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Expression changes of small conductance Ca2+  
activated K+ channel in atrial myocytes  
caused by calumenin silence
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Abstract: Small conductance Ca2+ activated K+ channels have been shown to contribute to the pathogenesis of atrial 
fibrillation (AF). ER resident calcium binding calumenin has been shown to have a cardioprotective role. In this study, 
the suckling mouse atrial myocytes was identified by Immunohistochemical method. Calumenin protein was down-
regulated in mouse neonatal cardiomyocytes (atrial myocytes). Ca2+ concentration was tested with fluorescence 
spectrophotometer and the expression of SK2 was detected with Real Time PCR and Western blotting. Compared 
with the control group, the concentration of Ca2+ was increased and the expression of SK2 mRNA and protein was 
increased in Calumenin silence model group. This study highlights calumenin affected Ca2+ and SK2 expression in 
mouse atrial myocytes, which may play an important role in the occurrence and development of atrial fibrillation.
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Introduction

Atrial fibrillation (AF), one of the most common 
clinical arrhythmia, is a serious threat to human 
survival and health. AF can trigger thromboem-
bolic disease, increase patient mortality, make 
the risk of stroke increase 4 to 5 times and that 
of dementia increase two times [1] When Atrial 
fibrillation occurs, the rapid stimulation can 
make the systolic phase relatively prolonged, 
the frequency of action potential increased and 
the intracellular Ca2+ increased through ICa-L, 
thus induce the release of sarcoplasmic reticu-
lum Ca2+, Finally lead to the intracellular Ca2+ 
overload [2], Small conductance calcium acti-
vated potassium channels (SK) is one of the 
calcium activated potassium channels (KCa), 
which is insensitive to voltage and sensitive to 
calcium. In recent years, the research found 
that SK channels existed in the cardiomyo-
cytes, molecular evidence indicated that SK2 
differently expressed in human and mouse 
atrium and ventricular, mainly in the atrium. 

SK2 channels is a kind of KCa channels, which 
is highly sensitive to intracellular free Ca2+ and 
rapidly responses to Ca2+ change and quickly 
converts the change of intracellular Ca2+ con-
centration into cell membrane potential chang-
es. Therefore, we speculated that intracellular 
calcium overload may affect SK2 channel func-
tion in AF atrial myocytes.

Calumenin is a Ca2+ binding protein, which is 
located in the endoplasmic reticulum/sarco-
plasmic reticulum of mammalian cardiomyo-
cytes and belongs to the CREC family with many 
EF-hand structures. Calumenin interacts with 
Ryanodine and SERCA2a regulate cardiomyo-
cytes calcium release, calcium uptake and cal-
cium storage and maintain the steady state of 
calcium cycle [3]. At present, it has not been 
seen the related reports on the correlation 
about calumenin, SK2 and mechanism of atrial 
fibrillation, this study intends to observe the 
SK2 expression changes in suckling mouse 
atrial myocytes with or without calumenin 
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silence, to study a new pathophysiological 
mechanism of atrial fibrillation.

Materials and methods

Animal drug and instrument

1-3d, Balb/csuckling mice were purchased 
from Basic Medical School of Jilin University 
animal center, license number: scxk (Ji) 2011-
0004. This study was performed in accordance 
with the National Institutes of Health Guide for 
the Care and Use of Laboratory Animals (NIH 
Publications No. 80-23) revised in 1996.

KCNN2 antibody was purchased from Abcam 
Company, calumenin antibody was purchased 
from Bioss Company, β-actin was purchased 
from Wanleibio Company. Lentiviral transfec-
tion plasmid was synthesized by Shenyang 
WANLEI life Science Company.

Isolation and culture of suckling mouse atrial 
myocytes

Placed suckling mouse in culture dishes and 
washed them with PBS repeatedly. Cut atrial 
tissue into 1-3 mm3 small pieces. Added 0.1% 
type II collagenase and 0.1% trypsin mixture, 
After digestion with 37°C for 25 min, moved it 
into the 15 ml centrifuge tube to centrifuge with 
1500 r/min for 7 min and discarded superna-
tant, 1000 r/min after suspending precipitation 
with PBS and pipetting repeatedly through a 
straw centrifuged 5 min, culture medium sus-
pended cell, a 200 mesh screen was used to 
remove chunks of tissue. PBS cleaned cell 2 
times, 1000 r/min centrifuged 10 min, removed 
the supernatant and kept precipitation. Culture 
medium suspended cell again, then placed it 
into culture plate after cell counting. Fiber cells 
adherent faster, a large number of fiber cells 
can be removed for 2 h, pure myocardial cells 
was in supernatant suspension fluid. Cells were 
placed in culture plate after 24 hours without 
moving, then every two days for changing liq-
uid. Cultured cells to a density of about 90%, 
PBS cleaned 2 times. According to the experi-
ment contents, the cells were inoculated in 
6-well plates, concentration was 5×104/ml, 
and placed in the incubator with temperature of 
37 and CO2 concentration of 5% overnight. 
Transfection was allowed after 24 h, the cell 
density in general in 70% is appropriate.

Identification of suckling mouse atrial myo-
cytes by immunohistochemistry

To detect the expression of α-SCA protein in 
cultured suckling mouse atrial myocytes by 
immunohistochemistry. The steps as follow: (1) 
0.1% TritonX-100 incubation; (2) 3% hydrogen 
peroxide incubation education; (3) serum block-
ing; (4) first antibody incubation; (5) secondary 
antibody incubation; (6) Horseradish peroxi-
dase; (7) DAB color rendering; (8) hematoxylin 
staining; (9) microscopic examination.

Calumenin interference plasmid construction

Sample source status ShRNA oligidic nucleo-
tide fragment; shRNA lentiviral vector plasmid. 
The following experimental procedures: (1) 
Experiment product preparation; (2) The oligo-
nucleotide annealing; (3) The plasmid enzyme 
digestion; (4) The plasmid recombinant; (5) 
Positive clones screening; (6) Sequencing and 
identification.

The interference fragment information is as 
follows:

Name Target
Calumenin -sh1 ggatggagacctaattgcc
NC ttctccgaacgtgtcacgt

Calumenin interference lentiviral plasmid 
transfected the target cells

Prepare virus: Taken out the lentiviral pre-
served in 4°C and shaken before used gently. 
Infected target cells: After the virus was ready, 
the cells were removed from the incubator to 
observe the cell growth state, if the cell state 
was well then started the experiment. Used the 
pipettes absorb a certain amount (the number 
of virus and cell ratio of 100: 1) of the virus liq-
uid and add into the medium and added ploy-
brene in the medium (6 g/ml) to improve the 
efficiency of infection. Sucked original culture 
medium and added the new culture medium 
containing virus fluid to lentivirus transfection 
cells and control cells respectively. Incubated 
cells were mixed and incubated in 37°C, 5% 
CO2. After 24 h, normal culture medium (con-
taining 10% serum DMEM culture medium) 
replaced containing lentiviral medium, cultured 
in 37°C, 5% CO2 incubator.
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Real time PCR detected the expression of calu-
menin and SK2 mRNA

Suckling mouse atrial myocytes were homoge-
nized in TRIzol reagent and the total RNA was 
isolated. Total RNA were used to synthesize the 
first-strand cDNA, according to the Invitrogen 
manufacurers’ instructions. The cDNAs synthe-
sized were then used for quantitative real-time 
PCR analysis.

The ABI 7300 Detection System (Applied Bio- 
systems, Foster City, CA, USA) was used to per-
form quantitative real-time PCR using the SYBR 
Green PCR Master Mix (TianGen), GAPDH ser- 
ved as a reference control and the 2-ΔΔct method 
was used.

Measurement of calcium concentration

Intracellular Ca2+ levels were detected by the 
Ca2+-sensititive fluorochrome Fluo-3/acetoxy-
methyl ester (Fluo-3/AM) by fluorescence spec-
trophotometer. Suckling mouse atrial myocytes 
were loaded with Fluo-3/AM for 10 min. cells 
were passed through 340 nm filter. Fluoresce- 
nce emissions were detected and recorded 
(Deficiency in TLR4 signal transduction amelio-
rates cardiac injury and cardiomyocyte contrac-
tile dysfunction during ischemia).

Western blot detected the expression of calu-
menin and SK2 in each group

Each group suckling mouse atrial myocytes 
experiment following the steps of the experi-
ment. Protein extraction, protein quantification 

with the BCA method, take 15 μL samples for 
SDS-PAGE, transferred to a PVDF membrane, 
closed, Incubated first antibody, Incubated sec-
ondary antibody, ECL substrate luminescence, 
saved the image. Common antibody blocking 
buffer, resisting incubation liquid and second-
ary antibody incubation liquid were 5% skim 
milk powder.

Statistical analyses

Experimental results were shown Means ± SE, 
using SSPS11.5 statistical analysis software 
for data analysis, different groups using paired 
t test. 

Results

Immunohistochemical identification of suckling 
mouse myocardial cells

Suckling mouse cardiac muscle cells were 
detected by immunohistochemistry experi-
ment, checking specific α-SCA protein, identi-
fied as atrial muscle cells (Figure 1)

Quantitative real-time PCR detected the 
expression of calumenin and SK2 mRNA in 
cardiac myocytes in each group

Quantitative real-time PCR was used to evalu-
ate the expression of calumenin and SK2 
mRNA. The mRNA levels of calumenin were 
decreased in cardiac myocytes with calumenin 
silence (Figure 2A). The mRNA levels of SK2 in 
cardiac myocytes with calumenin silence were 
2.6 times more than SK2 in cardiac myocytes 

Figure 1. Atrial muscle cells were analyzed by α-SCA protein. A: Culturing atrial muscle cell. B: The immunocytochem-
istry of culturing atrial muscle cell α-SCA.
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(Figure 2B). According to the paired t-test, the 
mRNA expression levels of SK2 were higher in 
cardiac myocytes with calumeinin silence than 
in cardiac myocytes. 

Fluorescence spectrophotometer detected 
calcium concentration

To explore the potential mechanism involved 
calumenin protein, intracellular Ca2+ was evalu-
ated using the fluorescence dye fura-3/AM. 
Compared with control group, the intracellular 
Ca2+ levels increased in atrial myocytes with 
calumenin silence (Table 1). The results reve- 
aled that down-regulated calumenin elevated 
the intracellular Ca2+ levels in atrial myocytes.

Western blotting detected the expression of 
calumenin and SK2 in cardiac myocytes in 
each group

Western blotting was applied to measure the 
atrial myocytes calumenin expression in two 
groups, in order to verify the lentiviral transfec-
tion calumenin silence plasmid was successful 

or not. The experimental results showed that: 
Compared with the control group, the calumen-
in silence model group atrial myocytes calu-
menin expression was significantly decreased 
(Figure 3A). At the same time, compared with 
the control group, the calumenin silence model 
group atrial myocytes SK2 was increased sig-
nificantly (Figure 3B).

Discussion

At present, the main treatment of AF is drug 
therapy, interventional therapy, surgical treat-
ment, but the effect is not ideal. This is due to 
the unknown AF mechanism. The current study 
on the mechanism of atrial fibrillation included 
“Multiple-wavelet hypothesis” theory, “drive 
with fibrillation like conduction” theory, “pulmo-
nary venous wave” theory and “atrial fibrillation 
begets atrial fibrillation”. The so-called “atrial 
fibrillation begets atrial fibrillation” refers to 
that after the atrial electrical remodeling (AER); 
AF tends to a state of self sustaining. AER refers 
to that the atrial muscle ERP shortened, the 
dispersion increased, the frequency adaptation 
decline, disappeared or reverse changed 
caused by repeated AF attacks or continuous 
electrical stimulation [4, 5]. The occurrence of 
AF is closely related to the shortening of ERP in 
AP, and AP is determined by different ion chan-
nel activity in cardiac muscle cells. Studies 
have shown that rapid pacing in primary culture 
of rat atrial myocytes may lead to the mRNA 

Table 1. Effect of calumenin on [Ca2+]i in 
atrial myocytes (n = 6)

[Ca2+]i (nmol/L)
CON 96.38 ± 2.34
CON + calimenin silence 109.76 ± 1.29**
All data are shown as mean ± SE (n = 6 per group). 
**P<0.01.

Figure 2. mRNA expression of calumenin and SK2 were analyzed by real-time PCR in atrial myocytes. All data shown 
as mean ± SE (n = 3 per group). #P<0.5, ###P<0.001.
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and protein expression of L-type calcium chan-
nel and potassium channel decline in different 
degrees. When AF occurs, because of the 
expression of L-type calcium channel decreased 
its density down regulated [6-9]. All of these 
results suggested that the changes of ion chan-
nel function might be related to the occurrence 
and maintenance of AF.

SK2 channel, consist of α subunit, calmodulin 
(CAM) and protein kinase CK2 (CK2) and pro-
tein phosphatase 2A (PP2A) (10), has the char-
acteristics of K+ selectivity, Ca2+ sensitivity and 
voltage independence [11, 12]. The expression 
of SK2 in the atrium is more abundant than 
ventricle [13]. The role of SK2 channel in the 
development of AF has become a hot topic in 
current research. The calumenin is a Ca2+ bind-
ing protein, which is located in the endoplasmic 
reticulum/reticulum of mammalian cardiac 
muscle cells and belongs to the CREC family 
with multiple EF-hand structures. Ca2+, as the 
second messenger, transports the extracellular 
signal to the intracellular and participates in 
the regulation of a variety of ways. EF-hand pro-
tein plays an important role in this process. 
EF-hand protein, as the intracellular calcium 
sensor, in different ranges, precisely induces 
the intracellular calcium concentration change 
and then transformates these simple regulato-

ry signals into a variety of functional response. 
We in previous work found that Calumenin 
maintain calcium homeostasis in cardiac myo-
cytes by the way of combining with the SERC- 
A2a of endoplasmic reticulum in cardiac mus-
cle cells. In VMC mouse, cardiac cavity expand-
ed, contraction function decreased, myocardial 
calumenin expression decreased, the binding 
capacity of cardiomyocytes Calumenin and 
endoplasmic reticulum SERCA2a reduced. Re- 
ported in the literature: in myocardial cell, 
closed calumenin gene could increase the 
SERCA2 activity, change the affinity of the 
SERCA2 to Ca2+, increase the amplitude of 
mouse myocardial cell calcium transient, short-
en Ca2+ reach peak time and reduce diastolic 
Ca2+ 50% -reduction process.

In this experiment, we observed that SK2 
expression increased significantly in silence 
calumenin atrial myocytes, suggesting that 
silence calumenin atrial myocytes may cause 
the intracellular Ca2+ concentration significantly 
increased, the SK2 expression increased. It 
activated SK2 channels and increased SK2 
currents, affected the ERP of AP duration in 
atrial muscle cells, resulted in atrial fibrillation. 
As for the silent calumenin atrial myocytes  
calcium concentration is how to change, as well 
as its effect on the SK2 current and ERP  

Figure 3. Calumenin regulates proteins expression of SK2 in atrial myocytes. Protein levels of calumenin and SK2 
were analyzed from lysates derived. All data are shown as mean ± SE (n = 3 per group). *P<0.5, **P<0.01.
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of AP, further elucidation is needed in future 
experiments.
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