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Abstract Persistent elevation of Ca*" influx due to pro-
longation of the action potential (AP), chronic activation of
the B-adrenergic system and molecular remodeling occurs
in stressed and diseased hearts. Increases in Ca®" influx are
usually linked to prolonged myocyte action potentials and
arrhythmias. However, the contribution of chronic
enhancement of Cavl.2 activity on cardiac electrical
remodeling and arrhythmogenicity has not been completely
defined and is the subject of this study. Chronically
increased Cavl.2 activity was produced with a cardiac
specific, inducible double transgenic (DTG) mouse system
overexpressing the B2a subunit of Cav (Cavf2a). DTG
myocytes had increased L-type Ca®" current (Ic,y),
myocyte shortening, and Ca*" transients. DTG mice had
enhanced cardiac performance, but died suddenly and
prematurely. Telemetric electrocardiograms revealed
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shortened QT intervals in DTG mice. The action potential
duration (APD) was shortened in DTG myocytes due to
significant increases of potassium currents and channel
abundance. However, shortened AP in DTG myocytes did
not fully limit excess Ca®" influx and increased the peak
and tail Ic, . Enhanced I, promoted sarcoplasmic retic-
ulum (SR) Ca®" overload, diastolic Ca®" sparks and
waves, and increased NCX activity, causing increased
occurrence of early and delayed afterdepolarizations
(EADs and DADs) that may contribute to premature ven-
tricular beats and ventricular tachycardia. AV blocks that
could be related to fibrosis of the AV node were also
observed. Our study suggests that increasing I, does not
necessarily result in AP prolongation but causes SR Ca®"
overload and fibrosis of AV node and myocardium to
induce cellular arrhythmogenicity, arrhythmias, and con-
duction abnormalities.
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Abbreviations
4-AP 4-Aminopyridine
AP Action potential

APD Action potential duration

CaMK II Ca*"/Calmodulin-dependent kinase I

Cavp2a The B2a splicing variant of the 2 subunit
of the L-type Ca>" channel

DAD Delayed afterdepolarization

DTG Double transgenic

EAD Early afterdepolarization

ECG Electrocardiography

ECHO Echocardiography

FDHM Full duration at half maximum

FWHM Full width at half maximum

Icar L-type Ca** current

LTCC or The L-type Ca®" channel

Cavl.2

NCX Na't/Ca** Exchange

NFAT Nuclear factor of activated T-cells

PKA Protein kinase A

QTc Corrected QT interval

SQTS Short QT syndrome

RyR2 Ryanodine receptor type 2
SR Sarcoplasmic reticulum
Introduction

Cardiac arrhythmias are a significant contributor to pre-
mature death in the United States. Aberrant Ca®>" home-
ostasis and electrical remodeling are central to cardiac
arrhythmias [1, 2]. Altered properties of the L-type Ca®"
channel (LTCC or Cavl.2) play important roles in cardiac
arrhythmias because it is linked to both the electrical
properties and Ca?" homeostasis [2]. The L-type Ca®"
current (Ic,;) determines the duration of the action
potential and provides the source of Ca®" for loading the
sarcoplasmic (SR) [2, 6]. B-Adrenergic stimulation [2, 12]
or gene mutations [20] or changes of the subunit compo-
sition [21] of the L-type Ca*" channel may increase the
activities of the LTCC. The dogma is that increases in Ic,1
cause the prolongation of the action potential duration
(APD) and SR Ca*" overload in patients [2] and animals
[15]. While action potential prolongation provides a sub-
strate for early afterdepolarizations (EADs), spontaneous
Ca®" release from the SR with Ca®" overload induces
delayed afterdepolarizations (DADs). Both EADs and
DADs are triggers for cardiac arrhythmias [17]. AP pro-
longation and increased Cavl.2 activity may lead to
reopening of Cavl.2 during the plateau of APs to induce
EADs. Mutations of Cavl.2 that increase Cavl.2 activity
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induce a long QT syndrome in human [20]. Increases in
Ca”" influx elevate cytosolic and SR Ca**, which could
decrease the expression of the transient outward potassium
channels [28]. However, the resultant remodeling of elec-
trical properties and Ca®" handling of myocytes when
Cavl1.2 activity is chronically increased has not been fully
characterized and is the topic of this study.

To simulate increases in Cavl.2 activity, we overex-
pressed the [P2a subunit of Cav (Cavf2a) in a cardiac
specific and inducible manner in mice [11, 25]. In this
transgenic (TG) mouse system, overexpression of Cavf,,
elicited the same modulatory effect on Cavl.2 activity
(mode 2) as does phosphorylation of Cavl.2. Along with
increased Ca®" influx into cardiomyocytes and enhanced
cardiac contractility in Cavf2a TG mice, the QT intervals
and ventricular myocyte APDs were decreased, in contrast
to prolonged QT and APD typically observed with increased
Cavl.2 activity [20]. This is because of compensatory
increases in potassium currents due to increased expression
of multiple potassium channels. On top of shortened APs,
EADs and DADs were still detected, which could be asso-
ciated with increased peak and tail I, , high SR Ca’" load
and leak, and increased NCX activity in Cavp2a TG myo-
cytes. Telemetric ECG showed AV blocks, premature ven-
tricular contraction, and non-sustained monomorphic
ventricular tachycardia in DTG mice which could be related
to SR Ca®" overload, cardiac hypertrophy, and fibrosis. Our
study suggests that the increases in the L-type Ca®" channel
activity do not necessarily prolong the action potential but
cause SR Ca”*" overload and myocardial fibrosis to induce
EADs, DADs, arrhythmias, and conduction abnormalities, at
least in mice.

Methods

Detailed method description is included in the supple-
mental material. A transgenic mouse line overexpressing
Cavf2a at relatively low expression level and Cavl.2al
knockout mouse were used for this study [11, 19, 25]
(Supplemental Fig. 1). Animal studies were approved by
the Institutional Animal Care and Use Committee of
Temple University.

Left ventricular myocytes (LVMs) were isolated and
whole cell L-type Ca®" current (Ic,.1.) and sodium—calcium
exchange current (Incx) were measured [25]. Action
potentials (APs) and Ca®'-insensitive potassium currents
were measured in myocytes from the midwall of the free
wall of the left ventricle [13]. Diastolic Ca®>*, Ca** tran-
sients and SR Ca®" load were measured with the fluores-
cent Ca®* indicators indo-1-AM or Fluo-4 AM [25]. Line
scan Ca’" transients were also recorded by confocal
(LSM510 confocal microscope, Carl Zeiss Microlmaging)
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line scanning [33]. ECHO was performed with a Visu-
alSonics Vevo 770 machine [35]. Implanted ETA-F20
telemetric transmitters (DSI, St. Paul, MN) were used to
record ECG in 6-month-old mice. Masson’s trichrome
staining was performed to determine fibrosis of myo-
cardium and AV node [10, 25, 34]. Western blot procedure
was performed to detect protein abundance. Twenty control
and 20 DTG mice receiving standard care by the Central
Animal Facility at Temple University were observed daily
during a 12-month period for survival.

Data are reported as mean = SEM. Paired and unpaired
t test, Kaplan—Meier’s survival test and contingency
table analysis for incidence rates were performed with
GraphPad Prism 5.0. ANOVA or ANOVA for repeated
measures were used to detect significance with SAS 9.0
(SAS Institute Inc., Cary, NC). A p value of <0.05 was
considered significant.

Results

Cavp2a overexpression increased Ic,, Ca**
transient amplitudes, and contractions in VMs

In myocytes isolated from 6-month-old DTG mice, we
found that I-,; was significantly increased by 82.0 %
versus wild-type mice (maximum /¢, : control 12.8 £ 0.8
vs. DTG 23.2 + 2.2 pA/pF) (Fig. 1a, b). The amplitudes of
Ca”" transients and contractions induced by field stimula-
tion at 0.5 Hz were also significantly increased, while the
diastolic Ca®" concentration was not altered in the DTG
myocytes (Fig. 1c—e). These data agree with our previous
study in 4-month-old DTG [25].

Cavp2a DTG mice had enhanced cardiac function
but died prematurely and suddenly

Consistent with increased myocyte function in DTG hearts,
DTG hearts had enhanced function (ejection fraction) than
WT hearts during the 4-12 months of life (Fig. 2a—c).
However, DTG mice began to die suddenly after the age of
4 months, which corresponds to the time when Cavf2a
expression is detectable [25] (Fig. 2d). These data show
that DTG mice did not die from depressed cardiac function,
and suggest an arrhythmic mechanism for the sudden
death.

Cavf2a DTG mice had shortened QT intervals

Telemetric ECGs showed that the QT interval and heart
rate corrected QT interval (QTc) were significantly shorter

in DTG with increased I, than in control mice (Fig. 2),
which is opposite to the anticipated longer QT interval
usually seen with gain of function of Cavl.2 in humans
[20]. After the control and DTG mice were treated with
verapamil for 8 weeks since the age of 4 months, QT and
QTc were not different between control and DTG mice
although in both groups of animals, QT and QTc were
shortened due to the blockade of the L-type channel by
verapamil (Fig. 3c, d).

Cavp2a DTG myocytes had shorter action potentials
due to increased potassium currents

QT interval represents the average AP duration of ven-
tricular myocytes. Therefore, APs were measured in iso-
lated VMs to determine the bases of the shortened QT
intervals [20]. While there was no significant difference in
resting membrane potentials (control vs. DTG:
—66.6 = 1.5 vs. —65.3 £+ 2.1 mV, without correction for
the junction potential) and the overshoot amplitudes of the
action potentials (control vs. DTG: 26.6 £ 3.8 vs.
30.6 £ 3.3 mV, without correction for the junction
potential), APD50, APD75, and APD90 were significantly
shorter in DTG myocytes than in control myocytes
(Fig. 4a, b). The maximal phase 1 decay rate, an index of
transient outward potassium current (/,), was significantly
increased in DTG myocytes (Fig. 4c). These alterations of
action potentials in DTG myocytes were normalized by
feeding the DTG mice with verapamil (Fig. 4a—c), sug-
gesting that these changes were induced by increased Ca®™
influx rather than a direct effect of the overexpressed
Cavf2a.

The balance between depolarizing I¢,.; and repolarizing
potassium currents determines APD [5], and we observed
shortened APDs even though I-,; was increased in DTG
VMs. Therefore, we anticipated increased outward K™ cur-
rents (Ix) in DTG myocytes. The peak amplitude of total Ik
was significantly greater in DTG VMs than in control VMs
(Fig. 4d—f). The 4-AP-insensitive Isys/Ix; [26] density in
DTG VMs was greater than in control VMs (Fig. 4g—i). The
4-AP-sensitive potassium currents (mostly I, and Ik sjow1)
[26] density was also greater in DTG VMs than in control
VMs at test potentials >0 mV (Fig. 4j-1). The increases in
both 4-AP-sensitive and 4-AP-insensitive potassium cur-
rents suggest that chronically elevated Ca®* influx induces a
compensatory upregulation of multiple potassium channel
currents. The increases of total K* currents, 4-AP-insensi-
tive KT currents and 4-AP-sensitive K™ currents in DTG
myocytes were normalized by treating DTG mice with ver-
apamil (Fig. 4f, i and 1), arguing against a direct modulatory
effect of overexpressed Cavf2a on K* channel expression.
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Fig. 1 DTG myocytes have greater Ic,; density and enhanced
contractility. a Raw I, | recordings in a control VM and a DTG VM.
b Current-voltage (/-V) relationships of /-, in control (ctr, n = 10,
N =3) and DTG (n =12, N =3) VMs. ¢ Examples of Ca>*
transients in a control and a DTG VM. d Diastolic, systolic and the
amplitude of [Ca“]i measured with indo-1 in control and DTG VMs
recorded at 0.5 Hz, showing no difference in diastolic but increased

systolic amplitudes of [Ca®*]; in DTG VMs. e Greater myocyte
contraction expressed as fractional shortening was observed in DTG
VMs. $p<0.05, &p<0.01, control vs. DTG at the same test
potential, two-way ANOVA with post hoc t tests; *p < 0.05,
**p < 0.01 control vs. DTG, student ¢ test. “n” cells from “N”
animals were studied

Fig. 2 DTG mice have A C
hypercontractile hearts but die Control Q 80- N=39 N=15 N=q3 N=11
suddenly after transgene septal Wall e e == 2:’ N=44 \—o3 N; 1 N;18
expression. Examples of S 70 N0 OH__i-. i- -1
M-mode images of ° N=27. < _Fe
echocardiography of a control E 60+ E--2- TE--%
mouse (a) and a DTG (b) mouse = -+ DTG
at the age of 6 months. LvC 2 50 -v- Control
¢ Ejection fractions (EF) of 9
control and DTG mice from the i’ 40 r r r r r
age of 2—-12 months, showing PWT 2 4 6 8 12
cardiac hypercontractlhty in Age (Months)
DTG mice at ages >4 months. B D
*p < 0.05 DTG vs. control;
**p < 0.01 DTG vs. control; Septal Wall < 100
d Kaplan—Meier’s survival test T_; 80 -
of control and DTG mice. > p<0.0001
N numbers of animals studied 2 60"
Lve @
E 40 1
8 204 + control (N=20)
PWT g - DTG (N=20)
o o —

2 4 6 8 10 12

0.5s

@ Springer

Age (Months)



Basic Res Cardiol (2016) 111:4

Page 5 of 16 4

A

Control
HR=515bpm

QT=60.6ms

0.5mV

50ms

DTG

HR=520bpm

QT=49.1ms
B C p<0.05 D
1
T ool 80+ p<0.05 80+
£ 600 = 70 - 70 p<0.05
‘3 500+ £ 60 Ee{ L
2 400 =5 5 T 50
E 3004 5 40- E 40-
& 2004 £ % £ %
- = 204 © 201
s 1004 SARTY O 104
T o 0 0-
Con DTG Con DTG Con DTG Con DTG Con DTG Con DTG

No Treatment Verapamil

Fig. 3 DTG mice have shortened QT intervals that are normalized by
verapamil. a Examples of telemetric ECGs recorded from a control
and a DTG mice. QT durations are indicated. b DTG and control mice
with or without verapamil treatment have similar heart rates. QT

Multiple genes encode the channels that mediate [
KCNA4 encodes K, 1.4 (I;, 5); KCND2 and KCND3 encode
Kv4.2 and Kv4.3 (I, 5), respectively; the accessory subunit
KCNIP2 encodes KChIP2 [26]. In DTG hearts, the
expression of distinct /,, channels was differentially regu-
lated by enhanced Ca”" influx. The protein abundance of
Kv4.3 and KChIP2 was significantly increased (Fig. 5).
Kvl.4 and Kv4.2 protein abundances were not altered.
These data suggest that the increased I, was primarily due
to elevated abundance of Kv4.3 and KChIP2. The abun-
dance of Kv2.1, which mediates Ik gow, Was also signifi-
cantly increased (Fig. 5). Ik, is mediated by Kir2.1 and
Kir2.2 channels in mouse hearts. In the DTG hearts, the
protein abundance of Kir2.1 was not changed but Kir2.2

No Treatment

Verapamil No Treatment Verapamil

intervals (¢) and corrected QT intervals (d) are shorter in DTG than in
control mice but verapamil treatment shortened QT and QTc to the
same in both groups of animals. The numbers in the bars are numbers
of animals studied

was significantly increased (Fig. 5), indicating that the
increase in Kir2.2 abundance accounts for the larger Ik, in
DTG myocytes.

Shortened AP did not effectively limit Ca*" influx
but increased I, peak and tail currents in Cavf2a
DTG myocytes

Our data suggest that APD shortening could be an adaptive
mechanism for limiting Ca®" influx into the myocytes to
decrease the potential detrimental effects of cellular Ca®"
overload in DTG myocytes. To determine if the shortened
APD in DTG myocytes effectively reduced Ic,.; to normal
levels, Ic,1, was measured with the action-potential clamp

@ Springer
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Fig. 4 DTG myocytes have shortened AP duration and increased
potassium currents that can be reversed by verapamil treatment.
Typical APs (a), AP durations (APDs) (b), and maximal phase 1
decay rates of APs (c) recorded in VMs from control, DTG and DTG
with verapamil treatment mice. d, e Examples of total Ix recorded in
control and DTG VMs. f Averaged Ik peak in VMs of control, DTG
and DTG+ verapamil animals at different testing potentials. g, h
Examples of 4-AP-insenstive K* currents from a control and a DTG
myocytes. i Averaged sustained 4-AP-insensitive K currents in VMs
of control, DTG and DTG+ verapamil animals at the end of the 4 s at

technique using representative AP shapes from control
and DTG myocytes. Total Ca®>" influx with DTG AP
clamp was 17-25 % less than with control VM AP clamp
in both control and DTG VMs. However, total Ca®7 influx
through the Cav1.2 channel was 3.1 times greater in DTG
VMs with shortened DTG APs than in control VMs with
control APs (Fig. 6a, c). Further examination of the Ic,
under AP clamp showed that I, peak was greater with the
shortened DTG AP than with the control AP in both DTG
and control VMs (Fig. 6d). The duration of Ca*" currents
was shortened with DTG type APs in both control and
DTG VMs (Fig. 6a, e) but the amplitudes of the 2nd peak
of Ic, under AP clamp were greater than when a normal
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Test Potential (mV)

different test potentials. j and k Examples of 4-AP-senstive K*
currents from a control VM and a DTG VM. 1 Averaged 4-AP-
sensitive K* currents in VMs of control, DTG and DTG+ verapamil
animals at different test potentials. In f, I, and I: *p < 0.05 DTG vs.
control; 5Ep < 0.01 DTG vs. control; #p < 0.001 DTG vs. control;
©p < 0.05 DTG vs. DTG+ verapamil; “p < 0.01 DTG vs. DTG+
verapamil; %p < 0.001 DTG vs. DTG+ verapamil. Repeated two-
way ANOVA with post hoc ¢ test (15 control VMs from 3 control
mice; 18 DTG VMs from 3 DTG mice, 7 VMs from 3 verapamil-
treated DTG mice)

AP was applied in both control and DTG VMs (Fig. 6b,
f). These data imply that shortened AP increases peak and
tail Ic,1, which could contribute to DTG myocyte Ca®™
overload and depolarization of myocytes during the pla-
teau phase (phase 1) to predispose DTG VMs to EADs
and DADs.

Enhanced Ca®" influx caused SR Ca>" overload
and increased diastolic Ca®>* spark frequencies
and Ca’" waves

Enhancing Ca®" influx through the Cav1.2 channel can
cause SR Ca** overload, which has been considered as a
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Fig. 4 continued

key event for cellular arrhythmogenicity and causes myo-
cyte death [14, 25]. We found that the SR Ca*" content,
indicated by the amplitude of the peak of the caffeine-
induced Ca®" transients, was significantly increased in
DTG VMs (Fig. 7a, b).

Ca”* overloaded SR tends to spontaneously release its
stored Ca®" during diastole which can be measured as
spontaneous Ca>" sparks and Ca®" waves. Confocal line
scan imaging was used to determine spark frequency
within 10 s after stopping field stimulation. No differences
were observed in the spark properties: amplitude (F/F)),
full width at half maximum (FWHM), and full duration at
half maximum (FDHM) (Supplemental Fig. 2), and Ca®"
spark frequency at rest (Fig. 7g) between control and DTG
VMs. The Ca®>" wave frequency at rest was significantly
increased in DTG VMs (Fig. 7h). Under steady state field
stimulation, the amplitude of Ca®" transients was greater at
both 1 and 3 Hz frequencies in DTG VMs (Fig. 7a; Sup-
plemental Fig. 3). The Ca’" transients of control VMs
were quickly decayed and then showed little diastolic Ca®"
release, DTG VMs had a high incidence of abnormal
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diastolic Ca>* release at 3 Hz (Fig. 7c—, 1), which resulted
in an elevated diastolic cytosolic Ca*" concentration at this
pacing frequency. Diastolic Ca®" release causes depolar-
ization of the membrane potential via the electrogenic Na*/
Ca®" exchanger, resulting in EADs and DADs. Iycx was
significantly increased in DTG VMs (Fig. 7j-1).

Cavp2a DTG myocytes had increased EADs
and DADs

Diastolic Ca*" release causes EADs and DADs that
underlie arrhythmias [2]. In isolated myocytes, only 3 of
the 45 control myocytes had occasional EADs and DADs;
in contrast, 8 of 28 DTG VMs had frequent EADs and/or
DADs (Fig. 8a—d). Among all APs recorded from the 3
control VMs and the 8 DTG VMs with EADs and/or
DADs, we found that the percentage of APs with EADs or
DADs was significantly higher in DTG (23.6 £+ 4.9 %)
than in control VMs (1.5 £ 0.6 %) (Fig. 8e). Furthermore,
multiple EADs (Fig. 8b, arrows) and DADs (Fig. 8c,
arrows) were often observed together in one AP from DTG
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Fig. 5 The expression of potassium channels in control (N = 8) and DTG (N = 9) hearts. Representative Western blots of Kv1.4, Kv4.2, Kv4.3,
Kv2.1, Kir2.1, KChiP2 and Kir2.2 (a) are shown. The averaged expression level was normalized to sarcomeric o-actinin (b)

myocytes. These results show that EADs and DADs can
occur even in DTG myocytes with shortened APs.

Cavp2a DTG mice had conduction abnormalities
and arrhythmias

To determine if EADs and DADs in DTG myocytes were
associated with arrhythmias, we further analyzed telemetric
ECG recordings in control and DTG mice. Telemetric
ECGs recorded in ambulatory mice showed no difference
in heart rates between control and DTG mice but some
episodes of arrhythmias. AV blocks and non-sustained
ventricular tachycardia (VT) were found in 5 of 15 DTG
mice but in none of control mice (n = 12) (Fig. 9b—g).
Premature ventricular beats (PVC) were found in all 15
DTG mice but only occasionally in one of the 12 control
mice (Fig. 9b, f). Non-sustained ventricular tachycardia
(VT) was also observed in 0.27 4 0.08 % of the total
recorded time in those 5 DTG animals but not in any
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examined control mice (Fig. 9g). During the recording, one
DTG mouse died of bradycardia (Supplemental Fig. 5).

Fibrosis of atrioventricular node (AVN)
and myocardium in Cavfi2a DTG mice

We previously reported that there is severe fibrosis of the
ventricular walls of Cavp2a DTG hearts due to myocyte
necrosis [25]. AV node fibrosis has been linked to AV
blocks [11, 25]. Here we examined if AV node were
fibrotic causing AV blocks (Fig. 10). In normal control
mice, the AV node was surrounded with fibrous tissue that
separates the AVN from the ventricles and no fibrosis was
seen within the AV node (Fig. 10a). In contrast, the AV
node of DTG hearts was fibrotic, which could contribute to
AV block seen in DTG mice. In addition, Masson’s tri-
chrome staining showed little fibrosis in the atrial walls and
ventricular walls of control mice but significant fibrosis in
heart walls of the DTG mice (Fig. 10).
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Fig. 6 Ca>" currents under AP clamp (/c,.ap) With a typical control
AP and a typical DTG AP. a Examples of raw /-, ap recorded in
sodium-free and potassium-free solutions with AP clamp in a control
and a DTG VM. b Expanded view of tail Ca>" currents during the
repolarizing phase of AP clamp. ¢ Total Ca*" influx through the
Cav1.2 channel under AP clamp in control (n = 9, N = 3) and DTG
(n =9, N = 3) VMs. d The peak of I, ap in control and DTG VMs.

e Ic,.ap durations examined at 50, 75, and 90 % decay of /¢, ap. f The
peak of the tail I, ap, usually at about —50 mV, the midpoint of AP
phase 2 repolarization. There were significant greater tail currents
when a shorter AP command was used on both control and DTG
VMs. *p < 0.05; **p < 0.01; ***p < 0.001; two-way ANOVA with
repeated measurements and post hoc ¢ test was used
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«Fig. 7 B2a DTG VMs have diastolic Ca>* leaks and Ca>* waves due
to SR Ca®" overload and increased NCX activity. a Examples of
caffeine induced Ca®" transients following field stimulation induced
Ca®" transients in a control VM and a DTG VM. b The amplitudes of
caffeine-induced Ca>* transients, an index of SR Ca?* content. c,
d Examples of line-scanning Ca>" transients induced by 1 Hz field-
stimulation in control and DTG VMs. e, f Examples of line-scanning
Ca*" transients induced by 3 Hz field-stimulation in control and DTG
VMs. g Ca*" spark frequency at rest in control and DTG VMs.
h Ca>* wave frequencies at rest in DTG and control VMs. i Abnormal
Ca’* release, i.e., abnormal diastolic Ca®* and decay as shown in
control and DTG myocytes, during field stimulation. j, k Examples of
raw currents recorded during a ramp test (480 mV to —80 mV at
100 mV/s) before (black line) and after (red line) the application of
5 mM NiCl,. The Ni**-sensitive currents (green line) were consid-
ered as Incx. 1 Averaged Incx at —60 and +60 mV showing
increased Incx in DTG  myocytes. *p < 0.05; **p <0.01;
*##%p < (0.001; unpaired ¢ test (b, g, h and 1) or two-way ANOVA
with repeated measurements and post hoc 7 test (i) was used

A
omVv
-70mV —
1000ms
B omV l, l’ ‘l'i
E <
ouw
. of
-70mV fooe— AP induced by DAD
C
omVv
&4
22
[ala)
-70mV 7
1000ms

Fig. 8 A greater proportion of DTG myocytes have early and/or
delayed afterdepolarizations (EADs and/or DADs). Action potentials
recorded from one control (a) and two DTG (b, ¢) VMs, showing
EADs and DADs (arrows) in DTG myocytes. d A greater proportion
of DTG myocytes have EADs and/or DADs than control myocytes.

Discussion

There is an interplay between the alterations of Ca®"
handling and electrical remodeling during the progression
of heart disease. It is well known that the action potential
profile, especially the phase 1 repolarization shaped by I,
profoundly changes Ic,1, Incx and thus excitation—con-
traction coupling and intracellular Ca*" transients [31].
Conversely, chronic increases of intracellular Ca®" may
decrease or increase the expression of transient outward
potassium currents (/,,) depending on the animal system
studied and the time when the animal is studied [28, 30].
Decreases in intracellular Ca®* enhances the expression of
the L-type Ca>" channel [32]. Increases in Cav1.2 activity
may lead to prolongation of the action potential duration
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% of cells with EADs

Con DTG

=

40 -
p<0.01

30 4
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% of APs with EADs
and/or DADs

p value was determined by contingency table analysis. e The
percentage of APs having EADs or DADs in the 3 control VMs
with EADs and/or DADs and 8 DTG VMs. VMs were from 5 control
and 5 DTG animals
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Fig. 9 DTG mice have ventricular arrhythmias. a Telemetric ECG
from a control mouse. b Complete AV block in a DTG mouse. The
arrows indicate p waves. ¢ Extrasystole/PVC (arrows) recorded from
a DTG mouse. d Non-sustained VT in a DTG mice. e The incidence
rate of mice with AV block and/or VT in control (N = 12) and DTG

and abnormal Ca”’" handling, both contributing to
arrhythmogenicity [2, 3, 20]. In this study, we induced a
marked and persistent increase in Cavl.2 influx [25] sim-
ilar to that seen in diseased hearts due to prolongation of
action potential [1, 6, 22], chronic activation of the B-
adrenergic system [9] and molecular remodeling [12, 21],
which may result in cellular Ca®" overload. We found that
these mice had shorter than normal QT intervals and AP

@ Springer

(N = 15) mice. f The numbers of PVCs in every 10* heart beats in
control mice (N = 12) and DTG mice with PVCs (N = 5). g The
percentage of time with VT in control (N = 12) and DTG (N = 5)
mice. Unpaired student ¢ test was performed for f and g

durations despite of increased Cavl.2 activity. The short-
ened QT intervals and APD were caused by significant
increases in potassium currents and channel expression.
The alteration of action potential duration profoundly
affects the time course and Ca®" influx mediated by IcaL
[1, 6, 22]. However, shortened APD and increasing NCX
activity did not effectively limit Ca®" influx and Cavf2a
overexpression still causes SR Ca’" overload and
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Fig. 10 DTG mice have extensive fibrosis in the atria, AV node
(AVN) and ventricles. a and b Masson’s trichrome staining of the
heart sections of a control mouse (a) and a DTG mouse (b). The blue
staining is fibrosis. ¢ Quantitation of fibrotic area in the AV node,
right atrium (RA) and ventricles. Two-way ANOVA with post hoc

spontaneous Ca’t release, EADs and DADs, and arrhyth-
mias in CavB2a DTG mice. SR Ca>* overload also results
in fibrosis of AV node and myocardium to cause conduc-
tion abnormalities. These results show that cardiac myo-
cytes are capable of sensing persistent increases in Ca®"
influx through Cavl.2 and remodeling to reduce Ca®"
influx but it may not be adequate in Cavf2a DTG
myocytes.

Does enhanced Cavl.2 activity always prolong QT
and myocyte action potentials?

The Cav1.2 channel plays a critical role in triggering Ca®"
release from the SR in cardiac myocytes, and mediates a
depolarizing current during the plateau phase (phase 2) of
the action potential [7]. The balance between depolarizing
currents (mainly Ic,) and repolarizing K* currents

RA

Ventricle

t test (Bonferroni adjustment) was performed for Fig. 10c. Four
control and 4 DTG hearts were studied. RA right atrium, LA left
atrium, RV right ventricle, LV left ventricle, FW free wall, AVN
atrioventricular node

determines the duration of the plateaus phase of the AP in
large mammals [26]. A prolongation of the AP occurs
when Cavl1.2 properties change to increase Ca”" current
(e.g., the mutation in Timothy syndrome [4]), and repo-
larizing potassium currents are not changed. In the Cavf2a
transgenic mice, a reactive increase in repolarizing potas-
sium currents overwhelmed the increases in Cav1.2 activity
to shorten the AP durations and QT intervals. Previously, it
has been shown that in 4- to 8-month-old transgenic mice
overexpressing a Cavl.2d,¢, I, and Ik, in myocytes were
increased but APD was not shortened [8]. This discrepancy
could be because there is greater increase in Ic,p and
probably more electrical remodeling in our animal model.
In good agreement, in Cavl.2alc heterozygous knockout
myocytes with reduced Ic,, the action potential duration
was prolonged (Supplemental Fig. 6 A, B) when compared
to wild type control myocytes. The maximal phase 1
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repolarization rate, total Ix, 4-AP-insensitive and 4-AP-
sensitive I were decreased in the heterozygous knockout
myocyte (Supplemental Fig. 6C-F). In a transgenic mouse
model overexpressing CaMK II peptide inhibitor (Ac3-I)
[23], both Cav1.2 activity and [, expression are increased.

The condition of the heart and the extent of increases in
Ca*" influx also affect the action potential duration. In the
mice overexpressing Cavl.2alc, I, was increased at the
age of 4 months when the heart was in early stage of
hypertrophy but decreased at the age of 9—12 months when
the heart was in advanced hypertrophic stage [8]. We
studied K* currents in mice overexpressing Cavl.2B2a at
high level at the age of 6 months when depressed cardiac
function was present [11, 25]. In these myocytes, 4-AP-
insensitive K currents returned to normal but [, was
reduced compared to those in age-matched control and LE
DTG myocytes (Supplemental Fig. 7).

At last, the way of increasing Ca’" influx through
Cavl.2 may also have effects on action potential duration.
The mutation of G406R in Timothy syndrome does not
significantly increase the amplitude of /¢, but it dramat-
ically slows down the inactivation of Ic,, which causes
significant prolongation of the APD [15] and arrhythmias
[16]. This is different from our transgenic mouse model in
which the I, 1 amplitude is significantly increased but Ic,.
L inactivation is not significantly different compared to
control Ic,;. Whether this difference could result in a
different phenotype of our mouse model than the Timothy
syndrome model needs to be further studied.

How does increased Ca** influx induce increased
potassium currents?

Our study shows that persistent increases in Ca®" influx
through the Cav1.2 channel leads to electrical remodeling
with an increase in potassium channel abundance and a
subsequent decrease in the APD and QT interval. It has
been reported that the activation of the calcineurin/NFAT
signaling cascade by increased cytosolic Ca®" is able to
upregulate the expression of Kv4.2 channels but not Kv1.4,
Kv4.3 and KChIP2 [18]. Calcineurin is activated in the
Cavf2a transgenic mouse [11] and thus this could mediate
the upregulation of Kv4.2 we observed. In contrast, it has
been reported that increases in Ca®" influx through Cav1.2
in cultured myocytes decreases I, expression in a cal-
cineurin-dependent manner [28], and higher calcineurin
activity in the endomyocardium may promote lower Kv4.2
channel expression in endomyocardium [30]. In our
transgenic mice, the expression of multiple potassium
channels (Kvl.4, Kv4.3, Kv2.1, Kir2.2, and KChIP2) is
upregulated, thus it is possible that different mechanisms
are involved. What seems clear is that there is a mechanism
that “senses” persistently increased Ca®" influx through
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the LTCC and results in an adaptive shortening in APD via
increasing the expression of K* channels, intending to
limit excessive Ca”" entry.

Another possibility is that increased Ca®" influx [11]
activates CaMK II, which then enhances potassium channel
activity [27]. Acute overexpression of CaMK IId may
increase I, density [27], but chronic CaMK II inhibition
by an overxpressed peptide (Ac-3I) in a mouse model
increases I, and Ix; expression [23]. Li et al. [23] and
others [36] show that decreased SR Ca** content could be
the central point for the upregulation of potassium channel
expression. In our study, the SR content is increased along
with potassium channel expression, indicating a complex
modulation of potassium channel expression by SR
content.

Can AP shortening effectively reduce
arrhythmogenic activities in Cavp2a DTG myocytes
and mice?

Prolongation of the QT interval and myocyte action
potential is clearly linked to lethal ventricular arrhythmias
in humans [20]. Alterations in RyR properties without
changing action potential profiles [24] and abnormal SR
Ca?* release are also linked to sudden cardiac death [29].
Our results show that increasing Ca®" influx through the
LTCC causes electrophysiological remodeling that
shortens the APD. However, the shortening of the APD
does not effectively limit Ca®" influx into the myocytes
and SR Ca?* overload still occurs. Furthermore, AP
shortening may decrease the refractory period and pro-
mote arrhythmias, especially when abnormal Ca®" release
in DTG myocytes causes EADs and DADs. In addition,
SR Ca®" overload may induce myocyte death, myocardial
fibrosis [11, 14, 25], and AV node fibrosis, providing the
substrates for arrhythmias and conduction blocks. Thus
the affected mice showed multiple types of cardiac
arrhythmias, AV blocks and die prematurely of sudden
death. Collectively our results suggest that SR Ca®"
overload can induce lethal arrhythmias without requiring
AP prolongation.

Conclusion

Taking all these results together, our study support the
notion that when Ca’®" current is modified, K™ currents
change to ensure an appropriate balance between depolar-
izing and repolarizing currents, which leads to alterations
of action potential profile and adjustment to excitation
contraction coupling. However, in the face of significant
increase of Ca’* influx, the increases of K' currents and
resultant shortening of action potentials are protective but
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may not be adequate for preventing SR Ca?* overload,
abnormal SR Ca®" release, myocyte death and fibrosis,
conduction blocks and arrhythmias. It seems that normal-
ization of Ca®" handling is critical for arrhythmia
prevention.

Limitations

Although our data support that arrhythmias are the most
likely cause of death of the Cavf32a DTG mice, we could
not rule out the possibility that alterations of cardiac
structure of the atria and ventricles cause stroke to kill
DTG mice. Additionally, action potential duration varies
within different layers of myocardium. In our study, we did
not characterize action potentials in myocytes from dif-
ferent layers of myocardium and could not tell the extent of
the shortening of APs in different myocardial layers.
Nonetheless, shortened QT indicates that ventricular
myocyte action potentials were shortened on average. At
last, there are fundamental differences in cardiac electro-
physiology and myocyte Ca** handling between humans
and mice [27]. Thus, extrapolating our results from our
mouse model to humans should be done cautiously.
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