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ORIGINAL RESEARCH

Inward Rectifier K+ Currents Contribute to 
the Proarrhythmic Electrical Phenotype 
of Atria Overexpressing Cyclic Adenosine 
Monophosphate Response Element 
Modulator Isoform CREM-IbΔC-X
Florentina Pluteanu , PhD*; Matthias D. Seidl, PhD*; Sabine Hamer, PhD; Beatrix Scholz, PhD; Frank U. Müller, MD

BACKGROUND: Transgenic mice (TG) with heart-directed overexpresion of the isoform of the transcription factor cyclic adeno-
sine monophosphate response element modulator (CREM), CREM-IbΔC-X, display spontaneous atrial fibrillation (AF) and 
action potential prolongation. The remodeling of the underlying ionic currents remains unknown. Here, we investigated the 
regulatory role of CREM-IbΔC-X on the expression of K+ channel subunits and the corresponding K+ currents in relation to AF 
onset in TG atrial myocytes.

METHODS AND RESULTS: ECG recordings documented the absence or presence of AF in 6-week-old (before AF onset) and 
12-week-old TG (after AF onset) and wild-type littermate mice before atria removal to perform patch clamp, contractility, and 
biochemical experiments. In TG atrial myocytes, we found reduced repolarization reserve K+ currents attributed to a decrease 
of transiently outward current and inward rectifier K+ current with phenotype progression, and of acetylcholine-activated 
K+ current, age independent. The molecular determinants of these changes were lower mRNA levels of Kcnd2/3, Kcnip2, 
Kcnj2/4, and Kcnj3/5 and decreased protein levels of K+ channel interacting protein 2 (KChIP2), Kir2.1/3, and Kir3.1/4, respec-
tively. After AF onset, inward rectifier K+ current contributed less to action potential repolarization, in line with the absence of 
outward current component, whereas the acetylcholine-induced action potential shortening before AF onset (6-week-old TG 
mice) was smaller than in wild-type and 12-week-old TG mice. Atrial force of contraction measured under combined vagal-
sympathetic stimulation revealed increased sensitivity to isoprenaline irrespective of AF onset in TG. Moreover, we identified 
Kcnd2, Kcnd3, Kcnj3, and Kcnh2 as novel CREM-target genes.

CONCLUSIONS: Our study links the activation of cyclic adenosine monophosphate response element–mediated transcription to 
the proarrhythmogenic electrical remodeling of atrial inward rectifier K+ currents with a role in action potential duration, resting 
membrane stability, and vagal control of the electrical activity.
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Patients manifesting atrial fibrillation (AF) pres-
ent a variety of altered molecular mechanisms.1 
Therapeutically, identifying the functional alter-

ations in the early stages of the disease would be 

beneficial. In this regard, animal models of AF are use-
ful tools to identify AF onset time and to investigate 
biological alterations occurring early in atrial remodel-
ing. Experimental AF were induced either functionally 
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in large animals by rapid atrial pacing2–5 or by genetic 
modifications of a variety of molecules ranging from 
(1) ion channels such as Nav1.5,6 (2) adaptor proteins 
such as FK506-binding protein (FKBP12),7 or (3) tran-
scription factors such as E twenty-six variant 1 (ETV1),8 
T-box transcription factor (TBX5),9 paired-like home-
odomain 2 (PITX2),10 or cyclic adenosine monophos-
phate (cAMP) response element modulator (CREM).11 
These AF animal models showed similarities with 
human AF and allow the identification of pathophysio-
logical mechanisms linked to a specific alteration.

CREM-IbΔC-X is an isoform of the CREM transcrip-
tion factor that functions as a repressor of cAMP sig-
naling–induced transcription belonging to the cAMP 
response element binding (CREB) and activating 
transcription factor (ATF1) family.12 Elevated levels of 
CREM-IbΔC-X were reported in patients with heart 
failure12 and AF.13 The downregulation of target genes 
of CREB/ATF1 family of transcription factors was as-
sociated with AF susceptibility in humans.14 In mice, 
heart-directed overexpression of CREM-IbΔC-X in-
duced extensive remodeling at structural and func-
tional levels leading to an onset of atrial ectopic activity 
around 7 to 8 weeks of age that progressed to per-
manent AF by 12 weeks of age.15,16 The progression of 

CLINICAL PERSPECTIVE

What Is New?
• This study identified a complex electrical remod-

eling in atrial myocytes from cyclic adenosine 
monophosphate response element modulator 
isoform CREM-IbΔC-X transgenic mice, con-
sisting of the downregulation of many K+ chan-
nel subunits linked to familial forms of long QT 
syndrome as well as of the corresponding K+ 
currents, which contribute to action potential 
prolongation, atrial fibrillation, and autonomic 
cardiac dysregulation.

• We showed that genes encoding these K+ 
channels are targeted by the transcriptional re-
pressor CREM isoform CREM-IbΔC-X.

• Our study supports the multifactorial causes of 
atrial fibrillation and suggests that overlapped 
decrease of the transiently outward current, 
inward rectifier K+ current, and acetylcholine-
activated K+ current and increased sensitivity 
to sympathetic stimulation creates an electrical 
substrate for atrial fibrillation development and 
maintenance.

What Are the Clinical Implications?
• This study identified new cardiomyocyte-specific 

proarrhythmogenic mechanisms modulated by 
cyclic adenosine monophosphate–activated 
transcription factors such as CREM.

• Our study proposes a direct link between the 
expression of CREM isoforms and atrial failure–
associated electrical remodeling.

• Discovery of new drugs that modulate molecu-
lar targets such as ion channels or the activity 
of transcription factors with roles in electrical 
stability at the cardiomyocyte level may be ben-
eficial for future therapeutic strategies to control 
arrhythmias in the treatment of patients with 
atrial fibrillation.

Nonstandard Abbreviations and Acronyms

AM atrial myocytes
AP action potential
APD action potential duration
ATF1 activating transcription factor 1
ChIP chromatin immunoprecipitation
CREB cyclic adenosine monophosphate 

response element binding protein
CREM cyclic adenosine monophosphate 

response element modulator
ETV1 E twenty-six variant 1

FKBP12 FK506-binding protein 12
FOC force of contraction
GIRK G-protein coupled inwardly rectifying 

K+ channel
IK1 inward rectifier K+ current
IKACh acetylcholine-activated K+ current
IKend total outward K+ current at the end 

of the pulse
IKr cardiac “rapid” delayed rectifier 

current
IKs slow-activating slow-inactivating 

delayed rectifier K+ current
IKtail tail K+ current
Ito transiently outward current
KChIP2 K+ channel interacting protein 2
KCNE2 K+ voltage-gated channel subfamily E 

regulatory subunit 2
M2R muscarinic M2-receptor
FKBP12 FK506-binding protein 12
qRT-PCR quantitative real-time polymerase  

chain reaction
RMP resting membrane potential
TBX5 T-box transcription factor 5
TG transgenic mice expressing  

CREM-IbΔC-X transcription factor
WT wild type
βAR β-adrenoceptor
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AF-induced remodeling in transgenic mice expressing 
CREM-IbΔC-X transcription factor (TG) recapitulates 
many aspects of the structural changes occurring be-
fore AF in patients,11,15 except for the changes of action 
potential duration (APD). Although AP shortening is 
considered the hallmark of AF, the atrial APD prolon-
gation has been frequently reported in many mouse 
models for AF6,8,16,17 as well as for some patients with 
long QT syndrome.18

Characterization of the transcriptional program 
linked to AF development in these mice identified a 
switch from structural to functional remodeling from 
young to old mice,16 partially reversed by the anticon-
vulsant valproate.19 In TG, AF occurs in the absence 
of detrimental structural and hemodynamic ventricular 
remodeling11 and in the presence of atrial dilation and 
prolonged APD.15,16 Reports from both heterozygous16 
and homozygous TG mice20 identified decreased 
mRNA levels of some genes encoding for K+ chan-
nel subunits. So far, any characterization of the ionic 
currents underlying the atrial AP prolongation in TG 
mice was not performed. Thus, we aimed to evaluate 
the changes in the electrophysiological profile of atrial 
myocytes (AM) isolated from TG mice in relation to AF 
onset.

METHODS
The data that support the findings of this study are 
available from the corresponding author upon reason-
able request.

An expanded version of the methods is presented 
in Data S1.

Experimental Animals
Mice with cardiomyocyte-directed overexpression 
of hemagglutinin-tagged CREM-IbΔC-X (TG) were 
described previously.11,12 Wild-type (WT) littermates 
were used as control. Mice were kept at a room tem-
perature of 22°C under a 12-hour light/dark cycle 
and received a normal diet (Altromin Spezialfutter 
GmbH, Lage, Germany) and water ad libitum. The 
mice were euthanized by CO2 inhalation. Animals 
were handled and maintained according to the local 
welfare authority’s rules and Directive 2010/63/EU 
of the European Parliament. All followed proce-
dures were approved by and were in accordance 
with the institutional guidelines established by the 
regional authority Landesamt für Natur, Umwelt 
and Verbraucherschutz, North Rhine-Westphalia, 
Germany. The animals were distributed accord-
ing to age (5–7 and 11–13  weeks) and genotype 
(WT and TG) into 4 groups: WT 6  weeks (WT6w), 
TG 6 weeks (TG6w), WT 12 weeks (WT12w), and TG 
12 weeks (TG12w).

In Vivo ECG Measurements
ECG measurements were performed in isoflurane-
anesthetized mice to confirm the absence (in WT6w, 
TG6w, and WT12w mice) and the presence of persis-
tent AF (in TG12w). ECG measurements confirmed the 
presence of AF before heart removal for AM isola-
tion for standard patch-clamp or atrial tissue homog-
enization for standard biochemical assays such as 
Western blot, quantitative real-time polymerase chain 
reaction (qRT-PCR), and chromatin immunoprecipi-
tation (ChIP) as previously described.16,19 The number 
of TG mice exhibiting persistent AF at the age of 5 
to 7 weeks was low and randomly detected to cre-
ate an individual group. Moreover, this finding agreed 
with our aim, and therefore the mice not included in 
our study did not confound the experiment. It was 
essential to perform ECG measurements on all mice 
to test for AF presence or absence and to assign the 
animals to the proper group for the equal distribution 
of the samples; therefore, not all of the experimenters 
were blinded. Moreover, because of the strong atrial 
phenotype, the quality of cell isolation was poor in 
the TG mice, meaning that more TG than WT mice 
had to be euthanized for this study.

Tissue Isolation
Hearts were excised and transferred to ice-cold cal-
cium-free Tyrode’s solution. Both atria were quickly 
cut from the heart, frozen in liquid nitrogen, and stored 
for further analysis using qRT-PCR, Western blot, and 
ChIP assays.

Isolation of Atrial Cardiomyocytes
Atrial cardiomyocytes were isolated from all 4 groups of 
mice using retrograde perfusion of the hearts to digest 
the connective tissue with collagenase type II (230U/
mg; Worthington Biochemical Corporation, Lakewood, 
NJ) as described previously.16

Electrophysiology
Ca2+-tolerant AM were used for the measurements 
of K+ currents using the patch-clamp technique in 
perforated-patch configuration achieved with the 
help of amphotericin B (300 μg/mL; Sigma-Aldrich 
Chemie GmbH, Steinheim, Germany). All recordings 
were performed at room temperature (22°C–24°C). 
Borosilicate glass capillaries (Science Products 
GmbH, Hofheim, Germany) were pulled to a resist-
ance of 3 to 5 MΩ with a horizontal puller (P-97; Sutter 
Instruments Inc., Novato, CA). Data were sampled 
with an 18-bit analog to digital converter InstruTech 
ITC-18 and filtered at 10  kHz using an EPC-800 
amplifier under the control of the PatchMaster soft-
ware (HEKA Elektronik, Lambrecht, Germany). The 
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average values for the seal resistances was on aver-
age higher than 1 GΩ and not significantly different 
between groups. The series resistances reached on 
average between 22 and 24 MΩ and were compen-
sated between 52% and 65%. To record the action 
potentials (AP) and K+ currents, the cells were per-
fused with a bath solution containing the following 
(in mmol/L): 136 NaCl, 5.4 KCl, 1 CaCl2, 1 MgCl2, 
5 HEPES, 0.33 NaH2PO4, and 10 glucose adjusted 
to pH 7.4 with NaOH. The pipettes were filled with 
a solution containing the following (in mmol/L): 5 
NaCl, 120 KCl, 2.5 MgATP, 1 EGTA, and 5 HEPES 
adjusted to pH 7.2 with KOH. The 10 μmol/L solu-
tion of BaCl2 or acetylcholine were freshly prepared 
from 100 mmol/L BaCl2 or 100 mmol/L acetylcholine 
stock solutions in water. The protocols used for re-
cording the total outward K+ currents are described 
in Data S1. Briefly, voltage pulses in 10  mV incre-
ments from −80 mV or −40 mV to +70 mV were de-
livered from a holding voltage of −80 mV followed by 
a prepulse to −40  mV of either 10  milliseconds (to 
inactivate the sodium channel) or of 180 milliseconds 
(to inactivate the transient outward K+ channel). In the 
first protocol, the depolarizing steps were followed by 
a 300 milliseconds pulse to −120 mV for assessing 
the inward tail currents flowing through the delayed 
rectifier channels, to estimate indirectly the cardiac 
“rapid” delayed rectifier current (IKr) passing through 
human ether-a-go-go related gene channel (hERG). 
The inward rectifier K+ current was measured as the 
current at the end of the 500  milliseconds pulses 
between −120 and −10 mV from a −40 mV holding 
voltage. To assess the BaCl2 and acetylcholine sen-
sitive currents, a ramp protocol of 1-second duration 
between −120 to +60 mV from the holding voltage of 
−40 mV was applied at 30-second intervals. Current 
amplitudes (expressed in picoamperes [pA]) were 
measured as described in the supplemental data 
and were normalized to membrane capacitance (ex-
pressed in picofarads [pF]) of the cell to obtain the 
current density (pA/pF). AP were triggered at 1 Hz  
frequency with a suprathreshold current stimulus of 
600 to 1000 pA amplitude and a 3-millisecond to 
6-millisecond duration. Three to 5 consecutive AP 
traces at steady state were averaged, and AP am-
plitude, slope, and durations were measured from 
the peak to 20%, 50%, 70%, and 90% repolariza-
tions using a macro for APD analysis designed by 
Dr Jan S. Schulte21 (University of Münster, Germany) 
for Origin 8.1 (OriginLab Corporation, Northampton, 
MA).

Western Blot
Atria from 6 to 8 mice were used from each group. 
Both the left and right atria were pooled from each 

mouse and homogenized in lysis buffer containing 
100 mmol/L NaCl, 20 mmol/L Tris base, 1% sodium 
deoxycholate, 0.1% SDS, 1% Triton X-100, and pH 
8.0 and supplemented with phosphatase and pro-
tease inhibitor tablets (A32959; Thermo Fischer 
Scientific, Darmstadt, Germany). Protein concentra-
tion of the homogenates were measured using the 
classical Bradford method (Thermo Fisher Scientific). 
The samples were equally distributed, and 40 μg of 
protein homogenates was loaded per well on the 10% 
SDS-PAGE gel. Equal protein load was assessed 
after transfer using Ponceau stain. The following rab-
bit polyclonal primary antibodies were used against 
K+ voltage-gated channels (Kv) subunits Kv4.2 (1:200, 
APC 023, Alomone Labs, Jerusalem, Israel), Kv4.3 
(1:200, APC 017, Alomone Labs), K+ channel inter-
acting protein 2 (KChIP2) (1:200, sc-25685, Santa 
Cruz Biotechnology Inc, Santa Cruz, CA), and K+ in-
wardly rectifying channel (Kir) subunits Kir2.1 (1:200, 
APC 159, Alomone Labs), Kir2.3 (1:1000, APC 032, 
Alomone Labs), Kir3.1 (1:200, APC 005, Alomone 
Labs), Kir3.4 (1:200, APC 027, Alomone Labs), and 
as loading control calsequestrin (1:2500, PA1-913, 
Thermo Fisher Scientific). As secondary antibod-
ies we used horseradish peroxidase conjugated 
anti-rabbit IgG antibody (1:10 000, A27036, Thermo 
Fisher Scientific). Chemiluminescence was devel-
oped with SERVALight Helios (42587.03, SERVA 
Electrophoresis GmbH, Heidelberg, Germany) or 
SERVALight Eos (42585.02, SERVA Electrophoresis 
GmbH). After developing the secondary antibody, 
the band intensity was quantified using ImageJ 1.49v 
(National Institute of Health, Bethesda, MD). Each 
band was normalized for load (to the Ponceau stain 
intensity of the full lane), for transfer (normalized to 
the averaged signal of the WT6w bands of the same 
membrane, as reference), and to calsequestrin for 
myocyte content. The normalized values of the sam-
ples belonging to the same group were averaged for 
statistical comparison.

Quantitative Real-Time Polymerase Chain 
Reaction
A total of 8 animals have been used from each group. 
Total RNA was purified using TRIzol (15596018, 
Thermo Fisher Scientific) according to the manufac-
turer instructions, and 1 μg was reversely transcribed 
to cDNA that served as input for qRT-PCR. The 
primers used to probe the ion channel subunits are 
described in Data S1. Hypoxanthine phosphoribosyl-
transferase 1 (Hprt1) was used as the housekeeping 
gene.

The primers were designed using Primer322,23 
and synthesized by Eurofins (Eurofins Genomics, 
Ebersberg bei, München, Germany). To identify 
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the outliers of each group, Grubbs test for outliers 
(GraphPad Prism 8.0.2 for Windows GraphPad Prism 
Software, La Jolla, CA)24 was applied on the cycle 
threshold (Ct) difference (ΔCt), calculated as ΔCt 
=Cttarget-Cthprt1 for each gene. Calculation of relative 
expression was derived from the 2−ΔΔCt method using 
the relative expression software tool (REST version 
2.07).25

Chromatin Immunoprecipitation
Standard chromatin immunoprecipitation (ChIP) proto-
col was performed on atria of TG or WT mice.19 Eight 
to 10 animals were used from each of the 4 groups. 
The tissue was fixed with 1% formaldehyde, and chro-
matin was fragmented to 700 to 1000 bp by sonication 
and immunoprecipitated with a rabbit polyclonal anti-
hemagglutinin tag (2.5 μg, ab9110 Abcam, Cambridge, 
UK) antibody. After purification and amplification of the 
whole genomic DNA, qRT-PCR was performed using 
primers designed around possible functional cAMP 
response element identified using JASPAR 201626 in 
the promoters of genes of interest. Glyceraldehide-
3-phosphate dehydrogenase was used as reference. 
The primers used to probe the specific promoter are 
described in Data S1.

The primers were designed using Primer3 software, 
as mentioned previously.

Measurement of Atrial Contraction
Left atria of all 4 experimental groups of mice were 
dissected in oxygenated ice-cold physiological solu-
tion and attached to a force transducer for record-
ing isometric contractions electrically driven by field 
stimulation at 1 Hz using suprathreshold rectangular 
pulses of 5-millisecond duration, as described previ-
ously.27 Before the experimental protocol, atria were 
prestretched with a force of 5 mN and were allowed 
to equilibrate at 37°C for at least 30 minutes in the 
bath solution and continuously oxygenated contain-
ing the following (in mmol/L): 120 NaCl, 5.4 KCl, 1.8 
CaCl2, 1 MgCl2, 22.6 NaHCO3, 0.42 NaH2PO4, 0.28 
ascorbic acid, 0.05 Na2EDTA, and 5.5 glucose ad-
justed to pH 7.4 with NaOH. To build the dose-re-
sponse curves, the concentrations of carbachol or 
isoproterenol were increased every 5 minutes to the 
following concentrations (in mol/L) while the force of 
contraction was monitored continuously: 10−9, 10−8, 
3 × 10−8, 10−7, 3 × 10−7, 10−6, 10−5, and 10−4 mol/L. 
Dose-response curves were built using the force 
of contraction measured for each concentration at 
steady state. Six of 12 WT6w and 10 of 24 WT12w mice 
atria did not show a positive staircase in response to 
isoproterenol application after carbachol; therefore, 
these results were excluded from the calculation of 
half-maximal effective concentration.

Statistical Analysis
Data are reported as mean±SE. The number of 
cells is indicated by n, and the number of animals 
by N. Normal distribution was assessed using the 
Shapiro–Wilk test in GraphPad 8.0 (GraphPad 
Software, La Jolla, CA). According to the Gaussian 
distribution, Student t test, Mann–Whitney test, or 
Wilcoxon matched-pairs signed-rank test were used 
for 2-group comparisons, and 1-way analysis of 
variance test with Newman–Keuls post hoc test or 
Kruskal–Wallis test with the Dunn post hoc test were 
used for multiple-group comparisons. Current–volt-
age relation and dose-response curves were com-
pared using 2-way repeated-measures analysis of 
variance with the Bonferroni post hoc test. Relative 
gene expression ratios were expressed as mean 
values±SE for qRT-PCR and ChIP experiments as re-
ported by the relative expression software tool REST 
(version 2.07).25 Data were considered significantly 
different at P<0.05.

RESULTS
Animal Model Characterization
CREM-IbΔC-X TG mouse, a well-established model 
for AF,11 is characterized by extensive remodeling 
at the electrical and structural levels. In the pre-
sent study, in vivo ECGs were performed on isoflu-
rane-anesthetized young (6 weeks, TG6w) and older 
(12 weeks, TG12w) TG and age-matched WT to con-
firm the absence or presence of AF with age. TG 
mice revealed the AF-typical absence of the P-wave 
accompanied by a regular or irregular rhythm in 25% 
of TG6w mice and more than 95% of TG12w mice. For 
a small number of mice, 3.5% (2 of 57) TG12w dis-
played no detectable P-wave, a flat isoelectric line, 
and a regular rhythm, and this pattern was not con-
sidered AF positive in this study. Applying these cri-
teria, among 36 analyzed ECGs from the TG6w group, 
we could detect 5 AF-positive mice (13.9%). Although 
in the WT6w mice we could not detect any abnor-
mal ECG recordings, in the WT12w mice we identi-
fied only in 1 of 34 mice (2.9%) an ECG trace with 
no P-wave and regular heart rhythm. Representative 
ECG recordings from the TG mice and the analysis 
of the heart rate variability is presented in Figure S1A 
through S1F. The parameters of heart rate variability 
indicated no significant change of the mean heart rate 
in the TG12w mice with AF versus age-matched con-
trols and a significant increase of standard deviation 
of RR intervals in the mice with AF (Figure S1G–S1I). 
Overall, although confirmatory, these data indicate 
a low incidence of P-wave abnormalities in control 
mice and a good correlation between AF presence 
and the absence of P-wave and heart rate variability.
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The structural remodeling of TG atria consists of 
enlarged atrial chambers and an elongated AM.11,15 
The cells used in this study for the electrophysiolog-
ical characterization were isolated from TG6w mice 
with regular rhythms and from AF-positive TG12w 
mice. We measured larger values of membrane ca-
pacitance (expressed in picofarads [pF]), as a cell-
size index, in TG versus WT both at 6 weeks, when 
the ECGs of TG were AF negative (WT6w: 69±6 pF, 

n=59 versus TG6w: 99±8  pF, n=42; P<0.05) and at 
12  weeks, when the ECGs of TG were AF positive 
(WT12w: 57±3 pF, n=61 versus TG12w: 112±7 pF, n=36; 
P<0.001). The resting membrane potential (RMP) 
measured in isolated AM was −57.8±1 mV (WT6w, n/
N=40/15), −54.9±1.1 mV (TG6w, n/N=44/18; P=0.057 
versus WT6w), −56.9±0.8  mV (WT12w, n/N=64/25), 
and −52.1±1.2  mV (TG12w, n/N=74/28; P=0.007 ver-
sus WT12w). These results are in line with previously 
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reported increased membrane surface attributed to 
lengthening of the cells already present in TG6w be-
fore AF onset and with the findings of depolarized 
myocytes in TG12w investigated using sharp electrode 
intracellular recordings.15

Decreased K+ Currents in TG AM
The electrical phenotype of the TG AM consisted of 
prolonged APD, as previously reported15,16 and as also 
shown in Figure S2. Based on previously reported re-
duced mRNA levels of some voltage-dependent K+ 
channel subunits in TG atria, we hypothesized that 
the slower repolarization may result from the reduced 
K+ efflux. Figure 1A compares representative K+ cur-
rents recorded from WT12w and TG12w AM using the 
voltage protocol displayed in the inset. The outward 
current was quantified as the (1) peak total outward 
K+ current at the beginning of the depolarizing pulse, 
composed of the transient outward current (Ito) and 
fast-activating slow-inactivating K+ current (IKslow), (2) 
the total outward K+ current at the end of the pulse 
(IKend) composed of fast-activating slow-inactivating K+ 
current (IKslow) and slow-activating slow-inactivating de-
layed rectifier K+ current (IKs), and (3) the peak inward 
current at −120 mV (tail K+ current [IKtail]) representing 
the tail currents of IKend plus the rapidly activating and 
inactivating delayed rectifier IKr.

28 The averaged cur-
rent–voltage relations (I–V plots; Figure  1B–1D) show 
decreased peak total outward K+ current and IKend in 
TG12w versus both WT12w and TG6w, whereas IKtail was 
reduced in TG versus WT at both ages. The signifi-
cant increase of IKtail from WT6w to WT12w as a result of 
maturation was not present in TG. These results show 
different degrees of alterations of the major repolariz-
ing K+ currents and suggest a greater contribution of Ito 
and IKr to the changes of peak total outward K+ current 
and IKtail, respectively.

To understand the molecular basis of K+ current 
alterations, we evaluated the mRNA levels of several 
genes encoding for α and β subunits of the classical 
K+ channels with roles in AP repolarization. Previously, 
using microarray experiments we detected decreased 
mRNA levels for K+ voltage-gated channel subfamily H 

member 2 (Kcnh2, encoding the channel conducting 
IKr) and K+ voltage-gated channel subfamily Q member 
1 (Kcnq1, encoding the channel conducting IKs) in TG 
versus WT mice at both ages.16 Here, we tested the 
expression of new genes encoding for other α and 
β subunits of the K+ channels and also confirmed by 
qRT-PCR the genes of interest, previously reported as 
downregulated.16 Figure 1E shows that mRNAs encod-
ing for K+ voltage-gated channel subfamily D member 
2 and 3 (Kcnd2 and Kcnd3, encoding the fast com-
ponent of Ito, Itof), K+ voltage-gated channel interact-
ing protein 2 (Kcnip2 encoding for, β-auxiliary subunit 
KChIP2), but not of K+ voltage-gated channel subfamily 
A member 4 (Kcna4, encoding the slow component of 
Ito, Itos), were reduced in TG versus WT mice, irrespec-
tive of age. In addition, before and not after AF onset, 
mRNA levels of K+ voltage-gated channel subfamily A 
member 5 (Kcna5, the main component of IKslow) and K+ 
voltage-gated channel subfamily E regulatory subunit 2 
(Kcne2, encoding the β-auxiliary subunits KCNE2) were 
reduced by 2-fold in TG6w versus WT6w mice. These dif-
ferences were not present after AF onset likely related 
to the downregulation of these genes in WT12w versus 
WT6w mice. We measured further WT-specific devel-
opmental changes such as reduced Kcnd2 and Kcna4 
mRNA levels and a moderate upregulation of Kcnd3 
mRNA. In comparison, most of the genes downregu-
lated in TG before AF remained at similar levels after 
AF. Overall, our data showed altered expression of dif-
ferent α and β subunits of K+ channels, suggesting that 
several molecular mechanisms such as the expression 
level and/or the biophysical properties of K+ channels 
contribute to the decrease of K+ currents.

Reduced Ito in TG AM
To confirm Ito reduction in TG, we applied the classi-
cal voltage protocol containing a prepulse to −40 mV 
to inactivate the channel.29 Figure 2A illustrates repre-
sentative Ito traces in WT12w and TG12w myocytes. The 
I–V plots show moderately reduced Ito in TG6w versus 
WT6w, developmentally increased Ito in WT12w versus 
WT6w, and reduced Ito in TG12w versus both WT12w and 
TG6w (Figure 2B).

Figure 1. Total K+ currents of transgenic atrial myocytes.
Experimental animals involved wild-type mice (WT) and transgenic mice (TG) expressing the repressor isoform of cyclic adenosine 
monophosphate response element modulator, CREM-IbΔC-X, and were distributed according to age in 6-week-old (WT6w and TG6w) 
and 12-week-old (WT12w and TG12w) groups. A, Representative K+ currents recorded from atrial myocytes of WT12w and TG12w using the 
voltage protocol illustrated in the inset. For clarity, current density (measured in picoamperes/picofarads [pA/pF]) traces from −40 mV 
with +20 mV increments are displayed. B through D, Mean±SE of current–voltage plots of peak total outward K+ current (IKtot) (B), total 
outward K+ current at the end of the pulse (IKend) (C), and tail K+ current (IKtail) (D). For WT6w, n/N are 54/17 (B and C) and 45/17 (D), 
for TG6w n/N are 32/18 (B and C) and 31/18 (D), for WT12w n/N are 31/16 (B and C) and 29/15 (D), and for TG12w n/N are 22/14 (B and 
C) and 17/11 (D). E, Data show mean±SE of relative mRNA levels of the displayed genes normalized to WT6w vs Hprt1 (hypoxanthine 
phosphoribosyltransferase 1) as the housekeeping gene. Y-axes scale is Log2. N=8 per group except for K+ voltage-gated channel 
channel subfamily A member 5 (Kcna5) WT6w, where N=7. *P<0.05 TG6w vs WT6w (gray), TG12w vs WT12w (black), #P<0.05 WT12w vs WT6w 
(gray), TG12w vs TG6w (black) from 2-way repeated-measures analysis of variance with Bonferroni post hoc test (B through D) or as 
reported by REST 2.07 software (E).
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Next, we quantified the protein levels of the α subunits Kv4.2 
and Kv4.3 and the β subunit KChIP2, subunits underlying Ito 
using calsequestrin as a reference gene for myocyte con-
tent (Figure 2Ca–2Cd and Figure S3). On average, the ref-
erence protein calsequestrin showed similar levels among 
groups, Kv4.2 and Kv4.3 levels were increased, whereas 

in line with the Kcnip2 mRNA levels, KChIP2 levels were 
reduced in TG versus age-matched WT, without differ-
ences within genotypes. Increased α-subunit expression 
in combination with lower KChIP2 levels strongly suggest 
that impaired trafficking to the membrane surface30 may 
contribute to the reduced Ito in TG atria.
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Reduced Inward Rectifier K+ Current in TG AM
Using hyperpolarizing voltage pulses, we found a 
significant reduction of the total inward K+ current in 
TG12w versus both WT12w and TG6w (Figure S4). Under 
these experimental conditions, the inward K+ current 
results from K+ flowing through the inward rectifier 
K+ channel (KIR, conducting the current IK1), and 
the G-protein coupled inwardly rectifying K+ chan-
nel (GIRK) active at baseline. To assess only IK1, a 
ramp protocol31 was applied in the presence and ab-
sence of 10 μmol/L BaCl2 (Figure  3Aa). The mean 
I–V plots corresponding to the Ba2+-sensitive current 
(IK1) (Figure 3Ab) confirmed IK1 reduction in TG12w. As 
shown in Figure 3Ab, atrial IK1 displays a persistent 
outward component attributed to Kir2.1 heteromeri-
zation with the Kir2.3 α subunit, which is essential for 
the role of IK1 to AP repolarization and RMP stability.32 
In Figure 3Ab, IK1 outward currents were not different 
between WT6w and TG6w, but significantly reduced 
in TG12w versus WT12w. The mRNA (Figure  3B) and 
protein (Figure 3Ca–3Cc) levels of K+ voltage-gated 
channel subfamily J member 2 (Kcnj2) and K+ in-
wardly rectifying channel α subunit 2.1 (Kir2.1), re-
spectively, were decreased in TG versus WT at both 
ages, whereas K+ voltage-gated channel subfamily 
J member 4 (Kcnj4) and the corresponding K+ in-
wardly rectifying channel α subunit 2.3 (Kir2.3) were 
significantly reduced only after AF onset in TG12w ver-
sus WT12w, in line with the absence of the outward 
component in TG12w. Next, we estimated the role of 
IK1 to RMP and AP repolarization in TG myocytes in 
the presence of BaCl2. Representative AP traces re-
corded in the absence and presence of BaCl2 are 
shown in Figure 3Da. The quantification of 10 μmol/L 
BaCl2 effects on AP parameters (Figure S5) showed 
that BaCl2 prolonged significantly the AP versus 
baseline (normal Tyrode [NT]) in WT6w, TG6w, and 
WT12w, except for TG12w. Figure 3Db presents the per-
centage of Ba2+-induced APD prolongation at 50% 
and 90% repolarization and shows that the magni-
tude of APD change of TG6w myocytes was in the 
same range as for WT6w, whereas TG12w myocytes 
responded with a smaller change from the baseline. 
Following IK1 block by BaCl2, RMP was depolarized 

to −36.7±1.8  mV (WT6w, n=7; P<0.05 BaCl2 versus 
NT), −37.4±2.8 mV (TG6w, n=5; P<0.05 BaCl2 versus 
NT), −32±6.3  mV (WT12w, n=5; P<0.05 BaCl2 ver-
sus NT), and to −42.1±6.9 mV (TG12w, n=3; P=0.095 
BaCl2 versus NT). Overall, these results show that IK1 
contributed to both early and late repolarization of 
murine atrial AP and that in TG12w the BaCl2-induced 
AP changes were in line with reduced IK1 levels.

Reduced GIRK Channel Expression and 
Acetylcholine-Activated K+ Current in TG AM
The cardiac GIRK channel mediates the vagal effect 
on the heart electrical activity.33 To determine whether 
the downregulation of K+ voltage-gated channel sub-
family J member (Kcnj3) and 5 (Kcnj5) genes16 alters 
GIRK function, we recorded the K+ current activated by 
10 μmol/L acetylcholine (IKACh) as shown in Figure 4Aa. 
The mean I–V plots of IKACh were reduced both for 
the inward and outward currents in TG versus WT ir-
respective of age (Figure 4Ab). The mRNA (Figure 4B) 
and protein (Figure 4Ca through 4Cc) levels of the cor-
responding α subunits 1 (Kcnj3/GIRK1) and 4 (Kcnj5/
GIRK4) were reduced in the atria of TG versus age-
matched WT, without differences between TG12w and 
TG6w.

Next, we measured AP in the presence of 
10 μmol/L acetylcholine to test whether the reduction 
of IKACh affects the autonomic regulation of atrial elec-
trical activity. Representative AP traces recorded in the 
absence and presence of acetylcholine are shown in 
Figure 4Da. AP measurements showed that 10 μmol/L 
acetylcholine shortened significantly atrial AP both at 
50% and at 90% repolarization in all groups except 
for TG6w (Figures  4Db and S5). Following IKACh acti-
vation by acetylcholine, RMP was hyperpolarized to 
−66±0.6 mV (WT6w, n=8; P<0.05 acetylcholine versus 
NT), −62.8±2.1 mV (TG6w, n=4; not significant acetyl-
choline versus NT), −65.9±2.2 mV (WT12w, n=7; P<0.05 
acetylcholine versus NT) and to −65±4.3 mV (TG12w, 
n=3; P=0.083 acetylcholine versus NT). The response 
of TG12w to acetylcholine was similar to WT12w, whereas 
in comparison to TG6w, TG12w AM showed the tendency 
to elicit a larger response to acetylcholine (P=0.082, 

Figure 2. Transient outward K+ channel expression in transgenic atrial myocytes.
Experimental animals involved wild-type mice (WT) and transgenic mice (TG) expressing the repressor isoform of cyclic adenosine 
monophosphate response element modulator, CREM-IbΔC-X, and were distributed according to age in 6-week-old (WT6w and TG6w) and 
12-week-old (WT12w and TG12w) groups. A, Representative transient outward K+ current (Ito) traces recorded as −40 mV sensitive currents 
from atrial cardiomyocytes of WT12w and TG12w. For clarity, current density (expressed in picoamperes/picofarads [pA/pF]) traces from 
−40 mV with +20 mV increments are displayed. B, Mean±SE of current–voltage plots of the peak current density (Ito). For WT6w, n/N are 
41/15, for TG6w n/N are 22/14, for WT12w n/N are 35/19, and for TG12w n/N are 20/16. Ca through d, Representative immunoblots and 
quantification of protein expression of calsequestrin (CSQ; Ca) normalized to Ponceau and of K+ voltage-gated channel subfamily D 
member 2 (Kv4.2, Cb) and 3 (Kv4.3, Cc), and K+ channel interacting protein 2 (KChIP2) (Cd) normalized to CSQ. Data show mean±SE of 
N=7 mice per group, except for Kv4.3, where N=6 as the result of an undetectable band in TG12w. *P<0.05 TG6w vs WT6w (gray), TG12w vs 
WT12w (black), #P<0.05 WT12w vs WT6w (gray), TG12w vs TG6w (black) from 2-way repeated-measures analysis of variance with Bonferroni 
post hoc test (B) and parametric or nonparametric 1-way analysis of variance with the corresponding post hoc test (C).
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Figure 3. Inward rectifier K+ current IK1 expression and function in transgenic atrial myocytes.
Experimental animals involved wild-type mice (WT) and transgenic mice (TG) expressing the repressor isoform of cyclic adenosine 
monophosphate response element modulator, CREM-IbΔC-X, and were distributed according to age in 6-week-old (WT6w and TG6w) 
and 12-week-old (WT12w and TG12w) groups. A, Representative traces of inward rectifiers K+channel (IK1) recorded in WT12w and TG12w 
myocytes before and after application of 10 μmol/L BaCl2 using a ramp protocol (inset, scale bar 0.2 seconds). The traces show current 
densitiy (expressed in picoamperes/picofarads [pA/pF]) over time. (Aa). Current–voltage plots of IK1 averaged from traces of all cells. 
For WT6w, n/N are 8/5, for TG6w n/N are 10/6, for WT12w n/N are 13/7, and for TG12w n/N are 9/6 (Ab). B, Data show mean±SE of relative 
mRNA levels of atrial K+ voltage-gated channel subfamily J member 2 (Kcnj2) and 4 (Kcnj4) normalized to WT6w vs Hprt1 (hypoxanthine 
phosphoribosyltransferase 1) as the housekeeping gene; N=8 per group. Y-axes scale is Log2. Ca through c, Representative immunoblots 
(Ca) and quantification of K+ inwardly rectifying channel subunits Kir2.1 (Cb) and Kir2.3 (Cc) protein levels normalized to calsequestrin 
(CSQ). Data show mean±SE of 7 mice per group. Da through b, Representative action potentials recorded before (normal Tyrode [NT] 
as control) and after application of 10 μmol/L BaCl2 in 1 atrial myocyte of each group (Da). Quantification of the percentages of action 
potential duration (APD) change in BaCl2 vs NT at 50% (APD50) and 90% (APD90) repolarization. Data show mean±SE of n/N for WT6w (7/5), 
TG6w (5/5), WT12w (11/6), and TG12w (5/4) (Db). *P<0.05 TG6w vs WT6w (gray) and TG12w vs WT12w (black) (A through C) from 2-way repeated-
measures analysis of variance with Bonferroni post hoc test (Ab), REST 2.07 software (B), and parametric or nonparametric 1-way analysis 
of variance with the corresponding post hoc test (C); §P<0.05 BaCl2 vs NT using Wilcoxon matched-pairs signed-rank test (Db).
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Bonferroni post hoc test, 2-way analysis of variance). 
These data suggest that despite similar IKACh, GIRK 
contributes to AP shortening more in TG12w than TG6w.

CREM-Dependent Gene Transcription
Next, we used ChIP to test if the α subunits with re-
duced mRNA levels were directly regulated by the 
transcription repressor CREM. The results presented 
in Figure 5 correspond to 6-week-old (Figure 5A) and 
12-week-old (Figure 5B) mice. The data showed that 
Kcnd2, Kcnd3, Kcnj3, and Kcnh2 genes were enriched 
in TG versus WT irrespective of age, whereas Kcna5 
DNA binding ratio showed a strong trend only in TG6w. 
For Kcnj2, Kcnj4, and Kcnj5, we could not detect an in-
creased DNA binding ratio despite reduced mRNA lev-
els at both ages. As validated CREM target genes,34,35 
FBJ Murine Osteosarcoma Viral Oncogene Homolog 
(c-fos) and small inducible adenosine monophosphate 
early repressor (smIcer) were significantly enriched in 
TG versus age-matched WT. These data show that 
Kcnd2, Kcnd3, Kcnj3, and Kcnh2 were directly regu-
lated by CREM-IbΔC-X that may explain the reduction 
of mRNA levels before AF onset.

Left Atrial Contraction Response to 
Autonomic Nervous System
IKACh data suggested an altered parasympathetic 
regulation of TG hearts. To better understand the 
autonomic regulation of the TG heart, we meas-
ured the changes of the atrial force of contraction 
(FOC) to increasing concentrations of the mus-
carinic M2-receptor (M2R) agonist carbachol or of 
the β-adrenoceptor (βAR) agonist isoproterenol. 
Because the right atria of TG showed extremely re-
duced FOC that would not allow us to evaluate the 
intrinsic electrical automatism of the sino-atrial node, 
only the left atria were used for further experiments. 
Figure 6 shows reduced FOC in TG atria already be-
fore AF onset that decreased further by 45% in TG12w 
versus TG6w, in line with the massive structural dis-
organization of the myofilaments and also with the 
reduced synchronization of individual cell contrac-
tions as a result of increased conduction heteroge-
neity.15,16 Next, FOC was measured in response to 
increasing concentrations of carbachol (Figure 7A) or 
of isoproterenol (Figure 7B) to assess the individual 
sensitivities to parasympathetic and sympathetic 
stimulation in TG12w left atria. Dose-response curves 
for carbachol showed reduced efficacy in TG12w 
versus WT12w, without shifting the dose-response 
curves (half maximal inhibitory concentration [nM]: 
WT12w, 72±19, N=8; TG12w, 102±66, N=8; not signifi-
cant; Figure 7Ac). In contrast, dose-response curves 
to isoproterenol showed increased efficacy in TG12w 
versus WT12w, without shifting the dose-response 

curves (half-maximal effective concentration [nM]: 
WT12w, 295±33, N=10; TG12w, 243±19, N=10; not sig-
nificant; Figure 7Bc). These results show that despite 
reduced contraction, TG atria were able to respond 
to both carbachol and isoproterenol stimulation with 
the same sensitivity as WT12w.

Simultaneous sympathetic-vagal activation associ-
ates with AF onset better than alterations in vagal or 
sympathetic drive alone.36 Therefore, we evaluated FOC 
in response to combined M2R and βAR stimulation. 
M2R activation was adjusted to 50% using 300 nmol/L 
carbachol before application of increasing concentra-
tions of isoproterenol (Figure 8A). Under these condi-
tions, isoproterenol increased FOC to levels that were 
no further different between genotypes. In relation to 
initial FOC, isoproterenol increased atrial contraction 
up to 177.7% and 220% above the baseline in TG6w 
and TG12w, respectively, significantly more versus age-
matched WT, where on average, isoproterenol did not 
exceed the inhibitory effect of 300 nmol/L carbachol 
(Figure 8B). The normalized responses to isoproterenol 
were shifted to the left for TG6w and TG12w versus age-
matched WT (half-maximal effective concentration 
[μmol/L]: WT6w, 6.7±0.9, N=6; TG6w, 0.64±0.06, N=10 
[P<0.05]; and WT12w, 5±0.7, N=14; TG12w, 0.77±0.38, 
N=12 [P<0.05]; Figure 8C). These data show that in a 
combined vagal-sympathetic stimulation, TG atria dis-
played increased sensitivity and contraction to βAR 
stimulation irrespective of AF onset.

DISCUSSION
This is the first study describing the electrical remod-
eling of K+ currents in CREM-IbΔC-X TG AM. In TG6w, 
before AF onset, we found (1) reduced Ito and IKACh, 
(2) increased sympathetic sensitivity attributed to re-
duced parasympathetic antagonism, and (3) absent 
vagal-induced APD shortening. These alterations ex-
plain the APD prolongation at 50%16 and the increased 
AF inducibility of TG6w.15 In TG12w, simultaneous with 
persistent AF, we found additionally (1) reduced IK1, (2) 
further reduction of Ito, and (3) the presence of vagal-
induced APD shortening. These changes explain the 
depolarized RMP,15 the additional APD lengthening,16 
and the increased electrical heterogeneity,15 all mech-
anisms involved in AF stabilization.1 Furthermore, the 
results that Kcnd2, Kcnd3, Kcnh2, and Kcnj3 were 
direct target genes of CREM-IbΔC-X demonstrate for 
the first time that CREM activity directly contributes to 
proarrhythmic electrical remodeling in atria.

CREM-Induced Electrical Alterations and 
Potential Link to AF
TG mice display extensive structural and metabolic 
remodeling of atria.16 Our present data showed that 
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electrical remodeling was accompanied by low mRNA 
levels for Kcnd2, Kcnd3, Kcnip2, Kcna5, Kcnj2, Kcnj4, 
Kcnj3, and Kcnj5 already in TG6w versus WT6w, which 
did not change significantly with further phenotype 
progression in TG12w versus TG6w. ChIP experiments 
confirmed that Kcnd2, Kcnd3, Kcnh2, and Kcnj3 
were target genes of CREM-IbΔC-X, suggesting that 
these genes may be directly linked to cAMP response 
element–mediated transcription. It remains to be 

determined whether Kcnj2, Kcnj4, or Kcnj5 downregu-
lation may involve an indirect CREM-dependent regu-
lation via mechanisms requiring CREM dimerization 
with other transcription factors.37

Ito Reduction in TG Atria
The reduction of Ito is a hallmark of hypertrophy and 
was linked to APD prolongation in atrial pathologies 
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including atrial dilatation38 and AF.39 In line with AM 
increased size (hypertrophy) of TG6w, we found mod-
erate reduction of Ito before AF onset. Ito decreased 
even more in TG12w, opposite to Ito increase in WT 
atria. Developmental Ito increase was reported in 
normal mouse ventricle,40 and our results suggest a 
mechanism based on the isoform switch from Kcnd2 
to Kcnd3 in WT atria, which was impaired in TG12w, in 
line with the identification of Kcnd3 as CREM-target 
gene. Although consistent with decreased mRNA 

Figure 4. Acetylcholine-activated K+ current (IKACh) expression and function in transgenic atrial myocytes.
Experimental animals involved wild-type mice (WT) and transgenic mice (TG) expressing the repressor isoform of cyclic adenosine 
monophosphate response element modulator, CREM-IbΔC-X, and were distributed according to age in 6-week-old (WT6w and TG6w) 
and 12-week-old (WT12w and TG12w) groups. A, Representative traces recorded before and after application of 10 μmol/L acetylcholine 
using the ramp protocol (inset, scale bar 0.2 seconds) in 1 isolated WT12w atrial cardiomyocyte. The acetylcholine-sensitive current 
derived by subtraction is IKACh. The traces show current densitiy (expressed in picoamperes/picofarads [pA/pF]) over time. (Aa). 
Current–voltage plots of IKACh averaged from traces of all cells. n/N for WT6w are 12/6, for TG6w are 13/7, for WT12w are 12/6, and for 
TG12w are 10/6 (Ab). B, Relative mRNA levels of K+ voltage-gated channel subfamily J members 3 (Kcnj3) and 5 (Kcnj5) measured in 
atrial tissue, with Hprt1 (hypoxanthine phosphoribosyltransferase 1) as the housekeeping gene. Data were normalized to WT6w. Y-axes 
scale is Log2. Data show mean±SE of 8 per group. Ca through c, Representative immunoblots (Ca) and quantification of G protein-
coupled inwardly rectifying K+ channel α subunits 1 (GIRK1, Cb) and 4 (GIRK4, Cc) protein levels normalized to calsequestrin (CSQ). 
Data show mean±SE of N=7 mice per group. Da through b, Representative action potentials recorded before (normal Tyrode [NT] as 
control) and after application of 10 μmol/L acetylcholine in 1 atrial myocyte of each group (Da) and quantification of the percentage of 
action potential duration (APD) change in acetylcholine vs NT at 50% (APD50) and 90% (APD90) repolarization. Data show mean±SE of 
n/N for WT6w (9/5), TG6w (5/5), WT12w (11/6), and TG12w (6/4) (Db). *P<0.05 TG6w vs WT6w (gray) and TG12w vs WT12w (black) and #P<0.05 
WT12w vs WT6w (gray) and TG12w vs TG6w (black) (A through C) from 2-way repeated-measures analysis of variance with Bonferroni post 
hoc test (Ab), REST 2.07 software (B), and parametric or nonparametric 1-way analysis of variance with the corresponding post hoc test 
(C). §P<0.05 acetylcholine vs NT. *P<0.05 as shown using Wilcoxon matched-pairs signed-rank test (Db).

Figure 5. Cyclic adenosine monophosphate response 
element modulator (CREM)–dependent gene expression.
A and B, Chromatin immunoprecipitation results for selected 
genes: K+ voltage-gated channel subfamily D member 2 (Kcnd2) 
and 3 (Kcnd3), K+ voltage-gated channel subfamily A member 
5 (Kcna5), K+ voltage-gated channel subfamily H member 2 
(Kcnh2), K+ voltage-gated channel subfamily J member 3 (Kcnj3), 
5 (Kcnj5), 2 (Kcnj2) and 4 (Kcnj4), FBJ Murine Osteosarcoma 
Viral Oncogene Homolog (c-fos) and small inducible adenosine 
monophosphate early repressor (smIcer). Bar graphs show 
mean±SE of genomic DNA (gDNA) enrichment at 6  weeks (A) 
and 12 weeks (B) of age in transgenic mice (TG) expressing the 
repressor isoform of cyclic adenosine monophosphate response 
element modulator, CREM-IbΔC-X, vs age-matched wild-type 
mice (WT). N=7–8 for WT6w, N=8 for TG6w, N=7–8 for WT12w, and 
N=9–10 for TG12w. *P<0.05 TG6w vs WT6w (gray) and TG12w vs 
WT12w (black) calculated by REST 2.07 software.
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Figure 6. Left atrial contraction of transgenic mice (TG) 
expressing the repressor isoform of cyclic adenosine 
monophosphate response element modulator, CREM-IbΔC-X.
Force of contraction (FOC) measured in the left atria. 
Experimental animals involved wild-type (WT) and TG animals 
distributed according to age in 6-week-old (WT6w and TG6w) and 
12-week-old (WT12w and TG12w) groups. Data show mean±SE of 
mice from WT6w (N=12), TG6w (N=10), WT12w (N=49), and TG12w 
(N=47). **P<0.01 TG6w vs WT6w (gray) and TG12w vs WT12w (black) 
and #P<0.05 TG12w vs TG6w (black) from the Kruskall–Wallis test 
with the Dunn post hoc test.
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levels of Kcnd2 and Kcnd3, Ito reduction in TG was 
not supported by the increased protein levels of 
Kv4.2/3, but more by mechanisms involving KChIP2. 
A cAMP response element has been reported in the 
promoter region of KChIP2, and together with the 
observations that KChIP2 reduction parallels the re-
duction of CREB activity following rapid pacing of 
canine hearts, and the finding that Ito is absent in ca-
nine myocytes injected with a CREB antisense virus, 
a link is established between the activity of CREB 
and Ito levels via KChIP2.41,42 It is possible that Kcnip2 
is a target gene of both CREB (inductor) and CREM 
(repressor) and, therefore, may explain why CREM 
overexpression decreased mRNA levels of Kcnip2, 
similar to a reduction of CREB activity. In contrast to 

these findings, KChIP2 was unaltered in ventricular 
myocytes of heart-specific CREB knockout mice,21 a 
different mouse model where the absence of CREB 
may have a different impact on the regulation of 
Kcnip2 gene transcription or may be compensated 
by other members of the CREB/CREM/ATF1 family. 
Here, we showed that KChIP2 expression was re-
duced both at mRNA and protein levels in TG atria, 
suggesting that different mechanisms regulating 
gene transcription may exist between atrial and ven-
tricular tissues as well as depending on the model 
employed. Because the role of KChIP2 protein in 
Kv4.2/3 trafficking to the plasma membrane30 is well 
accepted, these results suggest that KChIP2 down-
regulation is one mechanism for impaired trafficking 

Figure 7. Dose-response curve of left atrial contraction in response to autonomic stimulation.
Experimental animals involved wild-type mice (WT) and transgenic mice (TG) expressing the repressor isoform of cyclic adenosine 
monophosphate response element modulator, CREM-IbΔC-X, and were distributed according to age in 6-week-old (WT6w and TG6w) 
and 12-week-old (WT12w and TG12w) groups. A, Force of contraction (FOC) of the left atria was measured in WT12w and TG12w mice under 
increasing concentrations of carbachol. Data show mean±SE of raw FOC (Aa), normalized to baseline value (Ab), and normalized to 
minimum (in carbachol 10−5 mol/L) and maximum (before carbachol) FOC (Ac). For WT12w N is 8 and for TG12w N is 8. B, FOC of left 
atria was measured in WT12w and TG12w mice under increasing concentrations of isoproterenol. Data show mean±SE of raw FOC (Ba), 
normalized to initial FOC (Bb), and normalized to minimum (before isoproterenol) and maximum (in isoproterenol 10−4 mol/L) FOC (Bc). 
For WT12w N is 10 and for TG12w N is 10. *P<0.05 TG12w vs WT12w from 2-way repeated-measures analysis of variance with Bonferroni 
post hoc test.
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of K+ channels to plasma membrane, additional to 
the previously reported disorganized cytoskeleton 
and decreased levels of ankyrin B and G in TG atria.16 
However, the direct link between Ito and the proar-
rhythmic atrial phenotype is not fully understood 
because the targeted deletion of Kcnd2 showed no 
changes in ECG regarding P-wave or propensity to 
arrhythmia,43 whereas combined decrease of Ito and 
IKACh were reported in the left atrial posterior wall, a 
region associated with increased ectopic activity.44 
Therefore, we consider that the decrease of Ito in the 
atria of TG mice explains some changes that ap-
peared before AF onset such as APD prolongation 

at 50%16 and increased AF inducibility to stimuli such 
as high pacing15 or to sympathetic stimulation as 
shown for hypertrophied ventricular myocytes, but it 
does not explain the spontaneous AF or the further 
APD prolongation at 90% lengthening after AF onset. 
Thus, alterations of other currents such as IKs, IKr, IK1, 
and IKACh may contribute to late repolarization phase 
of atrial AP.45

Inward Rectifier Expression in TG Atria 
and Their Contribution to AF
IK1 and IKACh have important roles for heart physiology 
such as maintaining a stable RMP and mediating the 
parasympathetic modulation of the electrical activity, 
respectively.32,33 Both currents contribute to AP repo-
larization as a result of their outward component. In 
pathology, the increase of IK1 and/or IKACh associated 
better with AF because they induce atrial AP shorten-
ing that will abbreviate the effective refractory period 
and therefore facilitate electrical re-entrance and AF 
perpetuation.46 In our mice with spontaneous AF, our 
main finding was that both these inward rectifiers, IK1 
and IKACh, were reduced at the current, protein, and 
mRNA levels. These data suggest a fine control of the 
activity of the inward rectifier K+ channels because 
both downregulation and upregulation may support 
AF. The reduction of IK1 is proarrhythmic because it 
induces an decrease of membrane conductance at 
rest. As a consequence, small depolarizing stimuli 
that otherwise may not reach the electrical threshold 
for AP generation will create larger depolarizations 
and trigger APs that may lead to destabilization of the 
membrane potential leading to cardiac arrhythmia.47 
As for IKACh, GIRK activation increases the resting 
conductance therefore hyperpolarizes the membrane 
and reduces the response to threshold stimuli, thus 
mediating the parasympathetic negative chrono-
tropic and bathmotropic effect of acetylcholine at 

Figure 8. The effect of functional antagonism of vagal-
sympathetic stimulation on left atrial contraction of transgenic 
mice (TG) expressing the repressor isoform of cyclic adenosine 
monophosphate response element modulator, CREM-IbΔC-X.
Experimental animals involved wild-type (WT) and TG animals 
distributed according to age in 6-week-old (WT6w and TG6w) 
and 12-week-old (WT12w and TG12w) groups. A through C, Force 
of contraction (FOC) of left atria measured before and under 
continuous presence of 300  nmol/L carbachol during the 
application of increasing isoproterenol concentrations. Data 
show mean±SE of raw FOC (A), FOC normalized to initial FOC 
(B), and FOC normalized to minimum (300 nmol/L carbachol) and 
maximum (10−4  mol/L isoproterenol) FOC (C). Mice from WT6w 
(N=12), TG6w (N=10), WT12w (N=24), and TG12w (N=13) (A and B) 
and from WT6w (N=6), TG6w (N=10), WT12w (N=14), and TG12w 
(N=12) were included (C). *P<0.05 TG6w vs WT6w (gray) and TG12w 
vs WT12w (black) and #P<0.05 WT12w vs WT6w (gray) and TG12w vs 
TG6w (black) from 2-way repeated-measures analysis of variance 
with Bonferroni post hoc test.
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the sino-atrial and atrial levels, respectively. A smaller 
IKACh would not be able to hyperpolarize the RMP to 
the same extent, thus enabling arrhythmia. Our re-
sults relate to cases of patients with long QT syn-
drome type 7 (Andersen-Tawil syndrome) and long QT 
syndrome 13 where mutations of Kcnj2 and Kcnj5 led 
to decreased IK1 and IKACh, respectively. These long 
QT syndromes were associated with atrial torsade de 
point in a canine model of Andersen-Tawil syndrome48 
and high incidence of atrial arrhythmia,49 respectively. 
Moreover, decreased mRNA levels of Kcnj2, Kcnj3, 
and Kcnj5 were reported in an arrhythmia-susceptible 
atrial region of normal mice44 and in atria of murine 
models of AF and heart failure.8,50 Except for the left 
atrial posterior wall where IK1 was not changed and 
IKACh was reduced, neither the levels of these currents 
nor the levels of Kcnj4/Kir2.3 were assessed in these 
animal models. Here, we showed that Kcnj4/Kir2.3 
downregulations occurred after AF onset in CREM 
TG mice, and this change explains the reduction of 
outward component of IK1 that significantly contrib-
uted to APD prolongation at 90% in AF-positive mice 
and likely to the depolarized RMP.15 Although the role 
of IK1 to AP repolarization was in line with the current 
measurements, the acetylcholine effect on APD was 
different in TG12w versus TG6w, despite a similar cur-
rent density of IKACh before and after AF. This effect 
will be discussed later.

Based on computer simulations, IK1 reduction in-
duced a compensatory larger contribution of IKr to re-
polarization,51 leading to the hypothesis that patients 
with Andersen-Tawil syndrome may display suscep-
tibility to arrhythmias when both IK1 and IKr are re-
duced,47 a situation that may be present in TG atria. 
As in the absence of IK1 the contribution of IKr to re-
polarization increases,51 when IKr is reduced, IKs acts 
as repolarizing reserve for IKr.

47 Although we did not 
focus on pharmacological separation of IKr and IKs, our 
results suggested IKr reduction in TG mice as a result 
of reduced IKtail at similar levels of IKend, lower Kcnh2 
mRNA levels,16 and enrichment of genomic Kcnh2 
DNA in ChIP experiments. Moreover, the lower mRNA 
levels of Kcnq116 would suggest a decreased IKs likely 
part of the decreased IKend of TG12w. Different mecha-
nisms may contribute to arrhythmia as a result of APD 
prolongation. The increased incidence of early after-
depolarization after sympathetic stimulation has been 
described for Ito-induced APD lengthening, whereas 
for IK1 reduction, the corresponding AP prolongation 
may result in delayed afterdepolarizations triggered by 
Na+/Ca2+ exchanger.52 All of these results suggest that 
in TG12w, the combined reduction of IK1, IKACh, IKr, and IKs 
additionally to Ito decline depleted significantly the re-
polarization reserve currents and contributed to further 
APD prolongation at 90% and increased susceptibility 
to arrhythmia.51

Autonomic Regulation of TG Atria
It has been postulated that the changes in the autonomic 
nervous system activity increase susceptibility to AF and 
reversely that AF itself may shift the autonomous system 
activation,36 establishing a positive feedback loop. Here, 
we showed that under combined vagal-sympathetic 
stimulation TG atria manifested increased sensitivity to 
catecholamines, suggesting a reduced antagonism of 
the parasympathetic over sympathetic system. We pro-
pose that at an unopposed sympathetic activation may 
lead to heart rhythm dysregulations at the sino-atrial 
node such as tachycardia and tachyarrhythmias and to 
early or delayed afterdepolarizations and increased ec-
topic activities in AM on a background of RMP instability 
attributed to IK1 reduction, prolonged APD, and the APD 
shortening as a result of vagal stimulation. In line with 
increased sensitivity to sympathetic innervation are the 
previous in vivo studies on TG mice showing increased 
ventricular contractility under basal conditions in hemo-
dynamic measurements.11 The use of a preparation of 
right atria to evaluate the autonomic regulation of the 
sino-atrial node of TG was impaired by the extremely 
reduced FOC and the large size of the atria in the mice 
with AF. At atrial level, the regain of IKACh ability to shorten 
APD after AF onset would contribute to a shorter effec-
tive refractory period and increased heterogeneity of 
the electrical activity, mechanisms described as drivers 
for AF perpetuation.36,44 The differences between the 
acetylcholine-induced APD shortening before and after 
AF onset may result from altered coupling between M2R 
and GIRK or different basal activities of GIRK.53 This 
could imply that IKACh contributes more to basal APD of 
TG6w and not of TG12w, therefore opening new questions 
for further in-depth studies addressing the characteriza-
tion of the cholinergic system in TG mice. Our results 
suggest that the presence of acetylcholine-induced APD 
shortening at ages where AF is already present may be 
an additional mechanism to the proarrhythmic altera-
tions discussed previously. Thus, the presence of the 
ability of vagal stimulation to reduce the effective refrac-
tory period may create another substrate for electrical 
rotors’ stabilization and AF perpetuation in TG12w. The 
lack of vagal-induced APD shortening together with nor-
mal IK1 levels may partly explain the absence of sponta-
neous AF in TG6w. Overall, our data implied that although 
the reduced vagal effect is present before AF onset, atria 
require an RMP destabilizer such as IK1 reduction to trig-
ger and maintain AF.

CONCLUSIONS
Our study identified a complex electrical remodeling 
that contributes to AP prolongation and AF mainte-
nance in CREM-IbΔC-X atria consisting of decreased 
Ito, IK1, and IKACh and increased sensitivity to sympathetic 
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stimulation. Many K+ currents linked to familial forms of 
long QT syndrome49,54 were identified as target genes of 
CREM-IbΔC-X, suggesting that their overlapped down-
regulation created an electrical substrate for AF in CREM 
TG mouse. Here, we propose a direct link between 
CREM activation and atrial failure–associated electrical 
remodeling and suggest new molecular targets for future 
therapeutic strategies for AF treatment.
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SUPPLEMENTAL METHODS 

The data that support the findings of this study are available from the corresponding author 

upon reasonable request. 

Materials 

Unless otherwise stated, all reagents have been purchased from Sigma-Aldrich (Sigma-

Aldrich Chemie GmbH, Munich, Germany). 

Experimental animals 

Mice with cardiomyocyte-directed overexpression of hemagglutinin (HA)-tagged CREM-

IbΔC-X (CREM TG) were described previously11, 12. Wild-type (WT) littermates have been 

used as control. Mice were kept at a room temperature of 22°C, under a 12-h light/dark cycle 

and received normal diet (Altromin Spezialfutter GmbH, Lage, Germany) and water ad 

libitum. The mice were euthanized by CO2 inhalation. Animals were handled and maintained 

according to the rules of local welfare authority and the Directive 2010/63/EU of the 

European Parliament. The animals were grouped in 4 categories according to age (5-7 and 11-

13 weeks) and genotype (WT and TG) as follows: WT6w, TG6w, WT12w and TG12w.  

In vivo ECG measurements 

Electrocardiogram (ECG) measurements were performed in isoflurane anesthetized mice 

to confirm the absence (in WT6w, TG6w and WT12w mice) and the presence of persistent atrial 

fibrillation (in TG12w). Mice were anesthetized with isoflurane (1.2% v/v) and nitrous oxide 

(66% v/v) while being placed on a warmed pad in supine position. Needle electrodes were 

attached to obtain limb leads (Einthoven). Short ECGs were recorded for 1 minute after 

achieving deep anesthesia (in 5 minutes) using a PowerLab hardware and LabChart Pro 

software (ADInstruments, Bella Vista, Australia). A section of 20 seconds at steady state of 



 

 

the ECG recordings were analyzed offline using Heart Rate Variability module (HRV) to 

measure the following parameters: mean heart rate (HR), standard deviation of NN intervals 

(SDNN), root mean square of the successive differences between neighboring RR intervals 

(RMSSD). After ECG measurements the hearts were used for cell isolation or biochemical 

assays.  

Tissue isolation 

The hearts were removed in ice cold calcium free Tyrode’s solution. Both atria were 

quickly cut from the heart, frozen in liquid nitrogen and stored for further analysis using qRT-

PCR, Western blot and Chromatin immunoprecipitation (ChIP) assays. 

Isolation of atrial cardiomyocytes  

Atrial cardiomyocytes were isolated from all 4 groups of mice, using the retrograde 

perfusion of the hearts to digest the connective tissue with collagenase Type II (230U/mg; 

Worthington, Lakewood, NJ, USA) as described before16. The TG mice exhibiting AF at the 

age of 5-7 weeks were randomly detected with low incidence. Due to the small number and 

the aim of our study they were not included or sufficient for further investigation. Prior to cell 

isolation, it was essential to perform ECG measurements on all mice to test for AF presence 

or absence for grouping the data after analysis, therefore, not all experimenters were blinded. 

Moreover, due to the strong atrial phenotype, the quality of cell isolation was poor (few or no 

cells) in TG mice, meaning that more TG than WT mice had to be sacrificed for this study.  

Electrophysiology 

Ca2+-tolerant atrial myocytes were used for the measurements of ionic currents using the 

patch-clamp technique in perforated-patch configuration achieved with amphotericin B 

(300 g/mL; Sigma-Aldrich Chemie GmbH, Steinheim, Germany). All recordings have been 

performed at room temperature (22-24 °C). Borosilicate glass capillaries (Science Products 

GmbH, Hofheim, Germany) were pulled to a resistance of 3-5MΩ with a horizontal puller (P-



 

 

97, Sutter Instruments Inc., Novato, CA, USA). Data were sampled with an 18-bit A/D 

converter InstruTech ITC-18 and filtered at 10 kHz using an EPC-800 amplifier under the 

control of the PatchMaster software (HEKA Elektronik, Lambrecht, Germany). The average 

values for the seal resistances: 1.35 ± 0.15 G (WT6w, n = 56), 0.93 ± 0.18 G (TG6w, n = 

37), 1.09 ± 0.13 G (WT12w, n = 56) and 1.07 ± 0.24 G (TG12w, n = 32) were not 

significantly different between groups. The series resistances reached on average 22.9 ± 1.6 

M (WT6w, n = 56), 22.4 ± 1.9 M (TG6w, n = 37), 23.2 ± 1 M (WT12w, n = 56) and 22.6 ± 

1.3 M (TG12w, n = 32) and were compensated between 52 % and 66 % in order to insure the 

stability of the recordings. An average level of compensation of 55 % was achieved in each 

group. To record action potentials and K+-currents, the cells were perfused with a bath 

solution containing (in mM): 136 NaCl, 5.4 KCl, 1 CaCl2, 1 MgCl2, 5 HEPES, 0.33 NaH2PO4 

and 10 glucose, adjusted to pH 7.4 with NaOH and the pipettes were filled with a solution 

containing (in mM): 5 NaCl, 120 KCl, 2.5 MgATP, 1 EGTA and 5 HEPES adjusted to pH 7.2 

with KOH. The 10 M solutions of BaCl2 or acetyl choline (ACh) were freshly prepared from 

100 mM BaCl2 or 100 mM ACh, respectively, stock solutions in water.  

To measure the total outward K+ currents, the cells were clamped at -80 mV followed by a 

10 ms prepulse to -40 mV to inactivate the sodium channel and a series of 500 ms voltage 

steps from -80 to +70 mV in 10 mV increment. The depolarizing step was followed by a 300 

ms pulse to -120 mV for assessing the inward tail currents flowing through the delayed 

rectifier currents, including HERG current (IKr). IKtot and IKend current amplitudes were 

measured as the peak current or the current at the end of the depolarizing pulse minus the 

mean current at -40 mV. The IKtail current amplitude was measured as the current at peak 

minus the current at the end of the 300 ms pulse to -120 mV. The transient outward channel 

(Ito) was inactivated using a 180 ms prepulse to -40 mV followed by a 5 s voltage steps from -



 

 

40 to +70 mV in 10 mV increment. The Ito currents were obtained after offline subtraction of 

the depolarizing steps of the two voltage protocols and the amplitudes were measured as peak 

current minus the current at the end for the subtracted trace. The inward rectifier IK1 current 

was measured as the current at the end of the 500 ms pulses between -120 and -10 mV from -

40 mV holding voltage. To assess the BaCl2 and ACh sensitive currents, a voltage ramp 

between -120 to +60 mV for 1 second, from the holding voltage of -40 mV was applied at 30 

seconds interval. Action potentials (AP) were triggered at 1 Hz frequency with a 

suprathreshold current stimulus of 600 – 1000 pA amplitude and 3 - 6 ms duration. Three to 

five consecutive AP traces at steady state were averaged, and action potential amplitude, 

slope, and durations from the peak to 20, 50, 70 and 90 % repolarization using a macro for 

APD analysis designed by Dr. Jan S. Schulte (University of Münster, Germany)21 for Origin 

8.1 (OriginLab Corporation, Northampton, MA, USA). 

Western blot 

Atria from six to eight mice have been used from each group. Both left and right atria were 

pooled from each mouse and homogenized in lysis buffer containing 100 mM NaCl, 20 mM 

Tris Base, 1% sodium deoxycholate, 0.1% SDS, 1% Triton X-100, pH adjusted to 8.0 and 

supplemented with phosphatase and protease inhibitor tablets (A32959, ThermoFischer 

Scientific, Darmstadt, Germany). Protein concentration of the homogenate was measured 

using the classical Bradford method (Thermo Fisher Scientific). The samples were equally 

distributed and 40 g of protein loaded per well of the 10% SDS-PAGE gel. Equal protein 

load was assessed after transfer using Ponceau stain. The following rabbit polyclonal primary 

antibodies were used: Kv4.2 (1:200, APC 023 Alomone Labs, Jerusalem, Israel), Kv4.3 

(1:200, APC 017 Alomone Labs), KChIP2 (1:200, sc-25685, Santa Cruz Biotechnology Inc, 

CA, USA) Kir2.1 (1:200, APC 159, Alomone Labs), Kir2.3 (1:1000, APC 032, Alomone 

Labs), Kir3.1 (1:200, APC 005, Alomone Labs), Kir3.4 (1:200, APC 027, Alomone Labs) and 



 

 

calsequestrin (CSQ, 1:2500, PA1-913, Thermo Fisher Scientific). As secondary antibodies we 

used HRP conjugated anti-rabbit IgG antibody (1:10000, A27036 Thermo Fisher Scientific) 

further developed with SERVALight Helios (42587.03, SERVA Electrophoresis GmbH, 

Heidelberg, Germany) or SERVALight Eos (42585.02, SERVA Electrophoresis GmbH). 

Band intensities were quantified using ImageJ 1.49v (National Institute of Health, Bethesda, 

MD, USA). Each band was normalized for load (to the Ponceau stain intensity of the full 

lane), for transfer (normalized to the reference considered the averaged signal of the WT6w 

bands of the same membrane) and to CSQ for myocyte content. The normalized values of the 

samples belonging to the same group were averaged for statistical comparison. 

Quantitative real time PCR (qRT-PCR) 

Eight animals have been used from each group. Total RNA was purified using TRIzol 

(15596018, ThermoFisher Scientific) according to the manufacturer instructions, and 1 g 

was reversely transcribed to cDNA that served as input for real-time PCR. The primers used 

to probe the ion channel subunits were as follows:  

Kcnd2: for 5’-CTGCTCACGGAGACACAAAA-3’;  

rev 5’-CGGCTGTTGGATAGTGGAGT-3’ 

Kcnd3: for 5’-TGTACGAACCTCCACCATCA-3’;  

rev 5’-AGTGGCTGGACAGAGAAGGA-3’ 

Kcna4: for 5’-GAAGAAGGGGTCAAGGAATC-3’;  

rev 5’-TGGCAGGTGGAGAGAACAAT-3’ 

Kcnip2: for 5’-GACATGATGGGCAAGTACACC-3’;  

rev 5’-ACGCCGTCCTTGTTTCTGT-3’ 

Kcna5: for 5’-TCCGACGGCTGGACTCAATAA-3’;  

rev 5’-CAGATGGCCTTCTAGGCTGTG-3’ 

Kcnb1: for 5’-CCACCAGATTCTCCCACAGT-3’;  



 

 

rev 5’-GCTCTCCACGAAGAAACCAG-3’ 

Kcnq1: for 5’-GGCTACGGGGATAAGGTACC-3’;  

rev 5’-CACCTCCATGCAGTCTGGAT-3’ 

Kcnh2: for 5’-GTGGAGATCGCCTTCTACCG-3’;  

rev 5’-CCCTGTGGTTGGTGTCATGA-3’ 

Kcne1: for 5’-GCAGAGCCTCGACCATTTAG-3’;  

rev 5’-GTAGAGCGCCTCTAGCTTGC-3’ 

Kcne2: for 5’-CACATTAGCCAATTTGACCCAGA-3’;  

rev 5’-GAACATGCCGATCATCACCAT-3’ 

Kcnj2: for 5’-GGGAATTCTCACTTGCTTCG-3’;  

rev 5’-AGAGATGGATGCTTCCGAGA-3’ 

Kcnj3: for 5’-AGTAGAAAGGGGTCAGGCAC-3’; 

 rev 5’-GGCCACCTCTTACCTTTCCA-3’ 

Kcnj4: for 5’-GACCCTCCTCGGACCTTA C-3’;  

rev 5’-GACGTTACACTGGCCGTTCT-3’ 

Kcnj5: for 5’-ATGTCTCGTGCTCAACTGGA-3’; 

 rev 5’-AACTGGGTGTGTTGGTCTCA-3’ 

Hprt1: for 5’-ATGAGCGCAAGTTGAATCTG-3’;  

rev 5’-GGACGCAGCAACTGACATT-3’ 

Hypoxanthine phosphoribosyltransferase 1 (Hprt1) was used as housekeeping gene.  

The primers were designed using Primer322,23 and synthesized by Eurofins (Eurofins 

Genomics, Ebersberg bei München, Germany). The outliers in a group were calculated based 

on the dCt (Cttarget-Cthprt) for each gene using Grubbs’ test for outliers (GraphPad Prism 

Version 8.0.2 for Windows, GraphPad Prism Software, La Jolla, California, USA).24 



 

 

Calculation of relative expression was derived from the 2-ΔΔCt method using the relative 

expression software tool (REST© Version 2.07).25 

Chromatin immunoprecipitation (ChIP) 

Standard ChIP protocol was performed on atria of TG or WT mouse19. Eight to ten animals 

have been used per group. The tissue was fixed with 1% formaldehyde, chromatin was 

fragmented to 700-1000 bp by sonication and immunoprecipitated with a rabbit polyclonal 

anti-HA antibody (tag, 2.5 g, ab9110 Abcam, Cambridge, UK). After purification and 

amplification of the whole genomic DNA, real-time PCR was performed using primers 

designed around possible functional cyclic AMP response element (CRE) identified using 

JASPAR201626 in the promoters of genes of interest. Glyceraldehide-3-phosphate 

dehydrogenase (GAPDH) was used as reference. The primers used to probe the specific 

promoter region were as follows: 

 Kcnd2: for 5’-TTTGGGAAGGTGACAAGGAG-3’;  

rev 5’-GGGGCTGAGTTGCATAGAGA-3’ 

Kcnd3: for 5’-TATTGGAGCGAATCCTGACC-3’;  

rev 5’-ATCCCACGGAAGACAAACTG-3’ 

Kcna5: for 5’-CGGTTTCCTCTTCAGCCGAG-3’; 

 rev 5’-TGGTAACCAGCTGCCAGAAC-3’ 

Kcnh2: for 5’-ATGGTCGGTTTGGAGGTGAC-3’;  

rev 5’-ATTTTCTGGCTGTCCCCTGG-3’ 

Kcnj2: for 5’-CGTGTCAGAGGTCAACAGCT-3’;  

rev 5’-TTGCCATCTTCGCCATGACT-3’ 

Kcnj3: for 5’-GGGCGGACATGGAATAGGAG-3’;  

rev 5’-AATGCAGGTGTGTCAGGCTC-3’ 

Kcnj4: for 5’-ACGTTACACTGGCCGTTCTT-3’;  



 

 

rev 5’-GGTCTCCAAACCGTCCTCTG-3’ 

Kcnj5: for 5’-AAGCCAAAGAACAGCCAGGT-3’;  

rev 5’-ACATCCCCATTGCCACAGAC-3’ 

c-fos: for 5’-TGCCAAGACGGGGGTTGAAAG-3’; 

rev 5’-TGCAGTCGCGGTTGGAGTAGTAGG-3’ 

smICER: for 5’-TCTGCTCTTCAGCTAATTGAGTTCAAA-3’;  

rev 5’-GAAAGGAACTGACTAAATCACAACATGACT-3’ 

Gapdh: for 5’- TGCACCACCAACTGCTTA-3’;  

rev 5’-GGATGCAAGGATGATGTTC-3’ 

The primers were designed using Primer322,23 and synthesized by Eurofins (Eurofins 

Genomics, Germany). The outliers of each group were calculated based on the dCt (Cttarget-

Cthprt) for each gene using Grubbs’ test for outliers (GraphPad Prism Version 8.0.2 for 

Windows, GraphPad Prism Software, La Jolla, California, USA).24 Calculation of relative 

expression was derived from the 2-ΔΔCt method using the relative expression software tool 

(REST© Version 2.07)25. 

Measurement of atrial contraction  

Left atria of all 4 experimental groups of mice were dissected in oxygenated ice cold 

physiological solution and attached to a force transducer for recording isometric contractions 

electrically driven by field stimulation at 1 Hz using suprathreshold rectangular pulses of 5 ms 

duration, as described previously27. Before the experimental protocol, atria were pre-stretched 

with a force of 5 mN and were allowed to equilibrate at 37°C for at least 30 minutes in a bath 

solution containing (in mM): 120 NaCl, 5.4 KCl, 1.8 CaCl2, 1 MgCl2, 22.6 NaHCO3, 0.42 

NaH2PO4, 0.28 ascorbic acid, 0.05 Na2EDTA and 5.5 glucose, adjusted to pH 7.4 with NaOH. 

To build the dose-response curves, the concentrations of carbachol (CCh) or isoproterenol 

(ISO) were increased every 5 minutes to the following concentrations (in M): 10-9, 10-8, 3x10-



 

 

8, 10-7, 3x10-7, 10-6, 10-5 and 10-4 M, while the force of contraction was monitored 

continuously. Dose response curves were built using the force of contraction measured for 

each drug concentration at steady state. Six out of 12 WT6w and 10 out of 24 WT12w atria did 

not show a positive staircase in response to ISO application after CCh, therefore these results 

were excluded from the calculation of half-maximal effective concentration (EC50).  

Statistics  

Data are reported as mean values ± standard error (SE) with n indicating the number of 

cells and N the number of animals. Normal distribution was assessed using Shapiro-Wilk test 

in GraphPad 8.0 (GraphPad Software, La Jolla, California, USA). According to the Gaussian 

distribution, student’s t test or Mann-Whitney test or Wilcoxon matched-pairs signed rank test 

were used for two group comparison, and one-way ANOVA test with Newman-Keuls post-

hoc test or Kruskal-Wallis test with Dunn’s post-hoc test were used for multiple groups 

comparison. Current-voltage relations and dose-response curves were compared using 2-way 

repeated measures ANOVA with Bonferroni post-hoc test. Relative gene expression ratios 

were expressed as mean values ± standard error (SE) for qRT-PCR and ChIP experiments as 

reported by the relative expression software tool (REST, (version 2.07)24. Data were 

considered significantly different at P<0.05.  

  



 

 

Figure S1. In vivo electrophysiology of CREM TG mice.  

 

 

(A-F) Representative electrocardiograms (ECG) recorded from wildtype mice young (6 

weeks, WT6w, A) and older (12 weeks, WT12w, B) and from CREM transgenic (TG) mice 

young (TG6w, C, E) and older (TG12w, D and F) showing no AF (C, D) and AF (E,F). Scale 

bars: vertical 0.2 mV, horizontal 0.1 s. (G-I) Analysis of ECG parameters of heart rate 

variability (HRV): mean heart rate (G), standard deviation of NN intervals (SDNN, H), root 

mean square of the successive differences between neighboring RR intervals (RMSSD, I). 

Data show mean  SE resulted from 12 (WT6w), 36 (TG6w), 34 (WT12w) and 54 (TG12w) ECG 

traces. *P<0.05 for TG6w vs. WT6w (grey), TG12w vs. WT12w (black), #P<0.05 TG12w vs. TG6w 

(black) from parametric or non-parametric 1-way ANOVA with the corresponding post-hoc 

test. 

  



 

 

Figure S2. Basal properties of the action potentials (AP) of atrial myocytes isolated from 

CREM TG mice. 

 

AP parameters such as AP amplitude (A), slope of depolarization (B), and AP duration (APD) 

from peak to 20, 50, 70 and 90% repolarization (C-F) were measured in the 4 groups of 

animals. Data show mean ± SE of the values of parameters calculated for individual cells of 

the group (average of cells) or the mean value of the averaged parameter calculated per heart 

(average of mice). In the legend, the numbers in brackets show number of cells / number of 

mice. *P<0.05 for TG6w vs. WT6w (grey), TG12w vs. WT12w (black), #P<0.05 WT12w vs. WT6w 

(grey), TG12w vs. TG6w (black) from parametric or non-parametric 1-way ANOVA with the 

corresponding post-hoc test.  



 

 

Figure S3. Representative uncut immunoblots presented in Fig.2, showing the transient 

outward channel components: the forming -subunits Kv4.2, Kv4.3 and auxiliary 

subunit KChIP2, vs. the myocyte marker calsequestrin (CSQ) used for normalization. 

 

 

 

Two samples of each group have been loaded on the gel, as mentioned above the 

immunoblots. Number on the right represent the relative size of the proteins.  

  



 

 

Figure S4. Total inward K+-current of TG atrial myocytes, before and after AF onset. 

 

Data show mean ± SE of averaged I-V plots of the current density at the end of the 

hyperpolarizing pulse (IKir), recorded from the four experimental groups. n/N = 33–55/11–18. 

*P<0.05 for TG6w vs. WT6w (grey), TG12w vs. WT12w (black), #P<0.05 TG12w vs. TG6w (black) 

from 2-way repeated measures ANOVA with Bonferroni post-hoc test.  

  



 

 

Figure S5. Action potential (AP) parameters following blocking or activating IK1 and 

IKACh, respectively, of atrial myocytes isolated from CREM TG mice. 

 

Data show mean ± SE of AP amplitude (A), slope of depolarization (B), and AP duration 

(APD) from peak to 20, 50, 70 and 90% repolarization (C-F) measured in the 4 groups of 

animals. n/N for WT6w (7/5) TG6w (5/5), WT12w (11/6) and TG12w (5/4). §P<0.05 BaCl2 or 

ACh vs. normal Tyrode (NT) using Wilcoxon matched pairs signed rank test. 


