTnI, cTnT and α-Actinin with Immunofluorescence staining. At the same time, with 
whole-cell patch-clamp we detected the If current, which can be blocked by CsCl, in these differentiated cells. In 
conclusion, by confirming specific If current in the induced node-like cells, our work shows a method inducing dif-
ferentiation of CSCs into sinus node-like cells, which can provide helpful information for the further research on sick 
sinus syndrome.
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Introduction

Currently, the treatment of irreversible myocar-
dial injury cardiovascular diseases, such as 
coronary heart disease, myocardial infarction 
and sick sinus syndrome, is not satisfactory. 
With the development of cell and tissue engi-
neering, stem cell replacement therapy for 
these diseases provides new ideas and possi-
ble cure.

The cells expressing markers of stemness 
(c-kit, Sca-1 or MDR1) isolated from adult heart 
cells display the fundament properties of stem 
cells: self-renewal, clonogenicity, and multipo-
tency [1]. These cells, termed adult cardiac 
stem cells (CSCs), keep quiescent until being 
induced to proliferate and differentiate into one 
of three cardiac cell lineages: cardiomyocytes, 
endothelial cells and vascular smooth muscle 
cells.

A great deal of preliminary researches have 
been done on cell phenotype, differentiation 

and application of CSCs by isolating CSCs from 
heart of many mammals such as human, rat, 
mouse, pig and dog. It was proved that CSCs 
not only could be induced into cardiomyocyte-
like cells in vitro, but they could also reduce 
infarct size and improve heart function in vivo 
[2, 3]. However, studies of inducing CSCs into 
sinus-like cells were relatively few. Zhang J. et 
al. reported that 5-azacytidine could induce 
cardiac c-kit positive cells from rat heart into 
sinus node-like cells with the enhanced expres-
sion of HCN4 mRNA [4]. However, there is no 
direct evidence to support the physiological 
functions of the HCN channels because the 
specific hyperpolarization-activated pacemaker 
current (If current) of pacemaker cells was not 
verified by electrophysiological evidence.

Here, we demonstrate a new method inducing 
mouse CSCs into sinus node-like cells without 
chemicals. By co-culturing with mouse sinus 
node tissue, mouse CSCs were differentiated 
into functional sinus node-like cells with specif-
ic If current. Our works could provide experi-
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mental data for optimizing use of human CSCs 
in clinical treatment of sick sinus syndrome in 
the future.

Materials and methods

CSCs isolation

2-3 Weeks old Kunming mice were sacrificed by 
euthanasia with CO2 asphyxiation and the 
hearts were removed and washed by injecting 
1 ml of Hank’s Balanced Salt Solution (HBSS) 
without Ca2+ and Mg2+. The hearts (LA, left atri-
um and LV, left ventricle) were respectively 
sliced into small pieces, (<1 mm3) in a micro 
tube with 500 μl of F12- Kaighn’s Media (F12-
K) supplemented with 10% Fetal Bovine Serum 
(FBS) (GIBCO, USA), 3% Penicillin/Streptomycin, 
1% insulin-transferrin-sodium selenite (ITSS) 
(Sigma-Aldrich, USA) (F12-K+) and incubated at 
37°C for 20 minutes with agitation (140 rpm). 
The tissue suspension was filtered through a 
40 μm nylon mesh at least three times in order 
to exclude the larger cardiomyocytes from the 
heart tissue. The cell suspension was centri-
fuged at 12,000 rpm for 10 minutes at 4°C and 
then the pellet was re-suspended in 1 ml of 
FACS buffer (HBSS and 5% FBS).

Cell co-culture

After several days, a layer of stromal-like cells 
arose from adherent explants over which small, 
round, phase-bright cells migrated. Once con-
fluent, the cells surrounding the explants were 
harvested by gentle enzymatic digestion. These 
cells were seeded at 2-3×104 cells/ml on 6-well 
plates in cardiosphere medium. The sinus node 
region atrial tissue of Kunming mice were sliced 
into small pieces (<1 mm3) under sterile condi-
tions and plated on the Transwell chambers. 
Transwell chambers were slowly put into the 
6-well plates where CSCs were plated. A blank 
Transwell chamber was add into the control 
group.

Immunofluorescence

To detect stem cell-specific markers and cardi-
ac-specific markers of the primary CSCs, CSCs 
growing on coverslips in co-cultured group and 
the control group were stained by immunofluo-
rescence. After blocked in 10% goat serum, the 
coverslips were incubated with anti-c-kit, cTnI, 
cTnT and α-Actinin antibody (Abcam, USA) over-
night at 4°C. The coverslips were washed with 

PBS and incubated for 1 h at 37°C with the sec-
ondary antibodies.

Electrophysiology

After medium was poured away, test plates 
were washed with PBS and added in 1 ml of the 
bath solution (Tyrode’s solution: 10 mM D-(+)-
glucose, 5.0 mM Hepes, 140 mM NaCl, 25 mM 
KCl, 1.8 mM CaCl2, 1.2 mM MgCl2, 1 mM BaCl2, 
2 mM MnCl2, 0.5 mM 4-aminopyridine; pH, 7.3). 
Whole-cell patch-clamp under the microscope 
was used to record the If electric current of 
CSC. All recordings were obtained at room tem-
perature 22-26°C.

Statistical analysis

All experiments were repeated for at least three 
times. Data were presented as the mean ± 
standard deviation (S.D.). Unless stated other-
wise, Student’s t-test was used to determine 
whether two groups are significantly different. A 
value of p<0.05 was considered to be statisti-
cally significant.

Results

Isolation of primary CSCs

After myocardial tissue attached to the surface 
for 4 hours, fibroblasts began to grow along the 
adherent tissue explants after 2 days and 
quickly covered the dish (Figure 1A). After 5-7 
days some “small, round and phase-bright” 
cells migrated out of the cardiac tissue 
explants. These cells with good cytoplasm 
refraction grew upon the fibroblasts (Figure 1C 
and 1D). The density of these “small, round, 
phase-bright” cells reached 70%-80% of the 
culture dish after about 15-17 days (Figure 1E).

Proliferation of CSCs from different parts of 
the heart tissue

After atrial tissue attached, fibroblasts covered 
whole culture dish in 2.86±0.78 days and it 
took 2.73±0.82 days for fibroblasts from ven-
tricular tissue explants. There was no signifi-
cant difference between them (P>0.05). CSCs 
migrated out of atrial tissue after 4.92±0.88 
days. It was significant early than those CSCs 
from ventricular tissue which migrated after 
6.27±1.08 days (P<0.05). The time for the pas-
sage of CSCs around atrial tissue was 
15.23±1.58 days and 17.35±1.68 days for 



Induction of mouse cardiac stem cells into sinus node-like cells

1870 Int J Clin Exp Pathol 2014;7(5):1868-1879

CSCs around ventricular tissue. There was no 
significant difference observed (P>0.05). CSCs 
grew out of 29 of 40 atrial tissue explants. In 

the contrast, 24 of 40 ventricular tissue 
explants had witnessed that CSCs migrated 
out. There was no significant difference 

Figure 1. Light field micrograph of primary cardiac 
stem cells. A: Fibroblasts grew along the tissue ex-
plants and quickly covered the dish (×100) after 
2 days. B: Some “small, round, phase-bright” cells 
grew around the cardiac tissue explants. (×100) 
after 5-7 days. C: These cells with good cytoplasm 
refraction grew upon the fibroblasts (×100). D: 
These cells with good cytoplasm refraction grew 
upon the fibroblasts (×200). E: The cell density of 
these “small, round, phase-bright” at about 15-
17 days reached 70%-80% of the bottom of dish 
(×100).
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between these gro- 
ups (P>0.05). CSCs 
isolated from both 
atrial tissue and 
ventricular tissue 
were “small, round 
and phase-bright”.

CSCs subculture 
and co-culture

The primary CSCs 
were divided into 
co-cultured group 
and control group 
after passage. After 
3 days of passage, 
there was no sig- 
nificant difference 
observed between 
these two groups: 
CSCs in both grou- 
ps, maintaining the 
primary round, stro- 
ng light refraction of 
cytoplasm and ag- 
gregation growth 
(Figure 2A and 2B), 
grew adhering to 
the dish with a 
small amount of  
visible fibroblasts. 
CSCs in co-cultured 
group grew more 
rapidly after co-cul-
turing with the sinus 
node region atrial 
tissue for 5-7 days. 
Meanwhile there 
were also more 
round cells in co-
cultured group than 
the control group 
(Figure 2C and 2D). 
After 10 days, the 
CSCs in co-cultured 
group showed myo-
cardial ball-like ag- 
gregation growth 
and some CSCs gr- 
adually became lon-
ger, spindle-shaped 
and rod-like naive 
cardiomyocyte-like 
cells. In control 

Figure 2. The light field micrograph of passaged CSCs. A, C, E: The light micrograph of 
co-cultured group cells in day 3, 5, 10 and 20. B, D, F: The light micrograph of control 
group cells in day 3, 5, 10 and 20. G, H: The aged or fiberized cells in the control group.
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group, the round CSCs didn’t increase and 
gradually differentiated into flat and long spin-

dle-shaped cells (Figure 2E and 2F). After 20 
days, the CSCs in co-cultured group grew to 

Figure 3. The fluorescence micrograph of primary 
CSCs and co-cultured cells. A, B: c-kit immuno-
fluorescence staining of primary CSCs and the 
corresponding light field micrographs. C: c-kit, 
cTnI immunofluorescence micrographs of pri-
mary CSCs. D: c-kit, cTnI immunofluorescence 
micrographs of CSCs after co-culturing for 5 days. 
E: c-kit, cTnI immunofluorescence micrographs of 
CSCs after co-culturing for 10 days.
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80%-95% confluence wi- 
thout significant deterio-
ration. In control group, 
the majority of CSCs aged 
or fiberized (Figure 2G 
and 2H).

Immunofluorescence of 
primary and co-cultured 
CSCs

When a great deal of 
“small, round, phase-
bright” cells around the 
explants could be obser- 
ved, cells were collected 
to perform c-kit, cTnI, 
cTnT immunofluorescen- 
ce staining respectively. 
Under the fluorescent 
microscope, the fluores-
cence of c-kit could be 
observed in cytoplasm of 
“small, round, bright” 
cells with the positive 
rate 94.7% (Figure 3). 
cTnI positive rate of these 
cells was 58.8%. cTnT flu-
orescence positive rate 
of these cells was 45.5%. 
α-Actinin positive rate of 
these cells was 34%. 
Double immunofluores-
cence staining showed 
that c-kit positive cells 
also expressed cTnI.

After 10 days of co-cul-
ture, the cells were 
detected the expression 
c-kit, cTnI, cTnT by immu-
nofluorescent assay. The 
c-kit positive rate of the 
cells in co-cultured group 
was 57.7% (Figure 4A-D). 
The average optical den-
sity of c-kit fluorescence 
was significantly lower 
than primary cells. α-Ac- 
tinin, cTnI and cTnT flu- 
orescence positive rates 
were 87.0%, 81.5% and 
80.5% (n=200) respec-
tively. In control group, 
the c-kit positive rate was 

Figure 4. The fluorescence micrograph of co-cultured group and control group. A: 
The fluorescence micrograph of c-kit of co-cultured group. B: The fluorescence mi-
crograph of α-Actinin of co-cultured group. C: The fluorescence micrograph of c-TnI 
of co-cultured group. D: The fluorescence micrograph of c-TnT of co-cultured group. 
E: The fluorescence micrograph of c-kit of control group. F: The fluorescence mi-
crograph of α-Actinin of control group. G: The fluorescence micrograph of c-TnI of 
control group. H: The fluorescence micrograph of c-TnT of control group.
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54.9% (Figure 4E-H). The fluorescence positive 
rates of α-Actinin, cTnI and cTnT were 76.5%, 
71.5% and 70.0% (n=200) respectively (Figure 
5). p value of α-Actinin, cTnI and cTnT fluores-
cence positive rate between these two groups 
were 0.007, 0.018 and 0.015, which were all 
less than 0.05. In co-cultured group the aver-
age optical density of cardiac markers fluores-
cence staining was higher than that of the con-
trol group (p<0.05) (Table 1).

If current characteristics of primary and co-
cultured CSCs

Whole-cell patch-clamp technique was used to 
record the current characteristics of primary 
and co-cultured CSCs. We recorded 8 undiffer-
entiated primary CSCs, 12 co-culture CSCs 
beginning to differentiate and 11 CSCs cells 
beginning to differentiate in the control group. 
The results showed that there was no hyperpo-
larization-activated inward current in primary 
and control cells recorded. In the co-cultured 
group, one kind of the same hyperpolarization 
activated inward cation current in 3 cells was 
recorded. The current at -50~-60 mv began to 
activate and the maximal activation voltage 
was about -120 mv. Maximum current density 

10]. Among these, the c-kit+ population have 
been most widely studied. These cells demon-
strate typical stem cell properties of self-renew-
al, colony-genesis, and multi-potency with the 
ability to differentiate into cardiomyocytes, 
smooth muscle cells and endothelial cells in 
vitro [5]. Although in some in vivo studies, c-kit+ 
cells have shown beneficial results against car-
diac remodeling after MI. In other studies no 
effect or only marginally significant effects 
were observed [11-15]. This inconsistency may 
be related to variations in procedures used for 
cell isolation and transplantation and the lack 
of a consistent protocol for preserving the 
stemness of these cells and minimizing con-
tamination by other cells. Here, we used the 
most popular method of tissue explants adher-
ence to isolate CSCs and evaluated the differ-
ent isolation rate from different part of mouse 
heart.

Our study shows that the CSCs migrated out of 
atrial tissue in 4.92±0.88 days and of ventricu-
lar tissue explants in 6.27±1.08 days, which 
indicates statistically significant difference 
between these two groups (p<0.05). Another 
result shows that 72.5% of the atrial tissue 
explants with CSCs migrating out and the per-

Table 1. Statistical analysis of the cardiac markers fluorescence values 
in co-cultured group and control group

α-Actinin cTnI cTnT
co-cultured group 0.0727±0.0037 0.0389±0.0023 0.0612±0.0035
control group 0.0131±0.0012 0.0223±0.0019 0.0208±0.0022
p values 0.007 0.018 0.015

Figure 5. The relative expression level of cardiac-specific markers in co-cultured 
group and control group.

of active voltage was 
(-3.379±0.995) pA/pF 
(Figure 6). These cur-
rents could be com-
pletely blocked by CsCl 
(Figures 7 and 8). These 
characteristics of the 
recorded current acco- 
rded with If current.

Discussion

Recent evidence sup-
ports that the adult 
heart contains a dis-
crete population of self-
renewing stem cells 
[5-8]. By using different 
stem cell markers and 
isolation methods, at 
least five different types 
of CSCs (c-kit+; Sca-1+; 
Isl1+, cardiac side po- 
pulation/Abcg2+/MDR+ 
cells and cardiospher- 
es/c-kit+/Sca-1+/Flk1+) 
have been described [9, 
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centage for ventricular tissue explants was 
60%. Although there was no statistically signifi-
cant difference (p=0.237), there was no deny-
ing that the difference existed. We planned to 
increase the number of samples in future study. 
According to reports, c-kit+ CSCs reside in dis-
crete stem cell niches in normal human heart 
and the atrium is believed to be the highest lev-
els of these cells [16-18]. Meanwhile, more 
fibroblasts existing in ventricles might prevent 
CSCs migrating out, which was in accordance 
with our data.

This study demonstrates that the isolated pri-
mary CSCs expressed not only high level of c-kit 
but also high level of cardiac-specific proteins 
cTnI and cTnT. Since the adherent tissue culture 
method destroyed stem cell nests complete 
structure by cutting and digestion [19, 20], vari-
ous cells in stem cell nests would secrete kinds 

of factors, such as Wnt, SDF-1, bFGF and oth-
ers by paracrine, which would affect the prolif-
eration, migration and differentiation of CSCs. 
This process has been proved in bone marrow 
stem cells and neural stem cells nests similar 
with cardiac stem cell niche [21, 22]. Another 
possible reason why we could detect the cTnI 
and cTnT at the same time was that the CSCs 
might begin to differentiate for staying in the 
myocardial microenvironment for 4-5 days.

In summary, tissue explants adherence meth-
od can protect the CSCs from digestion and 
avoid interference from the c-kit positive mast 
cells. The tissue matrix components can 
enhance stem cell proliferation and inhibit the 
aging of stem cells [23]. We have confirmed the 
accessibility and repeatability of tissue explants 
adherence method. We can obtain a great deal 
of C-kit+ CSCs and maintain the typical charac-

Figure 6. The If current of primary CSCs and co-cultured CSCs. A: If current record of primary CSCs and the control 
group without If current record. B: If current record of primary CSCs and the control group in which CSCl was added. 
C: If current record of primary CSCs and the control group after removing the background current. D: If current re-
cord of co-cultured CSCs. E: If current record of co-cultured CSCs in which CSCl was added. F: If current record of 
co-cultured CSCs after removing the background current record.
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teristics of CSCs for a long time to provide a 
reliable source of CSCs for the follow-up 
experiments.

Currently, there are mainly two categories of 
methods to induce CSCs into myocardial cells 
(cardiomyocytes, CMs): induction by chemicals 
and myocardial microenvironment. The former 
commonly includes 5-Azacytine and other 
chemical reagents; the latter includes co-cul-
ture method and myocardial cell conditioned 
medium induced method [4]. The efficiency of 
inducing differentiation by chemical agents is 
low, and chemical agents have a certain cyto-

functional maintenance, nutrition and regula-
tion of myocardial cells and CSCs [26, 27]. 
Among them, studies found that mammalian 
epicardial cells can promote the formation of 
embryonic cardiomyocytes. And epicardial cells 
of adult mice damaged myocardial tissue could 
secrete a variety of cytokines, which are proven 
to promote myocardial and vascular repair, and 
stimulate the proliferation and differentiation 
of CSCs [28]. ECM has gradually been demon-
strated that it played an important role on pro-
liferation and differentiation of stem cell [29]. 
In vitro experiments also found that the ECM 
could increase the ability of stem cell prolifera-

Figure 7. The Current-voltage (I-V) graph of If current. A: Cells with If 
current, cells with no-If current and cells with blocked If current (CsCl) 
I-V curve. B: Cells with If current, cells with no-If current cells I-V curve.

toxic effects. Hence we chose the 
method of co-culture to induced 
CSCs.

Our experiments showed that the 
proliferation of CSCs cultured with 
sinus tissue was faster than the con-
trol group. The CSCs showed myocar-
dial ball-like aggregation growth in 
co-cultured group and c-kit fluores-
cence intensity decay rate and cell 
aging were slower than that of the 
control group. At the same culture 
time, the positive rates of CSCs 
expressing α-Actinin, cTnI and cTnT 
and the average optical density val-
ues were higher than that of control 
group (p<0.05). Some cells in co-cul-
tured group gradually appeared mor-
phology of spindle-shaped, rod-like 
naive cardiomyocyte-like cells. Mean- 
while the control group cells were flat 
and long spindle-like fibroblast.

In Mammalian heart tissue, CMs 
account for 66.6% of the total cardi-
ac tissue volume, but for 25% of 
number of the whole heart cells [24]. 
Therefore, traditional single-cell type 
co-culture system cannot completely 
simulate cardiac microenvironment 
for CSCs induction in vivo. And more 
and more evidence show that diverse 
factors inducing effect on the regula-
tion of stem cells is crucial [25]. 
Different studies have proved that 
the non-cardiac myocytes, paracrine 
effects of heart/membrane epitheli-
al cells, fibroblasts, and other extra-
cellular matrix (extracellular matrix, 
ECM) play very important roles on 
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tion and reduce the rate of apoptosis [30], 
which has been confirmed in our co-culture 
experiments. Its impact on the behavior of 
stem cells may have two aspects: first, ECM 
can store and release various cytokines to reg-
ulate stem cell proliferation and differentiation. 
Second, ECM in cardiac repair process can 
assist CSCs to repair damaged myocardium 
through paracrine [31]. In short, ECM can 
induce differentiation of stem cells into cardio-
myocytes and promote stem cell proliferation 
[32]. Fibroblasts were proved that under the 
effect of fibroblast growth factor (FGF) and 
transforming growth factor-β (TGF-β) to secrete 
various ECM components: collagen, structural 
proteins, fibrin, adhesion proteins, anti-sticking 
and proteoglycans, and basement membrane, 
etc [33, 34]. Co-cultured tissue retains a vari-
ety of stromal cells and heart working cells, so 
it can completely stimulate sinus regional myo-
cardial microenvironment on the induction of 
CSCs.

The c-kit positive CSCs had been shown to be 
induced to differentiate into cardiomyocytes, 
endothelial cells, smooth muscle cells and 
other components of major cardiac tissue cells 
[35]. Sinoatrial node cell as a special cardio-
myocyte is the initiation point of the heart’s 
electrical activity and regular rhythmic move-
ment. The If current is recognized as the sinus 
node and conduction system in diastolic depo-
larization automatically next electrophysiologi-
cal basis of action potentials and launching po- 

vous excitability and inhibition do not change If 
current basic electrophysiological characteris-
tics but change the ion channel opening rate to 
regulate the heart rate [38, 39]. Hence If cur-
rent’s electrophysiological characteristics are 
relatively stable, suitable for experimental 
study.

If current, which is hyperpolarization activated 
cyclic nucleotide-gated cation channel, is 
encoded by a gene family HCN. It is inward 
mediated hyperpolarization activated cation 
current [40]. In our experiment whole-cell 
patch-clamp technique was used to record the 
If current characteristics of primary and co-cul-
tured CSCs. One kind of the same hyperpolar-
ization activated inward cation current was 
recorded in 3 cells from the co-cultured group. 
The current at -50~-60 mv began to activate, 
and the maximal activation voltage was about 
-120 mv. Maximum current density of active 
voltage was (-3.379±0.995) pA/pF. These cur-
rent could be completely blocked by CsCl. 
These values agreed with the value reported in 
literature [41, 42]. Meanwhile, hyperpolariza-
tion-activated inward current were not record-
ed in primary and control cells. It is proved that 
CSCs induced by co-cultured with sinus node 
tissue expressed If current. Our experiments 
provide a reliable method in vitro to induce dif-
ferentiation of CSCs into sinus node-like cells in 
which If current can be recorded without gene 
transfection or chemicals. It shows that CSCs 
have the natural ability to differentiate into the 

Figure 8. The contrast of current density between cells with If and no-If.

int of the diastolic 
automatic depolar-
ization at diastolic 
stage, so If current 
is also known as 
“pacemaker curre- 
nt” [36]. The If cur-
rent as cell speci-
ficity exists in the 
sinus node and 
conduction system 
cells [37]. The If 
current is so differ-
ent from other ty- 
pes of cardiomyo-
cytes current in 
sinoatrial node ce- 
lls, which can be 
used to identify the 
sinus node cells. 
The autonomic ner-
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sinus node-like cells, same as the natural abili-
ty to differentiate into cardiomyocytes cells. 
Thus, CSCs are ideal pacemaker seed cells for 
the study of cardiac biology.
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