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Abstract Chronic B-adrenergic stimulation is regarded as
a pivotal step in the progression of heart failure which is
associated with a high risk for arrhythmia. The cAMP-de-
pendent transcription factors cAMP-responsive element
binding protein (CREB) and cAMP-responsive element
modulator (CREM) mediate transcriptional regulation in
response to [-adrenergic stimulation and CREM repressor
isoforms are induced after stimulation of the B-adrenocep-
tor. Here, we investigate whether CREM repressors con-
tribute to the arrhythmogenic remodeling in the heart by
analyzing arrhythmogenic alterations in ventricular car-
diomyocytes (VCMs) from mice with transgenic expression
of the CREM repressor isoform CREM-IbAC-X (TG). Patch
clamp analyses, calcium imaging, immunoblotting and real-
time quantitative RT-PCR were conducted to study proar-
rhythmic alterations in TG VCMs vs. wild-type controls.
The percentage of VCMs displaying spontaneous supra-
threshold transient-like Ca®" releases was increased in TG
accompanied by an enhanced transduction rate of sub-
threshold Ca®* waves into these supra-threshold events. As
a likely cause we discovered enhanced NCX-mediated Ca®"
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transport and NCX1 protein level in TG. An increase in Incx
and decrease in I, and its accessory channel subunit KChIP2
was associated with action potential prolongation and an
increased proportion of TG VCMs showing early afterde-
polarizations. Finally, ventricular extrasystoles were aug-
mented in TG mice underlining the in vivo relevance of our
findings. Transgenic expression of CREM-IbAC-X in mouse
VCMs leads to distinct arrhythmogenic alterations. Since
CREM repressors are inducible by chronic B-adrenergic
stimulation our results suggest that the inhibition of CRE-
dependent transcription contributes to the formation of an
arrhythmogenic substrate in chronic heart disease.

Keywords Transcription factor CREM - Arrhythmia -
Remodeling - NCX

Introduction

Heart failure (HF) is characterized by cardiac dysfunction
but likewise associated with a high risk for life threatening
arrhythmias especially in mild to moderate disease stages.
Up to 50 % of HF associated deaths are attributed to the
“sudden cardiac death” caused by arrhythmia [1, 15].
During the development of HF the heart undergoes an
extensive remodeling process which not only results in
impairment of cardiac function but also in the formation of
an arrhythmogenic substrate. In cardiomyocytes these
alterations include action potential (AP) prolongation along
with the reduction of potassium currents (Iy,, Ixs, Ikrs Ix1)
facilitating the occurrence of early afterdepolarizations
(EADs) during AP repolarization. Furthermore, alterations
of the intracellular Ca** homeostasis lead to an enhanced
occurrence of spontaneous Ca®" releases which could be
translated into delayed afterdepolarizations (DADs) by the
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electrogenic NCX current (Incx) as a trigger for arrhythmia
[30, 31, 39]. However, the molecular mechanisms leading
to this remodeling are poorly understood [35].

The transcription factors cAMP-responsive element
binding protein (CREB) and cAMP-responsive element
modulator (CREM) bind to cAMP response elements
(CRE's) in the promoter regions of target genes and mediate
transcriptional regulation, inter alia, in response to stimu-
lation of cAMP-dependent signaling pathways [2]. Cate-
cholamines acting as agonists of such pathways are
chronically elevated in HF patients and are regarded as a
pivotal step in the progression of the disease. There is
evidence that major ventricular arrhythmias are associated
with sustained cardiac sympathetic activation in HF [16,
23], and B-blockers have been proven to reduce the risk for
sudden cardiac death [11, 13, 19]. The CREM gene
encodes several structurally related isoforms, which func-
tion as activators or repressors of transcription. The small
CREM repressor isoform ICER (inducible cAMP early
repressor) is up-regulated in human HF [10]. ICER proteins
are rapidly induced by cAMP elevation and are strong
repressors of CRE-mediated transcription [24]. We
recently reported that B-adrenergic stimulation by isopro-
terenol leads to the upregulation of a novel CREM
repressor isoform, small ICER (smICER), beside ICER in
the mouse heart [36]. The CREM repressor isoform
CREM-IbAC-X was first identified in failing human heart
tissue [25]. Transgenic mice with heart-directed expression
of CREM-IbAC-X spontaneously develop atrial fibrillation
(AF) [7, 17, 18, 27] and AF susceptibility in human is inter
alia associated with decreased expression of CREB target
genes [9]. Furthermore, inactivation of the transcriptional
activator CREB leads to AP prolongation with downregu-
lation of the transient outward current (/) and its under-
lying channel subunit Kv4.2 in ventricular cardiomyocytes
(VCMs) [34]. These results led to the hypothesis that the
inhibition of cAMP-dependent transcription by the induc-
tion of small CREM repressor isoforms participates in an
arrhythmogenic remodeling in cardiomyocytes. Here, we
tested this hypothesis by investigating arrhythmogenic
alterations in VCMSs, their molecular causes, and in vivo
consequences in CREM-IbAC-X transgenic mice.

Methods

Detailed methods are available in the data supplement.
Experimental animals

Mice with heart-directed expression of CREM-IbAC-X

(TG) [7, 17, 18, 27] and wild-type littermates (CTL) were
studied at 16-21 weeks of age if not indicated otherwise.
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All experiments were in accordance with the local animal
welfare authorities, conform to the Directive 2010/63/EU
of the European Parliament and were approved by regional
authorities (LANUV; North Rhine-Westphalia, Germany;
permit 84-02.04.2011.A179).

Cell isolation

Primary adult VCMs were isolated as described previously
by collagenase/protease digestion in a Langendorff appa-
ratus [34].

Patch clamp

Action potentials and membrane currents were recorded
using the perforated patch technique with amphotericin B.
APs and L-type Ca®" currents (Icar) were evoked as
described [34]. Potassium currents (/g o) Were evoked
by a single step protocol from —40 to +60 mV from a
holding potential (HP) of —80 mV for 25 s to achieve
complete inactivation of transient components of Ik (ot
Incx was elicited by caffeine application (10 mM) as
described [32].

Calcium imaging

Intracellular Ca®" (Ca2+i) transients and sarcomere
shortening were recorded simultaneously after loading
VCMs with Indo-1/AM (0.5 Hz stimulation, 22-24 °C)
under basal conditions and during superfusion with 1 uM
isoproterenol. For the detection of spontaneous Ca®"
releases (sCaRs) cardiomyocytes were prestimulated at 1
and 2 Hz for 30 s each followed by a 90 s stimulation
pause in which sCaRs were counted. Separation of
SERCA2a, NCX and the sarcolemmal Ca’*-ATPase
(PMCA) was performed in VCMs loaded with Fluo-4/AM
as described [20].

Immunoblotting and quantitative real-time RT-PCR

Immunoblotting and quantitative real-time RT-PCR were
performed on ventricular homogenates as described pre-
viously [34, 36].

ECG recordings

ECGs were recorded from anesthetized old (19-21 weeks
of age) and young mice (5-7 weeks of age, before onset of
AF). Baseline ECGs were recorded for 10 min followed by
an additional 10 min (old mice) or 20 min (young mice)
recording-phase after intraperitoneal injection of isopro-
terenol (2 mg/kg body weight).
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Chronic isoproterenol treatment of CTL mice

Osmotic minipumps (model 2001; Alzet, Cupertino, USA)
were implanted in CTL mice (anesthesia: isoflurane/N,O
1.5-2 %/60 %) for continuous application of isoproterenol
(3 mg/kg/day) according to the manufacturer’s
instructions.

Statistical analysis

If not indicated otherwise, data are presented as
mean = SEM or box plots (box 25th—75th percentile,
whiskers: 10th-90th percentile, horizontal line: median,
square: mean). The number of experiments is reported as
n = cells/animals or n = number of independent samples.
Statistical analysis was performed using rank-sum-test,
Student’s ¢ test or Chi square test where adequate. Relative
expression ratios of mRNAs were calculated using the
AACt method with REST software [38].

Results

Overexpression of CREM-IbAC-X leads
to an increased proportion of cardiomyocytes
with spontaneous transient-like Ca** releases

Macroscopic spontaneous Ca>" releases which are regar-
ded as a trigger for arrhythmia were provoked in VCMs of
TG and CTL mice by a stimulation-pause-protocol as
displayed in Fig. la. In the respective pacing pauses we
observed sub-threshold Ca®" waves (wave-type, wCaR)
and supra-threshold, transient-like Ca®*t releases (tCaR)
arising from a wCaR (Fig. 1b). Averaged over all observed
VCMs tCaRs occurred more than twice as often (Fig. 1c)
and in tendency earlier (Suppl. Fig. 1) in TG VCMs while
the occurrence of wCaRs was not different between groups
(Fig. 1f). The mean increase in tCaR was due to an
increased recruitment of tCaR-positive VCMs (Fig. 1d)
and not due to an increased tCaR-frequency in these event-
positive VCMs (Fig. le). Interestingly, the ratio tCaR/all
detected events reflecting the transduction rate of wCaRs
into supra-threshold tCaRs was increased in TG VCMs
(Fig. 1g) pointing to a mechanism which facilitates the
triggering of APs by Ca”" releases.

In line with the view of an unaltered Ca®" release fre-
quency but facilitated transduction of wCaRs into tCaRs in
TG the levels of total RyR2 protein and its phosphorylated
forms (Ser2808/PKA, Ser2814/CaMKII) in ventricular
homogenates from TG and CTL mice (Fig. 2a, b) were not
significantly different between groups, though we detected
a noticeable sample to sample variation.

Altered Ca*>* homeostasis but no increase in SR
Ca’>* load in TG VCMs

Next we examined intracellular Ca*" homeostasis in TG
VCMs for arrhythmogenic alterations. Diastolic Ca*™; was
unaltered between groups (Fig. 3a). The Ca®"; transient
amplitude was likewise unaltered in TG vs. CTL (Fig. 3b),
whereas the decay of the Ca®™; transient was accelerated in
TG VCMs by 16-22 % as shown by a reduced time to
50 % decay of peak (TTDS50 %, Fig. 3c) suggesting an
altered NCX- or SERCA2a-mediated Ca®" transport in TG
VCMs. The accelerated transient decay in TG was not
associated with an altered SR Ca®" load nor altered frac-
tional Ca®" release between groups as determined in Indo-
1/AM loaded VCMs (Fig. 3d-f).

Ca** transport rates of SERCA2a and NCX are
increased in TG

Changes in SERCA2a and NCX both may be arrhythmo-
genic. Thus, we determined the Ca*" extrusion rate of the
Ca®*t extrusion proteins SERCA2a, NCX and PMCA in
Fluo-4/AM loaded VCMs by the protocol outlined in
Fig. 4a to elucidate the cause for the accelerated decay
phase of the Ca?*; transient in TG VCMs. Calculating the
respective Ca’" transport rates rsgrca, I'ncx and Trpyvca
revealed an increased rsgrca and rycx by 39 and 42 %,
respectively, and unaltered rpypca in TG VCMs (Fig. 4b—
d), well explaining the observed accelerated Ca”"; transient
decay in TG myocytes. The increased rsgrca Went along
with an elevation of SERCA2a protein levels in TG ven-
tricular homogenates as described before [27] and con-
firmed by immunoblotting (Suppl. Fig. 2). In summary,
overexpression of CREM-IbAC-X led not only to an
enhanced SERCA2a- but also NCX-mediated Ca®" trans-
port in VCMs.

Incx and NCX1 protein levels are increased in TG

We next validated the increased rycx by directly measur-
ing the NCX current (Incx) in patch clamp experiments. As
displayed in Fig. 4e, f the caffeine induced Incx Wwas
increased in TG VCMs on average by 117 % vs. CTLs.
The enhanced rncx and Incx went along with an increased
relative NCX1 protein level to 160 % of CTLs (p < 0.05)
in TG ventricular homogenates as assessed by
immunoblotting (Fig. 4g). However, we were not able to
detect any differences in Slc8al/NCX1 mRNA levels
between groups by real-time RT-PCR. Thus, the enhanced
rnex and Incx in TG VCMs goes along with an increase in
NCXI1 protein level without contemporaneous transcrip-
tional alterations.
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Fig. 1 a Field stimulation
protocol to provoke
spontaneous Ca>" events in
Indo-1/AM loaded VCMs
during a 90 s stimulation pause
after a 30 s lasting 1 and 2 Hz
stimulation phase. Two event
types were detected as displayed
in b: sub-threshold Ca>" waves
(wCaR) and supra-threshold
Ca®* releases (transient-like,
tCaR). The ratio tCaR/all
measured cells was increased in
TG VCMs (c) due to a higher
proportion of VCMs showing
this event type (d) while the
tCaR-frequency in tCaR-
positive VCMs was not
different between groups (e).
The rate of Ca>* waves/VCM
was unaltered between groups
(f) while the transduction of
wCaR into tCaR expressed by
the ratio tCaR/(wCaR + tCaR)
was increased in TG (g) (white
bars CTL, n = 67/11; grey bars
TG, n = 66/12; *p < 0.05 vs.
CTL)

Fig. 2 a Representative
immunoblots and b relative
protein levels for total RyR2,
Ser2808 and Ser2814
phosphoforms normalized to
CSQ. Protein levels were not
significantly different between
groups, albeit along a noticeable
sample to sample variation
(white boxes CTL, grey boxes
TG, n = 12/group)

A B Ca* wave Transient-like
(wCaR) Ca” release (tCaR)
spontaneous
Ca” release
sCaR
Protocol Pacing Pacing pause Shortening T
30s-1Hz/2Hz 90 s [
c 05 D - E ..
p— * -—
0.4 - X 16 4 — 3 5
3 * % = 2
O 0.3 4 8 12 4 E=
) @
x yed Q2+
© 0.2 = 84 =
waw/ Q 2 2
2 © 14
0.1+ o 44 —| O
O -—
0.0- R 0 T 0
7,2, 7, Q2
S N S LS S A N
F 4 4 G 0.4
*
_ 31 -T- 2 0.3+
© )
: 5
wj\m C(t: o § 0.2 4
¢ -7 2
14 8 0.14
M ©
0 > > 0.0- T
% T % Th % T % T
A B 05 RyR and pRyR protein
RyR total = s o | i e — § 204
PRYR 2808 "l v by S o e %15
csQ T v an. e | e oo e g ’
CTL TG CTL TG |[CcTL TG CTL TC ?:_-1.0-@5 E
. @
PRYR 2614 | 1 J B e os-
csQ ——— | . e e,
00 @& s o
ST
@
=)
&

Increased NCX in TG is associated with AP

prolongation and EADs

Since an increased Incx might prolong the AP we recorded

resting membrane potential (RMP, Fig. 5b) nor the AP
amplitude (Fig. 5c) were different between groups. The
observed AP prolongation in TG VCMs went along with a

APs from TG and CTL VCMs. APs from TG VCMs were

actually prolonged vs. CTLs. As displayed by the repre-
sentative recordings in Fig. 5a, AP duration at 70 and 90 %

repolarization was increased in TG VCMs (APD;o: 141 %

and APDgg: 239 % of CTLs) while APDs, (Fig. 5d) was
only increased by tendency. At the same time neither the

@ Springer

doubled proportion of VCMs showing EADs (Fig. Se, f).

Overexpression of CREM-IbAC-X leads
to potassium current remodeling

Next we examined whether alterations in other major
currents (I, Ic,1) contribute in addition to the increased
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Fig. 3 a Diastolic Ca>*; and

b the Ca>*; transient amplitude ‘\ Baseline

were unaltered between groups.
¢ The Ca*; transient decay was
accelerated in TG myocytes
(TTD50 % in ms) pointing to
altered Ca®" transport/extrusion
mechanisms in TG (white boxes
CTL basal, n = 99/10; grey

0.7

o
»
1
—
—

boxes TG basal, n = 97/10;

*p < 0.05 vs. CTL). Rapid

o
o
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caffeine application to Indo-1/
AM loaded VCMs after
prestimulation as displayed in
d was performed to assess e SR
Ca®* load and f fractional SR
Ca®" release which were
unaltered between groups (white
boxes CTL, n = 39/5; grey D
boxes TG, n = 33/4)
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Tyrode's
solution

Incx to the AP prolongation observed in CREM-IbAC-X
TG mice. As displayed in Fig. 6a, b the I w1 peak
amplitude was reduced by 25 % in TG VCMs whereas the
steady-state amplitude was unaltered between groups
pointing to a reduction of /;, in TG VCMs. The Ik o1 peak
amplitude reduction was accompanied by a 26 % reduction
in KChIP2 protein levels, an important accessory I,
underlying subunit [12], while the main pore forming
subunit in mice Kv4.2 was only reduced by tendency in TG
ventricular homogenates (Fig. 6¢).

However, the mRNA level of Kcnd2/Kv4.2 was reduced
in TG ventricular homogenates while the Kcnip2/KChIP2
mRNA level was unaltered between groups (Fig. 6d).
mRNA levels of the potassium channel subunits Kcnd3/
Kv4.3, Kcna5/Kvl.5 and Kcna4/Kvl.4 were not altered
between groups, except an increase of Kcnbl/Kv2.1
mRNA in TG ventricular homogenates.

The I-V-relationship of Ic,; (Fig. 6f) was not different
between groups excluding this current as an explanation for
the prolonged APs in TG VCMs. Hence, the reduction of
Ik tota1 In TG VCMs is most likely due to a reduction of
KChIP2 leading to a decrease of I, which will contribute
to the AP prolongation in TG VCMs in addition to the
increase in Incx.
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No hypertrophy of VCMs in CREM-IbAC-X mice

The measured size of VCMs from the same preparations
used for the single cell studies was not different between
groups as determined by wide-field microscopy. VCM
capacities derived from the patch clamp experiments were
likewise unaltered between groups excluding cellular
hypertrophy in CREM-IbAC-X VCMs (Suppl. Fig. 3).

TG mice display an increase in ventricular
extrasystoles

To test whether the increase in tCaR in single TG VCMs
provokes events in a multi-cellular setting we recorded
ECGs from TG vs. CTL mice under basal conditions and
during acute isoproterenol challenge (ISO, i.p. injection).
TG mice (age 19-21 weeks) showed on average more
ventricular extrasystoles (VES) after ISO (Fig. 7c—e).
Since TG mice develop atrial fibrillation, present in 86 %
of all measured TG animals, we also investigated young
mice (age 5-7 weeks) before the onset of AF to exclude
AF itself as a contributor to the increase in VES. While the
number of VES-positive mice was not different between
groups the rate of VES/positive mice was 3.6 fold

@ Springer
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Fig. 4 a Transport rates for SERCA2a, NCX and the PMCA were
determined by exponential fitting to the decay phases of electrically
evoked Ca®" transients (r; = SERCA + NCX + PMCA), caffeine
induced Ca* transients (r, = NCX + PMCA) and caffeine induced
Ca®t transients with NCX-block by ONa™/0Ca*-solution (rs -
= PMCA). The SERCA2a transport rate (b) (rsgrca = r1 — 72)
and the NCX transport rate (¢) (rncx = 1> — r3) were increased in
TG VCMs while the PMCA transport rate (d) (rpmca = r3) Was

increased in TG mice compared to CTLs after ISO
(Fig. 7f-h). Thus, the observations on the single cellular
level are paralleled by an increased propensity to VES in
TG mice.

CREM-IbAC-X is induced by chronic isoproterenol
treatment

An analysis of the CREM gene revealed that similar or
identical proteins could be translated by smICER, ICER
and CREM-IbAC-X transcripts (Suppl. Fig. 4). Since ICER
and smICER can be induced by B-adrenergic stimulation,
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unaltered between groups (white boxes CTL, n = 22-53/6; grey
boxes TG, n = 30-70/6). e Original registration of a caffeine induced
Incx in a patch clamp experiment. Incx was likewise increased in TG
myocytes (f peak Incx in pA/pF; white bar CTL, n = 11/3; grey bar
TG, n=11/3) along elevated NCX1 protein levels
(g) (n = 12/group) as illustrated by representative immunoblots,
whereas Slc8al mRNA levels were not different between groups
(*p < 0.05 vs. CTL)

we examined whether this applies likewise for CREM-
IbAC-X. Quantification of CREM-IbAC-X mRNA in
ventricular homogenates from CTL mice treated with iso-
proterenol revealed a more than twofold induction of
CREM-IbAC-X mRNA after 10 h of treatment (Fig. 8).

Discussion

Our results show that heart-directed expression of CREM-
IbAC-X, a CREM repressor isoform isolated from failing
human hearts [25], evokes arrhythmogenic alterations in
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Fig. 5 Superimposed A
representative APs illustrate AP
prolongation in TG myocytes
(a). The resting membrane T
potential (RMP) (b) and AP CTL
amplitude (c¢) were unaltered ‘
between groups. AP duration > J
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including an increased incidence of transient-like sponta-
neous Ca”" releases and early afterdepolarizations associ-
ated with an increased occurrence of ventricular
extrasystoles.

The CREM repressor isoforms smICER, ICER and—as
shown here—CREM-IbAC-X are inducible by B-adrener-
gic stimulation. Though CREM-IbAC-X, smICER and
ICER [36] are only transiently induced by isoproterenol
treatment using osmotic minipumps in mice, there is—at
least in case of ICER—<clear evidence that CREM repres-
sors are sustainably induced in human heart failure and in
mouse failing hearts induced by chronic pressure overload
[10]. Since identical proteins (HIbI, HIbII) are translated
from smICER and CREM-IbAC-X mRNAs [25, 36] the
cardiac overexpression of CREM-IbAC-X should reflect to
some extent consequences of the induction of short CREM
repressor isoforms in the ventricle, and it may be specu-
lated that the induction of CREM repressors in response to
chronically elevated catecholamines contributes to the
arrhythmogenic remodeling during the development of HF.
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CREM-IbAC-X overexpression and spontaneous
Ca’* releases

The analysis of spontaneous Ca®" releases in the current
study showed an increased recruitment of VCMs with
supra-threshold tCaR in TG, reflected by an increased
number of event-positive cells, while the tCaR-frequency
in event-positive cells was not different between groups.
Determinants affecting the frequency of spontaneous Ca®™
releases are RyR2 phosphorylation and SR Ca®" load. In
TG atria hyperphosphorylation of RyR2 at S2814, leading
to an enhanced SR Ca’" leak and reduced SR Ca** load,
has been linked to the development of AF in this model [7,
18]. In contrast, VCM’s SR Ca®t load and ventricular
RyR2 phosphorylation seemed to be unaltered between
groups, which is in accordance with our observation of an
unaltered event rate in event-positive VCMs.

The analysis of intracellular Ca** cycling revealed an
accelerated Ca”" transient decay in TG VCMs. We pre-
viously demonstrated that SERCA2a protein levels are
increased in TG hearts [27] and confirmed this in the
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Fig. 6 a I o1 peak and steady-state amplitudes were determined by
a single 25 s voltage pulse to +60 mV (HP —80 mV) for complete
transient current inactivation. b I a1 peak amplitude was reduced by
25 % in TG VCMs whereas the steady-state amplitude was unaltered
between groups (black CTL, n = 14/7; grey TG, n = 23/9). ¢ As
illustrated by representative immunoblots KChIP2 protein was down-
regulated in TG ventricular homogenates (relative protein level,
KChIP2 normalized to CSQ, Kv4.2 normalized to Gapdh, n = 5-6).
d Relative expression levels of mRNAs encoding major potassium
channel subunits in ventricular homogenates from TG and CTL mice.
The relative expression level of Kcnd2/Kv4.2 (I,) was decreased

present study while the Afp2a2/SERCA2a mRNA level
was unaltered between groups. The determination of the
transport rates attributed to SERCA2a, NCX and PMCA
identified not only an increased SERCA2a-mediated but
also NCX-mediated Ca®" transport rate. This went along
with an increase in Incx and NCX1 protein but not mRNA
levels in TG VCMs and hearts. The cardiac NCX generates
an inward current by extruding 1 Ca®" in exchange for 3
Na™ ions in its forward mode [5]. Thus, spontaneous Ca*t
waves will result in a membrane depolarization during
Ca*" extrusion by the NCX. An enhanced NCX transport

@ Springer

whereas Kcnb1/Kv2.1 (Ixgow2) Was increased in TG [relative mRNA
expression level normalized to Hprt (hypoxanthine-guanine phos-
phoribosyltransferase)]. mRNA levels encoding Kcnip2/KChIP2 (I,
accessory subunit), Kcna4/Kvl.4 (I,), Kcna5/Kvl.5 (Ixgow1), and
Kcend3/Kv4.3 (I,) were unaltered between groups. e A classic step
protocol was used to evoke Ic,;. (—40 to +65 mV, A5 mV, 400 ms
duration, HP —80 mV, 1 Hz stimulation frequency). Sodium currents
were inactivated by a 200 ms prepulse before each step (truncated in
the figure). The calculated /-V-relationship was not different between
groups (f) (*p < 0.05 vs. CTL)

capacity due to increased NCX1 protein levels actuates the
extrusion of the same amount of Ca*" in a shorter time
which will lead to a more pronounced depolarization suf-
ficiently large to trigger an AP. This “spontaneous” AP in
turn will trigger a synchronized Ca®" induced Ca*" release
visible as a Ca®" transient. As a clear indication of this
mechanism almost every detectable tCaR in our experi-
ments was preceded by a Ca>" wave, and the ratio tCaR/all
spontaneous Ca”" releases was increased in TG VCMs.
This view is supported by two studies demonstrating that
overexpression of NCX1 in a non-failing mouse model
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Fig. 7 Representative ECG A
recording of a a WT mice and
b a TG mice displaying a VES.
¢ Mean VES/all measured mice,
d proportion of mice with VES
and e mean VES/positive mouse
in older mice (19-21 weeks,

n = 20), f-h in young mice
(5-7 weeks, n = 12),
respectively. Older TG mice C

had on average more 7.5 7
VES/mouse after application of 6.0 -
isoproterenol (ISO) because 2
both proportion of mice 24.51
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Fig. 8 Relative mRNA expression levels of CREM-IbAC-X on
ventricular homogenates from CTL mice after isoproterenol treatment
via osmotic minipumps. CREM-IbAC-X was induced after 10 h
isoproterenol treatment in CTL mice (CREM-IbAC-X mRNA
expression level normalized to Hprt, relative to O h, n = 11-12,
*p < 0.05 vs. 0 h)

leads to an increased translation of sCaRs into DADs and
spontaneous APs [32] and that heterozygous NCXI-
knockout suppresses DADs and EADs [6].

In several models of hypertrophy and HF NCX
expression or function is increased in face of reduced
SERCAZ2a [37] and also in human failing hearts Ca*t
reuptake is usually impaired and SERCA?2a protein levels

TG ECG recording

/VES

mice (19-21 weeks of age):

150 ms
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60 #  2100-
; £
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L 15 @ 1.5 I—Ll
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0/12 0/12 |6/1
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mostly decreased [39]. However, in a mouse model with
aortic banding NCX1 and SERCA2a were at first both
upregulated during compensated hypertrophy before
SERCA2a declined over time [14]. An increase in SER-
CAZ2a protein and function as observed in TG VCMs might
have an antiarrhythmic effect. Increasing SERCA2a func-
tion by phospholamban-inactivation has been shown to
break arrhythmogenic Ca®" waves [4]. SERCA2a gene
transfer in a HF model led to the reduction of Ca>" alter-
nans, reduced RyR2 phosphorylation and the reduced
inducibility of ventricular arrhythmias [8]. Thus, it can be
assumed that without the increase in SERCA2a the TG
ventricular phenotype would be much more pronounced
also with regard to the unaltered RyR2 phosphorylation.

CREM-IbAC-X overexpression and AP
prolongation

In rodents L-type Ca®" currents are relative small and the
AP plateau phase can almost entirely be due to Incx [5]
which was also demonstrated in a mouse model with car-
diac-specific NCX1 overexpression [32]. Consequently, we
found the ventricular AP prolonged in TG vs. CTLs along
the increase in Iycx and NCXI1 protein levels while Ic, .
was unaltered between groups. Regularly AP prolongation

@ Springer
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in models of HF goes along with the reduction of potas-
sium currents—above all the transient outward current I,
[30, 39]. The I, underlying channel subunits in rodents are
the pore forming subunits Kv4.3, Kv4.2 and the accessory
subunit KChIP2 [12]. In addition to the increase in Iycx,
Ix tota1 Peak amplitude was decreased in TG VCMs besides
reduced Kv4.2 mRNA and KChIP2 protein levels whereas
Kv4.2 protein was decreased at least in tendency in the
observed samples. The decrease in I, will additionally
contribute to the observed AP prolongation in TG VCMs.
However, since the APDs, at the same time was only
increased by tendency in TG we speculate that this con-
tribution is weaker compared to the increase in Incx. In this
context the increase of Kcnb1/Kv2.1 mRNA might point to
a compensatory upregulation of Iigow2 [42] in TG VCMs to
balance depolarizing and repolarizing currents [41] limit-
ing AP prolongation in the late repolarization phase [40].

AP prolongation facilitates the occurrence of early
afterdepolarizations (EADs) during AP repolarization and
is a characteristic alteration of cardiomyocytes in animal
and human failing hearts [39]. Indeed, we observed an
increased propensity to EADs in TG VCMs as another
arrhythmogenic consequence of the increase in Incx and
the reduction of I, in this model.

Transcriptional regulation mediated by CREM
repressor isoforms

The upregulation of NCXI1 protein levels along with
unaltered Slc8al mRNA levels in TG cannot be explained
by a direct transcriptional repression via CREM-IbAC-X.
Reportedly, NCX is upregulated by B;-AR stimulation via
a CaMKII/AP-1 signaling pathway independent of CREB
activation [21] despite the presence of CREs in the Ncx!
promoter [22]. The [;-AR density has been found
increased in TG ventricular homogenates [27] while in
hearts of CREM KO mice the ;-AR density is decreased
[26]. This underscores an important role of CREM
repressors in B-adrenoceptor regulation. Consequently, the
increased B;-AR density reported in TG ventricles may
contribute to the NCX upregulation in TG VCMs.

The overexpression of CREM-IbAC-X results in a
reduction of Kcnd2/Kv4.2 mRNA along a tendency to
reduced Kv4.2 protein levels in VCMs compared to con-
trols. In our previous study we showed that cardiomyocyte-
specific inactivation of the cAMP-dependent transcrip-
tional activator CREB leads to AP prolongation due to an
I, reduction likewise along a decrease of Kcnd2 mRNA
and Kv4.2 protein in VCMs [34]. Our own results are
supported by a recent study that postulates ICER as a
repressor of Kcnd2/KV4.2/1,, by repressing miR-1 [28].
Hence, data from three independent mouse models strongly

@ Springer

suggest that inactivation or repression of cAMP-dependent
transcription leads to I, remodeling.

In vivo consequences of the observed
arrhythmogenic alterations mediated by CREM-
IbAC-X

In TG mice with AF (19-21 weeks) and before the onset of
AF (5-7 weeks) we observed a noticeable increase in the
occurrence of VES especially after acute challenging with
isoproterenol. The CREM mediated alterations seemed to
increase above all the number of VCMs with tCaRs and
EADs. This could be relevant when focusing on VESs.
There has to be a critical number of cardiomyocytes with
synchronized spontaneous events to generate a sufficient
current source for the initiation of an ectopic trigger which
may result in the initiation of cardiac arrhythmia [33]. B-
adrenergic stimulation, on the other hand, has been shown
to lead to spatio-temporal synchronization of spontaneous
Ca®" releases [29]. Consequently, the critical number of
cardiomyocytes with synchronized spontaneous events
required to generate a sufficient current source for the
initiation of an ectopic trigger should be increased in TG
mice during B-adrenergic stimulation. This may affect both
the VES-frequency in susceptible mice as well as the
general occurrence of VESs as was observed in the older
TG mice, where the increased ratio VES/mouse vs. CTL
during acute isoproterenol challenge (Fig. 7c) resulted
from an increase in the number of VES-positive mice
(Fig. 7d) and a strong tendency to an increased VES rate in
VES-positive mice (Fig. 7e). Though VESs are common
findings in ECGs it has recently been assessed that the
frequent occurrence of VESs is associated with a sub-
stantial increase in the relative risk for sudden cardiac
death in the general population in human [3].

Conclusions

In summary, transgenic expression of CREM-IbAC-X in
cardiac tissue led to arrhythmogenic alterations in ven-
tricular cardiomyocytes which could largely be attributed
to an increase in Incx. The arrhythmogenic alterations on
the single cellular level were associated with an increased
propensity to VESs in TG mice underlining the in vivo
relevance of our findings. Since CREM-IbAC-X is indu-
cible by B-adrenergic stimulation and may be considered
representative for other CREM repressor isoforms our
results point to a role of cAMP-inducible inhibition of
CRE-dependent transcription in the formation of an
arrhythmogenic substrate during the development of
chronic heart disease.



Basic Res Cardiol (2016) 111:15

Page 11 of 12 15

Acknowledgments We thank Melanie Vo3 and Maria Schulik for
excellent technical assistance.

Compliance with ethical standards

Funding This work was supported by the Deutsche Forschungs-
gemeinschaft (DFG Mul376/11-1 and 11-3) and the Interdisziplinires
Zentrum fiir Klinische Forschung (IZKF; Miil/014/11), and in part by
American Heart Association Scientist Development Grant
(14SDG20080008 to NL) and National Institutes of Health Grants
(HL089598, HL091947, and HL117641 to XHTW).

Conflict of interest On behalf of all authors, the corresponding
author states that there is no conflict of interest.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://crea
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.

References

1. Adabag AS, Luepker RV, Roger VL, Gersh BJ (2010) Sudden
cardiac death: epidemiology and risk factors. Nat Rev Cardiol
7:216-225. doi:10.1038/nrcardio.2010.3

2. Altarejos JY, Montminy M (2011) CREB and the CRTC co-
activators: sensors for hormonal and metabolic signals. Nat Rev
Mol Cell Biol 12:141-151. doi:10.1038/nrm3072

3. Ataklte F, Erqou S, Laukkanen J, Kaptoge S (2013) Meta-anal-
ysis of ventricular premature complexes and their relation to
cardiac mortality in general populations. Am J Cardiol
112:1263-1270. doi:10.1016/j.amjcard.2013.05.065

4. Bai Y, Jones PP, Guo J, Zhong X, Clark RB, Zhou Q, Wang R,
Vallmitjana A, Benitez R, Hove-Madsen L, Semeniuk L, Guo A,
Song L, Duff HJ, Chen SRW (2013) Phospholamban knockout
breaks arrhythmogenic Ca®* waves and suppresses cate-
cholaminergic polymorphic ventricular tachycardia in mice. Circ
Res 113:517-526. doi:10.1161/CIRCRESAHA.113.301678

5. Bers DM (2008) Calcium cycling and signaling in cardiac
myocytes. Annu Rev Physiol 70:23-49. doi:10.1146/annurev.
physiol.70.113006.100455

6. Bogeholz N, Pauls P, Bauer BK, Schulte JS, Dechering DG,
Frommeyer G, Kirchhefer U, Goldhaber JI, Miiller FU, Eckardt
L, Pott C (2015) Suppression of early and late afterdepolariza-
tions by heterozygous knockout of the Na™/Ca®" exchanger in a
murine model. Circ Arrhythm Electrophysiol. doi:10.1161/CIR
CEP.115.002927

7. Chelu MG, Sarma S, Sood S, Wang S, van Oort RJ, Skapura DG,
Li N, Santonastasi M, Miiller FU, Schmitz W, Schotten U,
Anderson ME, Valderrabano M, Dobrev D, Wehrens XH (2009)
Calmodulin kinase II-mediated sarcoplasmic reticulum Ca®*
leak promotes atrial fibrillation in mice. J Clin Invest
119:1940-1951. doi:10.1172/JCI37059

8. Cutler MJ, Wan X, Plummer BN, Liu H, Deschenes I, Laurita
KR, Hajjar RJ, Rosenbaum DS (2012) Targeted sarcoplasmic
reticulum Ca®* ATPase 2a gene delivery to restore electrical
stability in the failing heart. Circulation 126:2095-2104. doi:10.
1161/CIRCULATIONAHA.111.071480

9. Deshmukh A, Barnard J, Sun H, Newton D, Castel L, Pettersson
G, Johnston D, Roselli E, Gillinov AM, McCurry K, Moravec C,

10.

11.

12.

13.

14.

15.

17.

18.

19.

20.

21.

22.

23.

Smith JD, van Wagoner DR, Chung MK (2015) Left atrial
transcriptional changes associated with atrial fibrillation suscep-
tibility and persistence. Circ Arrhythm Electrophysiol 8:32—41.
doi:10.1161/CIRCEP.114.001632

Ding B, Abe J, Wei H, Huang Q, Walsh RA, Molina CA, Zhao A,
Sadoshima J, Blaxall BC, Berk BC, Yan C (2005) Functional role
of phosphodiesterase 3 in cardiomyocyte apoptosis: implication
in heart failure. Circulation 111:2469-2476. doi:10.1161/01.CIR.
0000165128.39715.87

(1999) Effect of metoprolol CR/XL in chronic heart failure:
Metoprolol CR/XL Randomised Intervention Trial in Congestive
Heart Failure (MERIT-HF). Lancet 353:2001-2007. doi:10.1016/
S0140-6736(99)04440-2

Guo W (2002) Role of heteromultimers in the generation of
myocardial transient outward K* currents. Circ Res 90:586-593.
doi:10.1161/01.RES.0000012664.05949.E0

Hjalmarson A, Fagerberg B (2000) MERIT-HF mortality and
morbidity data. Basic Res Cardiol 95:198-1103. doi:10.1007/
5003950070017

Ito K, Yan X, Tajima M, Su Z, Barry WH, Lorell BH (2000)
Contractile reserve and intracellular calcium regulation in mouse
myocytes from normal and hypertrophied failing hearts. Circ Res
87:588-595. doi:10.1161/01.RES.87.7.588

Kannel WB, Plehn JF, Cupples L (1988) Cardiac failure and
sudden death in the Framingham Study. Am Heart J
115:869-875. doi:10.1016/0002-8703(88)90891-5

. Kaye DM, Lefkovits J, Jennings GL, Bergin P, Broughton A,

Esler MD (1995) Adverse consequences of high sympathetic
nervous activity in the failing human heart. ] Am Coll Cardiol
26:1257-1263. doi:10.1016/0735-1097(95)00332-0

Kirchhof P, Marijon E, Fabritz L, Li N, Wang W, Wang T,
Schulte K, Hanstein J, Schulte JS, Vogel M, Mougenot N,
Laakmann S, Fortmueller L, Eckstein J, Verheule S, Kaese S,
Staab A, Grote-Wessels S, Schotten U, Moubarak G, Wehrens
Xander H T, Schmitz W, Hatem S, Miiller FU (2013) Overex-
pression of cAMP-response element modulator causes abnormal
growth and development of the atrial myocardium resulting in a
substrate for sustained atrial fibrillation in mice. Int J Cardiol
166:366-374. doi:10.1016/j.ijcard.2011.10.057

Li N, Chiang DY, Wang S, Wang Q, Sun L, Voigt N, Respress
JL, Ather S, Skapura DG, Jordan VK, Horrigan FT, Schmitz W,
Miiller FU, Valderrabano M, Nattel S, Dobrev D, Wehrens XHT
(2014) Ryanodine receptor-mediated calcium leak drives pro-
gressive development of an atrial fibrillation substrate in a
transgenic mouse model. Circulation 129:1276-1285. doi:10.
1161/CIRCULATIONAHA.113.006611

Lohse MJ, Engelhardt S, Eschenhagen T (2003) What is the role
of beta-adrenergic signaling in heart failure? Circ Res
93:896-906. doi:10.1161/01.RES.0000102042.83024.CA
Maczewski M, Mackiewicz U (2008) Effect of metoprolol and
ivabradine on left ventricular remodelling and Ca®* handling in
the post-infarction rat heart. Cardiovasc Res 79:42-51. doi:10.
1093/cvr/cvn057

Mani SK, Egan EA, Addy BK, Grimm M, Kasiganesan H,
Thiyagarajan T, Renaud L, Brown JH, Kern CB, Menick DR
(2010) beta-Adrenergic receptor stimulated Ncx1 upregulation is
mediated via a CaMKII/AP-1 signaling pathway in adult car-
diomyocytes. J Mol Cell Cardiol 48:342-351. doi:10.1016/j.
yjmec.2009.11.007

Menick DR, Li MS, Chernysh O, Renaud L, Kimbrough D,
Kasiganesan H, Mani SK (2013) Transcriptional pathways and
potential therapeutic targets in the regulation of Ncx1 expression
in cardiac hypertrophy and failure. Adv Exp Med Biol
961:125-135. doi:10.1007/978-1-4614-4756-6_11

Meredith IT, Broughton A, Jennings GL, Esler MD (1991) Evi-
dence of a selective increase in cardiac sympathetic activity in

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1038/nrcardio.2010.3
http://dx.doi.org/10.1038/nrm3072
http://dx.doi.org/10.1016/j.amjcard.2013.05.065
http://dx.doi.org/10.1161/CIRCRESAHA.113.301678
http://dx.doi.org/10.1146/annurev.physiol.70.113006.100455
http://dx.doi.org/10.1146/annurev.physiol.70.113006.100455
http://dx.doi.org/10.1161/CIRCEP.115.002927
http://dx.doi.org/10.1161/CIRCEP.115.002927
http://dx.doi.org/10.1172/JCI37059
http://dx.doi.org/10.1161/CIRCULATIONAHA.111.071480
http://dx.doi.org/10.1161/CIRCULATIONAHA.111.071480
http://dx.doi.org/10.1161/CIRCEP.114.001632
http://dx.doi.org/10.1161/01.CIR.0000165128.39715.87
http://dx.doi.org/10.1161/01.CIR.0000165128.39715.87
http://dx.doi.org/10.1016/S0140-6736(99)04440-2
http://dx.doi.org/10.1016/S0140-6736(99)04440-2
http://dx.doi.org/10.1161/01.RES.0000012664.05949.E0
http://dx.doi.org/10.1007/s003950070017
http://dx.doi.org/10.1007/s003950070017
http://dx.doi.org/10.1161/01.RES.87.7.588
http://dx.doi.org/10.1016/0002-8703(88)90891-5
http://dx.doi.org/10.1016/0735-1097(95)00332-0
http://dx.doi.org/10.1016/j.ijcard.2011.10.057
http://dx.doi.org/10.1161/CIRCULATIONAHA.113.006611
http://dx.doi.org/10.1161/CIRCULATIONAHA.113.006611
http://dx.doi.org/10.1161/01.RES.0000102042.83024.CA
http://dx.doi.org/10.1093/cvr/cvn057
http://dx.doi.org/10.1093/cvr/cvn057
http://dx.doi.org/10.1016/j.yjmcc.2009.11.007
http://dx.doi.org/10.1016/j.yjmcc.2009.11.007
http://dx.doi.org/10.1007/978-1-4614-4756-6_11

15

Page 12 of 12

Basic Res Cardiol (2016) 111:15

24.

25.

26.

27.

28.

29.

30.

31.

32.

patients with sustained ventricular arrhythmias. N Engl J Med
325:618-624. doi:10.1056/NEJM199108293250905

Molina CA, Foulkes NS, Lalli E, Sassone-Corsi P (1993)
Inducibility and negative autoregulation of CREM: an alternative
promoter directs the expression of ICER, an early response
repressor. Cell 75:875-886. doi:10.1016/0092-8674(93)90532-U
Miiller FU, Boknik P, Knapp J, Neumann J, Vahlensieck U,
Oetjen E, Scheld HH, Schmitz W (1998) Identification and
expression of a novel isoform of cAMP response element mod-
ulator in the human heart. FASEB J 12:1191-1199

Miiller FU, Lewin G, Matus M, Neumann J, Riemann B, Wistuba
J, Schiitz G, Schmitz W (2003) Impaired cardiac contraction and
relaxation and decreased expression of sarcoplasmic Ca®'-
ATPase in mice lacking the CREM gene. FASEB J 17:103-105.
doi: 10.1096/1j.02-0486fje

Miiller FU, Lewin G, Baba HA, Boknik P, Fabritz L, Kirchhefer
U, Kirchhof P, Loser K, Matus M, Neumann J, Riemann B,
Schmitz W (2005) Heart-directed expression of a human cardiac
isoform of cAMP-response element modulator in transgenic
mice. J Biol Chem 280:6906-6914. doi:10.1074/jbc.M407864200
Myers R, Timofeyev V, Li N, Kim C, Ledford HA, Sirish P, Lau
V, Zhang Y, Fayyaz K, Singapuri A, Lopez JE, Knowlton AA,
Zhang X, Chiamvimonvat N (2015) Feedback mechanisms for
cardiac-specific microRNAs and cAMP signaling in electrical
remodeling. Circ Arrhythm Electrophysiol 8:942-950. doi:10.
1161/CIRCEP.114.002162

Myles RC, Wang L, Kang C, Bers DM, Ripplinger CM (2012)
Local B-adrenergic stimulation overcomes source-sink mismatch
to generate focal arrhythmia. Circ Res 110:1454-1464. doi:10.
1161/CIRCRESAHA.111.262345

Nass RD, Aiba T, Tomaselli GF, Akar FG (2008) Mechanisms of
disease: ion channel remodeling in the failing ventricle. Nat Clin
Pract Cardiovasc Med 5:196-207. doi:10.1038/ncpcardiol 130
Neef S, Maier LS (2013) Novel aspects of excitation-contraction
coupling in heart failure. Basic Res Cardiol 108:360. doi:10.
1007/s00395-013-0360-2

Pott C, Muszynski A, Ruhe M, Bogeholz N, Schulte JS, Milberg P,
Monnig G, Fabritz L, Goldhaber JI, Breithardt G, Schmitz W,
Philipson KD, Eckardt L, Kirchhof P, Miiller FU (2012) Proar-
rhythmia in a non-failing murine model of cardiac-specific Na*/
Ca”" exchanger overexpression: whole heart and cellular mecha-
nisms. Basic Res Cardiol 107:247. doi:10.1007/s00395-012-0247-7

@ Springer

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Rubart M (2005) Mechanisms of sudden cardiac death. J Clin
Invest 115:2305-2315. doi:10.1172/JC126381

Schulte JS, Seidl MD, Nunes F, Freese C, Schneider M, Schmitz
W, Miiller FU (2012) CREB critically regulates action potential
shape and duration in the adult mouse ventricle. Am J Physiol
Heart Circ Physiol 302:H1998-H2007. doi:10.1152/ajpheart.
00057.2011

Schulte JS, Seidl MD, Muller FU (2014) The role of transcription
factors in the formation of an arrhythmogenic substrate in con-
gestive human heart failure. Curr Med Chem 21:1281-1298.
doi:10.2174/09298673113209990172

Seidl MD, Nunes F, Fels B, Hildebrandt I, Schmitz W, Schulze-
Osthoff K, Miiller FU (2014) A novel intronic promoter of the
Crem gene induces small ICER (smICER) isoforms. FASEB J
28:143-152. doi:10.1096/1j.13-231977

Sipido K (2002) Altered Na/Ca exchange activity in cardiac
hypertrophy and heart failure: a new target for therapy? Cardio-
vasc Res 53:782-805. doi:10.1016/S0008-6363(01)00470-9
Vandesompele J, de Preter K, Pattyn F, Poppe B, van Roy N, de
Paepe A, Speleman F (2002) Accurate normalization of real-time
quantitative RT-PCR data by geometric averaging of multiple
internal control genes. Genome Biol 3(RESEARCHO0034):1.
doi:10.1186/gb-2002-3-7-research0034

Wang Y, Hill JA (2010) Electrophysiological remodeling in heart
failure. J Mol Cell Cardiol 48:619-632. doi:10.1016/j.yjmcc.
2010.01.009

Xu H, Barry DM, Li H, Brunet S, Guo W, Nerbonne JM (1999)
Attenuation of the slow component of delayed rectification,
action potential prolongation, and triggered activity in mice
expressing a dominant-negative Kv2 subunit. Circ Res
85:623-633. doi:10.1161/01.RES.85.7.623

Zhang X, Ai X, Nakayama H, Chen B, Harris DM, Tang M, Xie
Y, Szeto C, Li Y, Li Y, Zhang H, Eckhart AD, Koch WIJ,
Molkentin JD, Chen X (2016) Persistent increases in Ca(2+)
influx through Cavl.2 shortens action potential and causes
Ca(2+) overload-induced afterdepolarizations and arrhythmias.
Basic Res Cardiol 111:4. doi:10.1007/s00395-015-0523-4

Zhou J, Kodirov S, Murata M, Buckett PD, Nerbonne JM, Koren
G (2003) Regional upregulation of Kv2.1-encoded current, IK,
slow2, in KvIDN mice is abolished by crossbreeding with
Kv2DN mice. Am J Physiol Heart Circ Physiol 284:H491-H500.
doi:10.1152/ajpheart.00576.2002


http://dx.doi.org/10.1056/NEJM199108293250905
http://dx.doi.org/10.1016/0092-8674(93)90532-U
http://dx.doi.org/10.1096/fj.02-0486fje
http://dx.doi.org/10.1074/jbc.M407864200
http://dx.doi.org/10.1161/CIRCEP.114.002162
http://dx.doi.org/10.1161/CIRCEP.114.002162
http://dx.doi.org/10.1161/CIRCRESAHA.111.262345
http://dx.doi.org/10.1161/CIRCRESAHA.111.262345
http://dx.doi.org/10.1038/ncpcardio1130
http://dx.doi.org/10.1007/s00395-013-0360-2
http://dx.doi.org/10.1007/s00395-013-0360-2
http://dx.doi.org/10.1007/s00395-012-0247-7
http://dx.doi.org/10.1172/JCI26381
http://dx.doi.org/10.1152/ajpheart.00057.2011
http://dx.doi.org/10.1152/ajpheart.00057.2011
http://dx.doi.org/10.2174/09298673113209990172
http://dx.doi.org/10.1096/fj.13-231977
http://dx.doi.org/10.1016/S0008-6363(01)00470-9
http://dx.doi.org/10.1186/gb-2002-3-7-research0034
http://dx.doi.org/10.1016/j.yjmcc.2010.01.009
http://dx.doi.org/10.1016/j.yjmcc.2010.01.009
http://dx.doi.org/10.1161/01.RES.85.7.623
http://dx.doi.org/10.1007/s00395-015-0523-4
http://dx.doi.org/10.1152/ajpheart.00576.2002

	Cardiac expression of the CREM repressor isoform CREM-Ib Delta C-X in mice leads to arrhythmogenic alterations in ventricular cardiomyocytes
	Abstract
	Introduction
	Methods
	Experimental animals
	Cell isolation
	Patch clamp
	Calcium imaging
	Immunoblotting and quantitative real-time RT-PCR
	ECG recordings
	Chronic isoproterenol treatment of CTL mice
	Statistical analysis

	Results
	Overexpression of CREM-Ib Delta C-X leads to an increased proportion of cardiomyocytes with spontaneous transient-like Ca2+ releases
	Altered Ca2+ homeostasis but no increase in SR Ca2+ load in TG VCMs
	Ca2+ transport rates of SERCA2a and NCX are increased in TG
	INCX and NCX1 protein levels are increased in TG
	Increased NCX in TG is associated with AP prolongation and EADs
	Overexpression of CREM-Ib Delta C-X leads to potassium current remodeling
	No hypertrophy of VCMs in CREM-Ib Delta C-X mice
	TG mice display an increase in ventricular extrasystoles
	CREM-Ib Delta C-X is induced by chronic isoproterenol treatment

	Discussion
	CREM-Ib Delta C-X overexpression and spontaneous Ca2+ releases
	CREM-Ib Delta C-X overexpression and AP prolongation
	Transcriptional regulation mediated by CREM repressor isoforms
	In vivo consequences of the observed arrhythmogenic alterations mediated by CREM-Ib Delta C-X

	Conclusions
	Acknowledgments
	References




