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ORIGINAL ARTICLE

Altered Repolarization Reserve in Failing

Rabbit Ventricular Myocytes

Calcium and p-Adrenergic Effects on Delayed-

and Inward-Rectifier Potassium Currents

See Editorial by Fu and Laurita

BACKGROUND: Electrophysiological remodeling and increased
susceptibility for cardiac arrhythmias are hallmarks of heart failure (HF).
Ventricular action potential duration (APD) is typically prolonged in HF,
with reduced repolarization reserve. However, underlying K* current
changes are often measured in nonphysiological conditions (voltage
clamp, low pacing rates, cytosolic Ca?* buffers).

METHODS AND RESULTS: We measured the major K* currents (/,

I, and ;) and their Ca?*- and -adrenergic dependence in rabbit
ventricular myocytes in chronic pressure/volume overload-induced HF
(versus age-matched controls). APD was significantly prolonged only at
lower pacing rates (0.2—1 Hz) in HF under physiological ionic conditions
and temperature. However, when cytosolic Ca?* was buffered, APD
prolongation in HF was also significant at higher pacing rates. Beat-to-
beat variability of APD was also significantly increased in HF. Both /,and
I, were significantly upregulated in HF under action potential clamp, but
only when cytosolic Ca** was not buffered. CaMKIl (Ca?*/calmodulin-
dependent protein kinase Il) inhibition abolished / . upregulation in HF,
but it did not affect /. / _response to B-adrenergic stimulation was also
significantly diminished in HF. /| was also decreased in HF regardless of
Ca* buffering, CaMKIl inhibition, or -adrenergic stimulation.

CONCLUSIONS: At baseline Ca**-dependent upregulation of /_and
I.. in HF counterbalances the reduced / ,, maintaining repolarization
reserve (especially at higher heart rates) in physiological conditions,
unlike conditions of strong cytosolic Ca?* buffering. However, under
B-adrenergic stimulation, reduced /. responsiveness severely limits
integrated repolarizing K* current and repolarization reserve in HF. This
would increase arrhythmia propensity in HF, especially during adrenergic

stress.
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WHAT IS KNOWN?

¢ lon channel remodeling occurs in heart failure,
resulting in prolongation of the cardiac action
potential (and QT interval on the ECG), predomi-
nantly at low heart rates.

e Prolonged action potential is associated with
increased risk of cardiac arrhythmias.

WHAT THE STUDY ADDS?

e Calcium/CaMKIl (Ca?*/calmodulin-dependent pro-
tein kinase Il)-dependent increases of delayed rec-
tifier K* currents (I and /) compensate for the
decrease of inward rectifier K* current (I.,) in heart
failure (at higher heart rates).

* Reduced B-adrenergic responsiveness of /,_severely
limits repolarization reserve in heart failure dur-
ing sympathetic stimulation, further increasing
arrhythmia risk.

electric remodeling affecting the repolarization

process of the cardiac action potential (AP) re-
sulting in increased risk for cardiac arrhythmias. HF pa-
tients with prolonged heart rate—corrected QT interval
(QT) in their ECG are thought to have higher risk for
electric abnormalities and sudden cardiac death,’ al-
though details are debated*> and more than half of HF
patients exhibit normal QT_** Meanwhile, in isolated
ventricular myocytes, AP duration (APD) is typically
reported to be prolonged both in human HF® and in
animal HF models.>'?> However, in those studies, APD

H eart failure (HF) is known to induce profound
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prolongation was most pronounced at low pacing rates
and when cytosolic Ca?* was buffered (ie, nonphysi-
ological conditions). Moreover, no APD prolongation
was found above 1 Hz pacing frequency in human,® ca-
nine,'* and rabbit' failing myocytes, in line with obser-
vations that differences in QT intervals between healthy
controls and HF patients was abolished at high heart
rates.’

Earlier studies demonstrated that reduced K* cur-
rents, enhanced Na*/Ca?* exchange, and increased late
Na* currents contribute to APD prolongation in HF.7-1416
But these data were obtained in nonphysiological condi-
tions (rectangular voltage clamp pulses versus AP clamp,
long cycle lengths, and with cytosolic Ca** transients
eliminated by Ca?* buffers). In addition to direct Ca?*
effects on channel gating, CaMKIl (Ca?*/calmodulin-
dependent protein kinase Il) activation requires locally
high [Ca?*] levels. Importantly, CaMKIl is also known to
be upregulated and more active in HF'” and has been
shown to modulate Na* and K* channel gating and can
also alter channel expression levels'®™ that shape the
cardiac AP and contribute to arrhythmogenesis in HF.202!
This regulatory action of CaMKIl on ionic currents might
have been underestimated in previous HF studies using
nonphysiological conditions for recordings.

In this study, we aimed to measure the actual repolar-
izing K* currents that occur under physiological AP-clamp
recording conditions to assess the modulatory effect
of CaMKIl by [Ca*7] transients and B-AR (B-adrenergic
receptor) activation. We hypothesized that increased
[Ca?*], and CaMKIl activity under physiological condi-
tions play a role in the attenuated AP prolongation at
higher pacing rates in HF versus control. Specifically, we
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measured APs and 3 major repolarizing K* currents dur-
ing phase 3 of the AP: the rapid and slow components
of delayed rectifier K* currents (/. and / , respectively)
and the inward rectifier K* current (/) in HF and age-
matched control rabbit ventricular myocytes. We used
a previously well-characterized chronic nonischemic HF
rabbit model (combined volume and pressure overload),
which is also arrhythmogenic.' 172125 \We used the AP
clamp technique at 2 Hz pacing both with preserved
[Ca?] transients®®?” and with [Ca**] buffered below
the diastolic level. Modulation of these K* currents by
Ca?*, CaMKIl, and B-AR stimulation was also examined
to assess the changes of the repolarization reserve in
pathophysiological settings characteristic of HF."2

METHODS

The data, analytic methods, and study materials will not be
made available to other researchers for purposes of repro-
ducing the results or replicating the procedure.

Allanimal handling and laboratory procedures were in accor-
dance with the approved protocols of the local Institutional
Animal Care and Use Committee confirming to the Guide for
the Care and Use of Laboratory Animals published by the US
National Institute of Health (8th edition, 2011).

Arrhythmogenic Rabbit Nonischemic HF
Model

HF was induced in New Zealand White rabbits (all male,
2.5-3 kg, 3- to 4-month-old) by combined aortic insuffi-
ciency and afterward abdominal aortic stenosis as previously
described.?? HF progression was monitored by echocardiog-
raphy, and myocytes were isolated when left ventricular
end-systolic dimension exceeded 1.55 cm (Table). Similar to
our previous studies in this rabbit model, the hearts used
here were increased in weight by =100%, dilated (left
ventricular end-diastolic diameter), and exhibited reduced
fractional shortening. HF animals also exhibited abdominal
ascites fluid and evidence of lung edema (lung weight and
lung weight-to-body weight ratio).

For myocyte isolation, rabbits were subjected to general anes-
thesia (induction with propofol 2 mg/kg followed by 2%-5%
isoflurane in 100% oxygen). After thoracotomy, the heart was
quickly excised and rinsed in cold nominally Ca?*-free Minimum
Essential Medium. The right atrium was removed and the aorta
opened to visualize the left coronary ostium, which was then
cannulated using a 5 F Judkins right catheter (Performa; Merit
Medical Systems). Perfusion of the left ventricle and left atrium
was established before removal of the right ventricular free wall
and application of a purse-string suture to secure the catheter in
place. The remainder of the isolation procedure was then essen-
tially as previously described.?® Cells isolated from healthy age-
matched rabbits were used for control experiments.

Electrophysiology

Isolated cells were transferred to a temperature-controlled
plexiglass chamber (Cell Microsystems) and continuously
superfused with a bicarbonate containing Tyrode solution
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Table. Morphometric Data of HF and Age-Matched

Control Rabbits

Age-Matched Control HF
Age, years 2.40+0.17 2.46+0.35*
Body weight, kg 3.99+0.14 3.98+0.13*
Heart weight, g 10.46+0.59 21.86x2.54t
HW/BW, g/kg 2.63+0.15 5.52+0.71%
Lung weight, g 13.86+0.25 18.94+1.16%
LW/BW, g/kg 3.49£0.12 4.95+0.21%
LVESD, cm 1.08+0.07 1.63£0.11t
LVEDD, cm 1.71+£0.07 2.29+0.09t
FS, % 36.70+2.02 28.39+1.13§

Heart failure was induced in 10 rabbits and progression was assesed
periodically by echocardiography. Data of HF rabbits at the time when cardiac
myocytes were isolated are compared with 5 age-matched healthy control
rabbits. All data represent mean+SEM. Unpaired, 2-tailed Student’s ¢ test. FS
indicates fractional shortening calculated as FS=(LVEDD-LVESD)/LVEDDx100);
HF, heart failure; HW/BW, heart weight-to-body weight ratio; LVEDD,
left ventricular end-diastolic diameter; LVESD, left ventricular end-systolic
diameter; and LW/BW, lung weight-to-body weight ratio.

*P>0.0 (not significant).

tP<0.001.

$P<0.01.

§P<0.05.

with the following composition (in- mmol/L): NaCl 124,
NaHCO, 25, KCI 4, CaCl, 1.2, MgCl, 1, HEPES 10, Glucose
10, with pH 7.4. APs and underlying ion currents were
recorded in whole-cell configuration of patch-clamp tech-
nique. Electrodes were fabricated from borosilicate glass
(World Precision Instruments) with tip resistances of 2 to 2.5
MQ when filled with internal solution containing (in mmol/L)
K-aspartate 110, KCI 25, NaCl 5, Mg-ATP 3, HEPES 10,
CAMP 0.002, phosphocreatine-K, 10, and EGTA 0.01, with
pH 7.2. This composition preserved the physiological [Ca*'],
transient and contraction of the myocytes.?® To study the
Ca?* dependence of ionic currents in HF, [Ca**], was buffered
to nominally zero by adding 10 mmol/L 1,2-bis(2-aminophe-
noxy)ethane-N,N,N’,N'-tetraacetic acid (BAPTA) to the above
listed pipette solution. The electrodes were connected to the
input of an Axopatch 200B amplifier (Axon Instruments).
Outputs from the amplifier were digitized at 50 kHz using
Digidata1440A A/D card (Molecular Devices) under software
control (pClamp 10). The series resistance was typically 3 to
5 MQ, and it was compensated by 85%. Experiments were
discarded when the series resistance was high or increased
by more than 10% during the experiment. Reported AP volt-
ages are already corrected to the liquid junction potentials.
All experiments were conducted at 37+0.1°C.

APs were recorded in current-clamp experiments where
cells were stimulated with suprathreshold depolarizing pulses
(2 ms duration) delivered via the patch pipette at various pacing
frequencies between 0.2 and 5 Hz. After reaching steady state
at each frequency (3 minutes pacing at a given frequency), 50
consecutive APs were recorded to examine the average behav-
ior. APD at 95% of repolarization (APD,,) was used to assess
precisely the influence of sodium-calcium exchanger function—
which is known to be altered in HF?2—on AP profile when mea-
sured under physiological conditions.?® Series of 50 consecutive
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APs were analyzed to estimate short-term variability (STV) of
APD according to the following formula: STV=X(/APD,_ ,—APD )/
[(n,...—1)xV 2], where APD, and APD_, indicate the durations
of the ith and (i+1)th APs, and n,_denotes the number of
consecutive beats analyzed.?*3" Changes in STV are presented
as Poincaré plots, where 50 consecutive APD,, values are plot-
ted, each against the duration of the previous AP.

AP-clamp Sequential Dissection experiments were con-
ducted as previously described.?® All currents were recorded
after their specific blocker had reached steady-state effect (=2
minutes perfusion). The following sequence of blockers was
used to measure the major K* currents: 1 pymol/L HMR-1556
for /., 1 umol/L E-4031 for /, and 100 umol/L BaCl, for /.
Experiments were performed both when Ca? cycling was
preserved (physiol) and when [Ca*], was buffered below the
diastolic level using 10 mmol/L BAPTA in the pipette solution
(BAPTA) to compare the Ca** sensitivity of these K* currents
during AP. To test the effect of CaMKII, cells were pretreated
for 2 hours with the specific CaMKIl inhibitor, AIP (autocam-
tide-2-related inhibitory peptide; cell-permeable myristoylated
form, 1 ymol/L) before starting the experiment, and both the
perfusion and pipette solutions were also supplemented with
AIP. In experiments examining the effect of -AR stimulation
on K* currents, isoproterenol (ISO, 3-300 nmol/L) was applied
on AP-clamped cells. When ISO reached a steady-state effect
(=2 minutes), then the K+ current blockers were added to the
perfusion solution in a cumulative manner to measure /, I,
and / ,. Experiments were excluded from analysis if significant
rundown of L-type Ca? current was observed (in periodic
tests) or the membrane current after ISO stimulation did not
reach steady state.

lon currents were normalized to cell capacitance, deter-
mined in each cell using short (10 ms) hyperpolarizing pulses
from =10 to —20 mV. Cell capacitance was 191.68+3.60
pF in HF (n=116 cells/10 animals) versus 144.52+1.45 pF in
age-matched controls (75 cells/5 animals) using 2-sample
Student’s t test, P<0.001.

Chemicals and reagents were purchased from Sigma-
Aldrich, if not specified otherwise. E-4031 and HMR-1556
were from Tocris Bioscience.

Statistical Analysis

Data are expressed as mean=SEM. The number of cells in
each experimental group was reported in the figures and
figure captions as n=number of cells/number of animals.
Cells in each group came from at least 3 individual ani-
mals. Statistical significance of differences was evaluated
using 1-way or 2-way analysis of variance to compare mul-
tiple groups, and a Bonferroni posttest was used for pair-
wise comparisons. Differences were deemed significant if
P<0.05.

RESULTS

Frequency- and Ca**-Dependent Changes
of AP in HF

Figure 1 shows representative APs and group analysis
in HF and age-matched control (abbreviated as Ctl in
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figures) myocytes, and first we consider the physiologi-
cal case with normal Ca? cycling (physiol; Figure 1A
and 1B). APD,, was significantly longer in HF versus
control at 1 Hz pacing (271.8+15.2 versus 197.8+6.9
ms, respectively; P<0.001; Figure 1C). As pacing rate
was reduced, APD,, progressively increased in HF, but
not in control, making the control-HF difference larger
(Figure 1C). The anomalous APD shortening in rabbit
ventricle at low pacing rates has been attributed to
slowly recovering transient outward K* current (/) that
is normally suppressed at physiological heart rates.??
Notably, at higher physiological stimulation rates (2-5
Hz), APD,, was not significantly different in HF versus
control (218.9+13 versus 204.2+7.7 ms at 2 Hz in HF
and control, respectively).

Buffering [Ca?*] to very low levels with 10 mmol/L
BAPTA in the pipette (BAPTA) also prevented [Ca®*],
transients and resulted in longer APD in general com-
pared with the physiological solution (Figure 1C, 1E,
and 1F). Moreover, with BAPTA,, significant APD prolon-
gation was observed in HF versus control at all pacing
frequencies studied (Figure 1C), although the absolute
difference became smaller with increasing frequency.

AP plateau height, characterized as mid-plateau
potential (V_ ....,) was less positive in HF at all frequen-
cies studied for the BAPTA case and for the physiological
case as well (except for 0.2—1 Hz; Figure 1D). The extent
of plateau depression at 2 to 5 Hz was greater with buff-
ered [Ca”*] than for physiological pipette solution (HF-
physiol versus HF-BAPTA; Figure 1D). Consistent with
this, early repolarization rate and magnitude (AP phase
1) were both reduced in HF under both pipette condi-
tions (Figure 1A, 1B, 1E, and 1F). Resting membrane
potential (V_) was slightly more positive in HF, and AP
peak voltage (V) was significantly lower in HF under
both conditions (Figure 1G). In line with this, the AP
maximum rate of rise (dV/dt__) was also decreased by
=25% in HF (Figure TH), which might reflect the altered
Na* channel availability at more positive V_, but contri-
butions of decreased Na* channel functional expression
or elevated [Na*], cannot be ruled out. Importantly here,
the maximum rate of repolarization (-dV/dt__) during
AP phase 3 was also significantly decreased in HF ver-
sus control myocytes under physiological conditions and
more markedly so with BAPTA, (Figure 1H).

HF rabbit myocytes also exhibited increased tempo-
ral variability of APD,, compared with myocytes from
control hearts (Figure 2A). The STV calculated using 50
consecutive APD, values was significantly increased at
1 Hz pacing in HF versus control (HF-physiol versus Ctl-
physiol, 4.65+0.43 versus 3.04+0.23 ms, respectively;
P<0.01), and at 2 Hz as well, where mean APD,, did
not differ in HF versus control (Figure 2B). However,
these differences became smaller at higher frequen-
cies. We also analyzed the cumulative distribution of
beat-to-beat changes in APD,,. More than half of con-
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Figure 1. Frequency- and Ca?*-dependent changes of AP parameters in HF.
A and B, Representative action potentials (APs) recorded at 1 and 2 Hz pacing in heart failure (HF) and healthy age-matched
control cells with physiological solutions (physiol). C and D, Frequency dependence of AP duration (APD) measured at 95% of

repolarization (APD,,) and mid-plateau potential (V/

mid-plateau

is less negative in HF in line with decreased AP peak (V)

). E and F, Representative APs when cytosolic Ca?* was buffered to
nominally zero using 10 mmol/L BAPTA in pipette solution (BAPTA) at 1 and 2 Hz pacing. G, Resting membrane potential (V)

rest’

at 1 Hz. H, Both maximal rate of rise (dV/dt__) and maximal rate of

phase 3 repolarization (-dV/dt__ ) are significantly decreased in HF at 1 Hz. Columns and bars represent mean+SEM. n refers to
cells/animals measured in each group. Analysis of variance (ANOVA) with Bonferroni posttest, Ctl vs HF; *P<0.05, **P<0.01,

***P<0.001. Ctl indicates control.

secutive beats have <5 ms difference (both control and
HF), but for HF a larger percentage of beats exhibited
>5 and 10 ms difference from beat to beat, apparent
as long tails in the cumulative distribution curves (Fig-
ure 2C and 2D). This difference was less with BAPTA,.

Spontaneous sarcoplasmic reticulum (SR) Ca?
release (or leak) and consequent afterdepolarizations
are known to contribute to increased beat-to-beat vari-
ability of APD3° and are known to occur more frequent-
ly in this HF model at a given SR Ca* load (CaMKII-
dependently).”-3334 However, at baseline in steady-state
pacing, neither early nor delayed afterdepolarizations
(DAD) were observed in either control or HF. Therefore,
to test the SR Ca?* store stability, we paced the cells
at 2 Hz for 5 minutes, then paused to record V_ with-
out stimulation. DADs developed in 10/12 HF cells, and
among them, 5 cells also exhibited spontaneous APs
likely to be triggered by SR Ca release (Figure 2E shows
an example). Average DAD frequency was 1.14+0.31/
min, with average amplitude of 3.15+£0.19 mV. Only
15% of DADs were larger than 5 mV in amplitude
(not including those that triggered APs). However, nei-
ther the age-matched controls cells (0/12 cells) nor HF
cells pretreated with CaMKIl inhibitory peptide AIP (1
pmol/L; 0/10 cells) showed such arrhythmogenic activi-
ties (Figure 2E). Thus, higher SR Ca?* instability may
contribute to the higher beat-to-beat APD variability in
HF (Figure 2C and 2D) that was suppressed by BAPTA,.

Circ Arrhythm Electrophysiol. 2018;11:e005852. DOI: 10.1161/CIRCEP.117.005852

Changes in Magnitude and Dynamics of
I..1. and |l Under AP in HF

The APD data suggest complex remodeling in HF and
the involvement of Ca?*-dependent processes in the
altered repolarization phase at higher physiological rab-
bit pacing rates. Thus, we studied the major repolarizing
K+ currents (I, /., and /,) during phase 3 of the AP at
2 Hz. All 3 ionic currents were recorded from the same
myocyte using the AP-clamp Sequential Dissection tech-
nique”® with preserved [Ca?*] cycling condition (Physiol)
and also with [Ca**] buffered with 10 mmol/L BAPTA in
the pipette (BAPTA). Involvement of CaMKIl pathway
was also investigated in the Ca?*-dependent alteration of
repolarization. A previously recorded typical rabbit ven-
tricular AP was used as voltage command in all AP-clamp
experiments (canonical AP-clamp) at 2 Hz. This typical AP
has an APD,, of 205.5 ms, which is not significantly dif-
ferent from the APD, of either control or HF cells at 2 Hz
(one sample t test). Because significant cellular hypertro-
phy was found in HF (33% increase in cell capacitance,
see Methods for details), all reported currents are nor-
malized to the corresponding cell capacitance.

The rapid component of delayed rectifier potassium
current (/) was measured as E-4031-sensitive current
under AP clamp (Figure 3A through 3C). Peak /density
was 18% higher in HF myocytes compared with age-
matched controls when measured in our physiological
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Figure 2. Increased temporal variability of action potential duration (APD) and arrhythmogenesis in heart failure
(HF).

A, Representative Poincare plots of 50 consecutive APD,, values at 1 Hz steady-state pacing in 4 individual myocytes from

HF and age-matched control animals recorded with either preserved or buffered [Ca?*]. B, Frequency-dependent short-term
variability of APD,, (STV). C, Cumulative distribution curves of individual beat-to-beat variability values at 1 Hz pacing. D,
Percentage of total action potentials (APs) measured at 1 Hz pacing having beat-to-beat APD,, variability of >5 and >10 msin
consecutive beats. Columns and bars represent mean+SEM. n refers to cells/animals measured in each group. Analysis of vari-
ance (ANOVA) with Bonferroni posttest, *P<0.05, **P<0.01, ***P<0.001. E, Arrhythmogenic diastolic activities were tested
using the pacing protocol shown above. Left, Representative records in control, HF, and AIP (autocamtide-2-related inhibitory
peptide; CaMKIl [Ca?*/calmodulin-dependent protein kinase Il] inhibitor, 1 pmol/L)-treated HF cells are shown below. HF cells
frequently showed delayed afterdepolarizations (DADs, enlarged in insets) and spontaneous AP (sAP, enlarged in inset). Early
afterdepolarizations (EADs, enlarged in inset) were also superimposed on the sAP repolarization. Right, Percentage of cells
having DAD and sAP. Ten of 12 cells and 5/12 cells showed DADs and sAP in HF, respectively, whereas no DAD, sAP, or EAD
was observed in control and after AIP treatment in HF.
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condition (1.13+0.02 versus 0.96+0.02 A/F in HF and
control, respectively; P<0.001; Figure 3A and 3D). In
contrast, with BAPTA,, peak /  density was 7% smaller
in HF versus control (0.86+0.02 versus 0.92+0.02 A/F,
respectively; P<0.05; Figure 3B and 3D). AIP pretreat-
ment to inhibit CaMKIl affected neither peak |/, density
nor integrated charge carried by /, in either control or
HF (Figure 3C, 3D, and 3F), suggesting that CaMKll is not
involved in acute /,_modulation. On the other hand, / is
elevated earlier during the AP in HF versus control (Fig-
ure 3E), regardless of [Ca?] (Figure 3A versus Figure 3B
and 3E), indicating altered / gating in HF. The slight
increase in peak and integrated /. under physiological
conditions here could easily be missed if / is measured
under nonphysiological conditions (eg, BAPTA).

The slow component of delayed rectifier K* cur-
rent (/) was measured as HMR-1556-sensitive current

under AP clamp (Figure 4A through 4C). / _is a tiny
current in the absence of B-AR stimulation in healthy
ventricular myocytes (Figure 4A), consistent with mini-
mal effects of /_ block on baseline APD in rabbit ven-
tricle. Surprisingly, we found a 42% increase in basal
I, magnitude in HF versus control in our physiological
condition (0.34+0.03 versus 0.24+0.02 A/F, respec-
tively; P<0.01; Figure 4A and 4D through 4F). Further-
more, the increase in /,_ was not observed with BAPTA,
(Figure 4B) or when HF cells were pretreated with AIP
(Figure 4C through 4F). We infer that Ca**-dependent
CaMKIl activity may acutely increase /_ in HF.

The inward rectifier K* current (/,,) was measured
as Ba?*-sensitive current (Figure 5A through 5C). Peak
I, density during repolarization was 25% smaller in
HF versus control (2.28+0.11 versus 3.04+0.12 A/F,
respectively; P<0.001; Figure 5A and 5D). Mid-plateau
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Figure 3. Ca>*-dependent upregulation of /,_in heart failure (HF) under action potential (AP) clamp.

The rapid component of delayed rectifier K* current (/. ) was measured as E-4031 (1 umol/L)-sensitive current in HF and age-
matched control cells. AP clamp using a prerecorded typical AP (shown above) was applied at 2 Hz. A, |, traces (mean+SEM)
recorded under preserved [Ca**], cycling (physiol). /. is not only increased in HF cells having [Ca**]; transients, but it activates
earlier during the AP. B, /,_ traces (mean+SEM) recorded under buffered [Ca**] using 10 mmol/L BAPTA in the pipette (BAP-
TA). Buffering [Ca**] significantly reduced /,_ density in HF below the control level, but it had no effect in control. C, / traces
(mean+SEM) recorded in cells pretreated with the specific CaMKIl (Ca?*/calmodulin-dependent protein kinase Il) inhibitor
peptide AIP (autocamtide-2-related inhibitory peptide; 1 umol/L). AIP had no effect on /  both in control and in HF. D, Peak /,
density is significantly upregulated in HF under AP by a Ca**-dependent, but CaMKIl-independent pathway. E, /. density mea-
sured at the mid-plateau increased in HF, indicating earlier /. accumulation during AP, which occurred independent of [Ca*],
level and CaMKIl activity. F, Net charges carried by /,in HF and age-matched control. Columns and bars represent mean=SEM.
n refers to cells/animals measured in each group. Analysis of variance (ANOVA) with Bonferroni posttest, *P<0.05, **P<0.01,
**%P<0.001.
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Figure 4. Ca>*/CaMKII (Ca?*/calmodulin-dependent protein kinase Il)-dependent upregulation of /,_in heart failure

(HF) under action potential (AP) clamp.

The slow component of delayed rectifier K* current (/) was measured as HMR-1556 (1 pmol/L)-sensitive current in HF and age-
matched control cells. AP clamp using a prerecorded typical AP (shown above) was applied at 2 Hz. A, I _ traces (mean=SEM)

! Ks

recorded under preserved [Ca?*], cycling (physiol). Basal / _is a tiny current under AP, yet it is significantly upregulated in HF cells
having [Ca*] transients. B, /,_ traces (mean+SEM) recorded under buffered [Ca?*] using 10 mmol/L BAPTA in the pipette (BAPTA).
Buffering [Ca**], reduced /,_ in HF back to its control level. C, / _ traces (mean+SEM) recorded in cells pretreated with the specific
CaMKll inhibitor peptide AIP (autocamtide-2-related inhibitory peptide; 1 pmol/L). AIP abolished the /,_ upregulation in HF. D,
Peak /. density is significantly upregulated in HF under AP by a Ca?*/CaMKIl-dependent pathway. E, /,_ density measured at the
mid-plateau of the AP. F, Net charges carried by / _in HF and age-matched control. Columns and bars represent mean+SEM. n
refers to cells/animals measured in each group. Analysis of variance (ANOVA) with Bonferroni posttest, *P<0.05, **P<0.01.

and integrated /., over the APD was also smaller in HF
versus control (Figure 5E through 5F). Neither buffer-
ing [Ca*] (BAPTA) nor CaMKIl inhibition (AIP) altered
this conclusion (Figure 5B and 5C). We conclude that /,
downregulation in this HF model is not mainly caused
by acute effects of [Ca**] or CaMKIl on /,, but might
reflect lower functional expression level of the chan-
nel proteins. Because CaMKIl is upregulated in HF'” and
can cause reduced functional expression of K 2.1 and
I,,"® this does not preclude an indirect chronic effect of
CaMKIll on /., functional expression in HF.

Altered pB-Adrenergic Response of K*
Currents in HF

Increased sympathetic activation and altered p-AR
responses are frequently reported in HF. Therefore, we
also tested effects of $-AR stimulation on /,, /., and /,
in HF and control myocytes using AP clamp. Because
both PKA (protein kinase A) and CaMKIl are known
to mediate downstream effects of B-AR stimulation

Circ Arrhythm Electrophysiol. 2018;11:e005852. DOI: 10.1161/CIRCEP.117.005852

and the activity of these kinases are also known to be
altered in HF, we again measured ionic currents with
physiological preserved [Ca?*] cycling and with heavily
buffered [Ca?*].

I, increased robustly on treatment with the non-
specific -AR agonist I1SO (10 nmol/L; Figure 6A and
6D). Buffering [Ca*] limited /_ response, indicating
the involvement of Ca?* and CaMKII (as well as PKA) in
mediating ISO effect on /. However, the ISO-induced
increase in I peak density was much reduced in HF
both with [Ca*] cycling (7.25-fold in control versus
2.91-fold increase in HF) and with BAPTA, (3.85-fold
in control versus 2.88-fold in HF; Figure 6D). The ISO-
induced increase in /_in the presence of Ca** was not
simply a scaled-up version of the BAPTA traces, but a
more prominent increase during the plateau, resulting
in an even greater increment in integrated charge car-
ried by / _ (Figure 6A and 6D). Even after ISO, the inte-
grated K+ efflux during the AP in HF was less than half
of that in control (Figure 6D), which could seriously limit
repolarization reserve.
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Figure 5. Reduction of I , in heart failure (HF) under action potential (AP) clamp.

The inward rectifier K* current (/,,) was measured as Ba?* (100 pmol/L)-sensitive current in HF and age-matched control cells.
AP clamp using a prerecorded typical AP (shown above) was applied at 2 Hz. A-C, /,, traces (mean=SEM) recorded under
preserved [Ca**], cycling (physiol), [Ca*], buffering (BAPTA), and CaMKII (Ca**/calmodulin-dependent protein kinase II) inhibi-
tion using AIP (autocamtide-2-related inhibitory peptide). /., was significantly reduced in HF in all these conditions. D-F,
Statistics for peak /, density shows that the reduction is not influenced by [Ca?*], buffering or acute CaMKIl inhibition. E, /,,
density measured at the mid-plateau of the AP was also reduced. F, Net charges carried by | , was further reduced in HF when
measured with [Ca*] buffering. Columns and bars represent mean+SEM. n refers to cells/animals measured in each group.
Analysis of variance (ANOVA) with Bonferroni posttest, *P<0.05, **P<0.01, ***P<0.001.

I, was affected minimally on ISO stimulation (Fig-
ure 6B and 6E), which achieved statistical significance
only in control cells and physiological solutions (8.1%
increase in /. peak density and 23.1% increase in total
charge carried during the AP, P<0.05 in both cases). As
in Figure 3, /. was higher at baseline in HF versus con-
trol, but failed to increase significantly on ISO exposure
(Figure 6E).

I, peak density was not affected by B-adrenergic
stimulation (Figure 6C and 6F). However, the |, net
charge increased significantly (by 23%) after ISO appli-
cation in control, but not in HF cells, when measured
with cycling [Ca?*] under AP clamp (Figure 6F), possibly
reflecting some Ca?*-dependent rectification of / , as
previously described.?”:3

Because the ISO effect on /_ was blunted in HF ver-
sus control, we tested whether the B-AR effects were
because of decreased ISO sensitivity or limited maximal
response. We varied ISO between 3 and 300 nmol/Lin AP-
clamped HF and control cells (Figure 7). Because steady-
state contracting AP-clamped myocytes were unstable
at the higher ISO concentrations without [Ca*] buffer-
ing, these experiments were performed with 10 mmol/L

Circ Arrhythm Electrophysiol. 2018;11:e005852. DOI: 10.1161/CIRCEP.117.005852

BAPTA in the pipette. ISO dose-dependently increased
I both in control and HF cells with nearly identical half
maximal effective concentration (EC, ) values (8.39+0.85
and 8.90+1.61 nmol/L, respectively, NS) and Hill coeffi-
cients (Figure 7A). However, the maximum response was
only half as much in HF versus control (4.0-fold versus
8.4-fold increase in peak / _ density, respectively), indi-
cating unchanged ISO sensitivity, but significant hypo-
responsiveness of /_to ISO. / increased only after ISO
application, and no difference was seen between control
and HF regarding EC, values and maximal responses
(Figure 7B). Finally, peak / , density during the AP did not
show any change, even at high concentration of ISO, but
., was again significantly reduced in HF (Figure 7Q).

Relative Contributions of Each K* Current
to AP Phase 3 Repolarization

AP repolarization is governed by the dynamic time- and
voltage-dependent activation of K+ currents. Each K*
current has its unique fingerprint (current shape under
the changing voltages of AP) and different magnitude
during the cardiac AP. The relative contributions of the
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Figure 6. Altered response of K* currents to B-AR (B-adrenergic receptor) stimulation in heart failure (HF).

/

<l @and I, currents were recorded after 2 minutes pretreatment with -adrenergic receptor agonist isoproterenol (ISO, 10

nmol/L). A, | traces (mean+SEM) under canonical AP clamp at 2 Hz measured with preserved [Ca**], cycling (physiol) and
[Ca?*], buffering using 10 mmol/L BAPTA in the pipette (BAPTA). B, /. traces (mean=SEM) under AP clamp after ISO pretreat-

ment in HF and age-matched control cells. C, /,

I, traces (mean+SEM) under AP clamp after ISO pretreatment in physiologi-

cal solutions and in BAPTA . D, Robust upregulation of /,_ peak and net charge induced by ISO, which is reduced in BAPTA,
indicating a Ca**-dependent pathway in mediating the response of 3-AR stimulation on /_besides the classical PKA (protein
kinase A)-dependent phosphorylation. HF cells showed significantly reduced /_ accumulation on ISO application both with and
without [Ca?] buffering. E, / is slightly modulated by ISO both in control and HF. F, /, peak density is not influenced by ISO,
but /., net charge is slightly increased in HF because of altered rectification. Symbols and bars represent mean+SEM. n refers to
cells measured in each group, and the cells in each group came from 3 to 5 individual animals. Analysis of variance (ANOVA)

with Bonferroni posttest, *P<0.05, **P<0.01, ***P<0.001.

major K* currents (/, /., and /) involved in the phase
3 repolarization of AP in control and in HF are shown
in Figure 8 analyzed at different points of repolarization
(+20, =20, and —60 mV) and as integrated K* flux dur-
ing the AP (Figure 8, insets).

First, we consider physiological solutions with Ca?
cycling at baseline (Figure 8A and 8B) where total repo-
larizing K* current is unaltered in HF versus control at
either =20 mV, —60 mV, or the integral. However, the
reduced /., in HF is largely compensated by increases in
both / and ], and this balance may allow the relatively
maintained APD,, observed in HF myocytes at 2 to 5
Hz stimulation (Figure 1B and 1C). In control myocytes,
ISO greatly increases /. and reverses the / versus |/
dominant pattern of AP repolarization. However, in HF
myocytes hyporesponsive of /_to B-AR stimulation, /
remains less than /_, such that the combined / +/  do
not compensate for the reduced / ,, and integrated K+
current is substantially reduced in HF (Figure 8C).

CaMKIl inhibition with AIP affected only /., but
because basal /. is a tiny current under physiological AP,
it does not significantly alter the magnitude of the net

Circ Arrhythm Electrophysiol. 2018;11:e005852. DOI: 10.1161/CIRCEP.117.005852

K+ current (Figure 8D). Buffering cytosolic Ca?* below
diastolic level abolishes the upregulation of both /,_and
I, in HF, resulting in a pronounced decrease in net K*
current (Figure 8E). ISO in the presence of BAPTA exac-
erbated the difference between HF and control because
under those conditions /,, /., and /, are all reduced in

HF compared with control (Figure 8F).

DISCUSSION

APD Changes in HF

There is consensus that HF is associated with lengthen-
ing of the ventricular APD (and QT ). This is supported by
evidence from numerous experimental studies involving
several species and multiple methods to induce HFE7-4
However, HF-associated APD differences in previous
studies often used lower pacing rates. In humans, HF
was associated with a 50 ms difference in baseline QT
but as heart rate increased during exercise, the QT_val-
ues converged and were not different between control
and HE'™ In agreement with these observations, we
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Figure 7. B-AR (B-adrenergic receptor) responsiveness of K* currents in heart failure (HF).

Dose-response effect of isoproterenol (ISO) on / , /., and /,, peak densities under AP clamp at 2 Hz. Pipette solution contained
10 mmol/L BAPTA. A, I  measured as HMR-sensitive current showed a robust accumulation after ISO application. /¢ sensitiv-
ity (EC,,) to ISO was unchanged in HF, whereas the response was significantly reduced in HF. B, /. was minimally affected by
ISO treatment; however, neither the ISO sensitivity nor the magnitude of the response were altered in HF. C, /,, peak density
did not change after ISO application under buffered [Ca?], conditions, and /., was uniformly decreased in HF. EC, values, Hill
coefficients, and maximum responses were determined by fitting data to the Hill equation, indicated by solid lines. Symbols
and bars represent mean=SEM. n refers to the number of cells measured in each group, and the cells in each group came from
3 to 5 individual animals. Analysis of variance (ANOVA) with Bonferroni posttest, *P<0.05, **P<0.01, ***P<0.001.

found longer APD in HF versus control in rabbits at 0.2
to 1 Hz pacing, but not at higher physiological pacing
rates for rabbits (Figure 1). However, when the [Ca*'],
was buffered, APD was prolonged in HF at all stimula-
tion rates, suggesting a role for Ca?*-dependent pro-
cesses in shaping the AP morphology in HF.

Patients with QT_ prolongation have increased risk
for sudden cardiac death almost independent of the
cause of disease.?” Substantial QT_ prolongation, espe-
cially in end-stage HF and in ischemic origin, indicates
higher risk for cardiac arrhythmias also in HF.4 How-
ever, data also suggest that short-term QT_ variability
may be a better predictor of sudden cardiac death
than QT_interval per se.>*® In our arrhythmogenic HF
model, STV of APD,, was also significantly increased
(Figure 2). It was reported that STV depends critically
on the baseline APD .. " In our case, STV was increased
in HF versus control at 2 Hz pacing, despite no differ-
ence in baseline APD,,. Interestingly, in our HF data,
a higher fraction of APs showed large difference in
APD,, in subsequent beats (Figure 2C and 2D), despite
unaltered mean APD,,. Because strong [Ca”*] buffering
suppressed this effect, it seems likely because of Ca**-
related events (eg, SR Ca?* releases) rather than remod-
eling in ionic currents and their different contribution
to STV.3" Accordingly, spontaneous SR Ca?* leak, Ca?*
sparks, and waves can contribute to increased beat-to-
beat variability.3° Even without overt early afterdepolar-
ization or DAD induction during steady-state pacing,
local Ca?* events could readily cause APD variations.
Indeed, we saw such events after trains of stimuli in HF
that were prevented by CaMKIl inhibition and were not
seen in control cells. This is consistent with higher SR
Ca?* leak and Ca?* waves measured in this arrhythmo-

Circ Arrhythm Electrophysiol. 2018;11:e005852. DOI: 10.1161/CIRCEP.117.005852

genic rabbit HF model (at matched SR Ca?* load), which
was also sensitive to CaMKIl inhibition.'7:24333439 This
higher SR Ca?* leak associated with HF may contribute
to increased beat-to-beat variability of APD; however,
further studies are needed to define the precise rela-
tionship between these 2 important parameters of HF.

Changes in Repolarizing K* Currents
in HF that Shape the AP

In this study, we systematically characterize the major
K+ currents (I, /., and /) underlying phase 3 AP repo-
larization in control and HF myocytes, including Ca?-
and B-AR-dependent properties. Decreased transient
outward K* current (/) in HF has been reported in sev-
eral models, including ours.”'4% Consistent with that,
we saw reduced phase 1 AP repolarization in HF (Fig-
ure 1). However, our focus here is on the K* currents
that dominate phase 3 repolarization.

To understand how /,, /.. and /,, are altered in shap-
ing the APD in HF, we used our sequential dissection
method that allows all 3 K* currents to be measured in
the same myocyte under relatively physiological AP con-
ditions. Often these individual currents are measured
independently, with square voltage clamp pulses and
under relatively nonphysiological conditions, including
prevention of [Ca*] transients. Because Ca**-depen-
dent properties can influence several K* currents, and
to compare with prior work, we did parallel measure-
ments with strong [Ca**] buffering.

In previous studies, most K* currents were found to
be downregulated in HF. In our study, /., density was
indeed lower in HF under all conditions, regardless of
[Ca*] buffering, CaMKIl inhibition, or B-AR activa-
tion in agreement with prior work with this rabbit HF
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Figure 8. Relative contribution of each K* current to net repolarizing K* current in heart failure (HF).

Relative contributions and magnitudes of the major repolarizing K* currents (/
compared in different phases of the repolarization process in HF to those in age-matched control. (A) /

and /,,) during action potential (AP) are
.l and I traces in

Kr? /Ks’

Kr

control and HF measured under AP clamp at 2 Hz without using any Ca?* buffer or 3-AR (B-adrenergic receptor) agonist. Mean
traces and SEM are shown. B, When [Ca*], cycling is preserved, upregulation of /_and /, compensates the decrease of /, in
HF during phase 3 of AP. C, Stimulation of B-ARs using isoproterenol (ISO, 10 nmol/L) significantly upregulates /, thus, I1SO
reverses / /I, dominant pattern of repolarization during phase 3 of AP. However, HF cells are hyporesponsive to ISO-induced
stimulation (ie, /_ increases in a smaller extent than in control); thus, the net repolarizing current is largely reduced in HF com-
pared with control. Reversal in / /I dominance in repolarization after ISO treatment also fail to happen in HE. D, CaMKII (Ca?*/
calmodulin-dependent protein kinase Il) inhibition using the specific inhibitory peptide AIP (autocamtide-2-related inhibitory
peptide) abolishes the increase in /, whereas it does not affect / and /. E, When [Ca*] is buffered (BAPTA), the reduction

in /., without the upregulation of /and / _ results in a significant decrease in the net repolarizing current in HF. F, Under -
adrenergic stimulation in BAPTA,, HF cells show decrease in all 3 K* currents compared with control. The contributions of these
K* currents to total net charge are shown in the insets. Columns and bars represent mean+SEM. Statistics and n numbers are

shown in Figures 3 through 6.

model."" However, some studies suggested that acute
CaMKll inhibition could reduce /, in myocytes."“! We
cannot readily explain the differences, but one of these
studies was in rabbit, using less physiological condi-
tions, square voltage clamp pulses, and short-term cell
culture to overexpress CaMKII8."® Moreover, these stud-
ies showed that CaMKIId overexpression in either trans-
genic mice or in 24 hours in rabbit myocytes induced
downregulation of /, and K 2.1. Because CaMKIl is
upregulated at the protein and activity level in HF, CaM-
Kll-induced downregulation may explain the dominant
I, downregulation that we saw in HF. Conceivably, our
preincubation with the CaMKIl inhibitor AIP increased
channel expression to coincidentally offset an acute
inhibitory effect on channel function.

Surprisingly, both / and / densities were increased
during the AP in HF, under physiological AP conditions

Circ Arrhythm Electrophysiol. 2018;11:e005852. DOI: 10.1161/CIRCEP.117.005852

(Figures 3 and 4). However, in both cases, this enhance-
ment was abolished by strong [Ca®*] buffering and
for I, by CaMKIl inhibition. Ca** sensitivity of delayed
rectifier K* currents is well known, but details in the
myocyte environment are still under debate.**** For / ,
calmodulin (CaM) is an intrinsic subunit of the channel
and is known to mediate Ca?-dependent stimulation
of /. amplitude.*>** So, the BAPTA effect to reduce
I, during the AP in HF is consistent with the myocyte
Ca** transient boosting /.. during the AP. But in control
myocytes, [Ca*] buffering had no effect on /_or /
under AP clamp. The observation that CaMKIl inhibition
prevented the increased / in HF (but had no effect in
control) might provide a clue explaining this apparent
dichotomy. That is, if CaMKII activity (which is elevated
in HF)?® promotes the intrinsic Ca?* effect on /_ gat-
ing, AIP could suppress that Ca**-dependent / activa-
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tion. The lower CaMKIl activity in control could limit
that Ca’*-dependent / _ activation, explaining the lack
of BAPTA, or AIP on / _in control. In any case, basal /_is
small compared with /_or /,, so its role in shaping the
basal AP is moderate, but slightly stronger in HF.

I, upregulation was Ca”*-dependent, but CaMKII-
independent. /,_is not known to be directly regulated
by Ca?* or CaM, but PKC (protein kinase C) has been
reported to increase /,,*" be increased in HF*4° and its
Ca?* dependence makes this an intriguing possibility
(although others found that PKC activation decreased /
density>°). Regardless of Ca**, | is higher early in the AP in
HF versus control, suggesting potential changes in chan-
nel gating. Possible explanations might be HF-associated
alterations in subunit composition or splice variants of
the channel,>" and chronic B-AR activation (which occurs
in HF) positively shifts the / activation voltage, indepen-
dent of actual PKA activity.> Further studies are needed
to elucidate the underlying molecular mechanisms for /.
and /. upregulation in HF and the exact involvement of
Ca?*, CaMKIl, and PKC in their regulation.

p-Adrenergic-Induced Changes in
Repolarizing K* Currents in HF

B-AR stimulation is critical in the regulation of the heart
in health and disease. Increased sympathetic activity is
compensatory in early HF, but chronic $-AR activation
also contributes to adverse remodeling in HF. On the
other hand, cardiac contractile system and Ca?" han-
dling system are hyporesponsive to $-AR stimulation in
HF.™

I, is known to be increased by both PKA and Ca*/
CaM in ventricular myocytes* and, thus, contributes
to AP shortening on -AR stimulation (compensating
for higher inward Ca?* and Na*/Ca?* exchange cur-
rents).?”>3 We found that the ISO-induced increase in /
was suppressed in HF (both in physiological and BAPTA,
conditions; Figure 6D). Indeed, the ISO effect without
[Ca?*], transients was smaller in HF, as was the increase
by allowing [Ca?*] transients in HF. The EC,_  ISO con-
centration for /_ (or /) activation was not altered in HF,
but the maximal effect was less than half in HF versus
age-matched control (Figure 7). This may be because
of the reduced number of sarcolemmal B,-AR in this
HF model,>* and lower local cCAMP levels in HF>> might
explain the reduced ISO response. Additionally, phos-
phatases and phosphosdiesterases are also remodeled
in HE"” which may limit / _ target phosphorylation in
HF. I was much less affected by B-AR stimulation than
I, in our study and in previous reports®’** (=10-fold
larger change in / _than in /on B-AR stimulation), but
I, changes are still debated. The B-adrenergic regula-
tion of / may have species differences and involve both
PKA and PKC.
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I, e @nd [, reach their peak density sequentially
during phase 3 of AP and their relative contributions to
physiological repolarization and repolarization reserve
differ, as demonstrated previously in control ventricular
myocytes in detail.?”-°%57 In this study, we demonstrated
their detailed contribution to repolarization in a chronic
pressure/volume overload-induced HF model (Figure 8).
Important to note, that inward currents, such as late
Na* current'® and Na*/Ca** exchanger current,?? are
also increased in HF, and B-AR further enhances inward
Na*/Ca?* exchange and Ca? current. These increase
the demand on the repolarization reserve during phase
3 of the AP to limit APD prolongation. Therefore, any
change in the delicate balance between these depo-
larizing and repolarizing currents in HF could have sig-
nificant impact on phase 3 repolarization velocity and,
thus, on APD. Accordingly, the observed Ca%*-depen-
dent upregulation of /| and / _ in HF may partly com-
pensate for the loss of /. in HF and limits APD prolon-
gation, especially at faster pacing rates when / may
accumulate.®® In line with our findings, QT_ prolonga-
tion in HF patients occurs preferentially at low but not
at high heart rates.’™ However, as we have shown in
Figure 8, B-AR stimulation impairs the repolarization
reserve capacity because of the hyporesponsive /.

These results also put heart rate reducing agents
in HF therapy into a new perspective. The rationale
of this strategy is to increase diastolic interval by
which the myocardial oxygen supply/demand can be
improved. Nevertheless, large clinical trials (BEAUTI-
FUL [Morbidity-Mortality Evaluation of the /. Inhibitor
Ivabradine in Patients With Coronary Disease and Left
Ventricular Dysfunction]® and SHIFT [Systolic Heart
Failure Treatment With the /. Inhibitor Ilvabradine Tri-
all?®) found only a slight benefit of ivabradine in HF
patients. Our results also suggest that B-AR blockers
might have more benefit regarding K* currents and
AP repolarization reserve and, thus, susceptibility for
cardiac arrhythmias might be more reduced compared
with that with heart rate-reducing agents. Another
potential clinical implication is that drugs inhibiting
delayed rectifier K* currents may cause even more
pronounced QT_prolongation in HF patients by limit-
ing an already diminished repolarization reserve in HF,
especially during B-AR stimulation.
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