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Abstract

AIMS—Ventricular arrhythmias are a common cause of death in patients with heart failure (HF).
Structural and electrical abnormalities in the heart provide a substrate for such arrhythmias.
Canine tachypacing-induced HF models of 4-6 weeks duration are often used to study
pathophysiology and therapies for HF. We hypothesized that a chronic canine model of HF would
result in greater electrical and structural remodeling than a short term model, leading to a more
arrhythmogenic substrate.

MAIN METHODS—HF was induced by ventricular tachypacing for one (short-term) or four
(chronic) months to study remodeling.

KEY FINDINGS—Left ventricular contractility was progressively reduced, while ventricular
hypertrophy and interstitial fibrosis were evident at 4 month but not 1 month of HF. Left
ventricular myocyte action potentials were prolonged after 4 (p<0.05) but not 1 month of HF.
Repolarization instability and early afterdepolarizations were evident only after 4 months of HF
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(p<0.05), coinciding with a prolonged QTc interval (p<0.05). The transient outward potassium
current was reduced in both HF groups (p<0.05). The outward component of the inward rectifier
potassium current was reduced only in the 4 month HF group (p<0.05). The delayed rectifier
potassium currents were reduced in 4 (p<0.05) but not 1 month of HF. Reactive oxygen species
were increased at both 1 and 4 months of HF (p<0.05).

SIGNIFICANCE—Reduced ly,, outward Ik, lks, and Ik, in HF contribute to EAD formation.
Chronic, but not short term canine HF, results in the altered electrophysiology and repolarization
instability characteristic of end-stage human HF.
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Introduction

Heart failure (HF) is a leading contributor to morbidity and mortality. In 2010, the number
of deaths in the US attributed to HF was ~279,000, and HF was noted in 1 of 9 death
certificates (Go et al. 2014). Sudden death due to lethal ventricular arrhythmias is six- to
ninefold higher in HF patients than in the general population (Tomaselli and Zipes 2004;
Thom et al. 2006), and accounts for up to 50% of deaths in HF patients(Tomaselli and Zipes
2004).

HF is associated with both structural and electrical remodeling that transforms the normal
myocardium into a substrate susceptible to arrhythmogenesis. Left ventricular dilation,
hypertrophy, and fibrosis are all examples of compensatory changes that are initially
adaptive in the failing heart (Cohn et al. 2000). These changes may progress to become
maladaptive resulting in further deterioration of heart function, and have been linked to the
development of arrhythmia and/or sudden death (Hsia and Marchlinski 2002; lles et al.
2011;Haider et al. 1998). At the cellular level, cardiomyocytes of the failing heart display
electrical remodeling, including a signature prolongation of the action potential (AP)
(Beuckelmann et al. 1995;Akar and Rosenbaum 2003).

We previously reported that chronic (four or more months) canine tachypacing HF becomes
irreversible and emulates multiple aspects of chronic human HF (Nishijima et al. 2005). In
the present study, we tested the hypothesis that dogs paced into chronic HF (4 M HF) would
demonstrate greater structural and electrophysiological remodeling than dogs paced into
acute HF (1 M HF), providing a substrate for ventricular arrhythmias. We used serial
echocardiography and electrocardiograms to assess ventricular function and electrical
activity, respectively. Patch clamp recordings were used to measure action potentials and K*
currents in ventricular myocytes. Real-time polymerase chain reaction (RT-PCR) was used
to quantify ion channel subunit mRNA.

Life Sci. Author manuscript; available in PMC 2016 February 23.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Long et al. Page 3

Materials and Methods

Heart failure canine model

All animal procedures were approved by the Institutional Animal Care and Use Committee
of the Ohio State University. A total of 63 adult mixed breed dogs of either sex (2-5 years of
age) weighing between 8 and 20 kg with normal cardiac function were used. Dogs were
verified to have normal cardiac function by routine electrocardiograms and
echocardiographic examinations during butorphanol tartrate (0.5 mg kg ~ intramuscularly)
sedation. Dogs had a RV pacemaker lead implanted in the RV apex, and HF was induced
(n=16) by tachypacing for four months as previously described (Sridhar et al. 2009). To
assess time dependence during the progression of HF, echocardiograms and
electrocardiogram were measured at baseline, after 1 month, and 4 months of pacing in the 4
M HF group. A second group of dogs was RV tachypaced for 1 month at 180 bpm (n=17)
and echocardiograms were measured at baseline and at the end of the pacing protocol as
previously reported. (Nishijima et al. 2007; Nishijima et al. 2005). An age matched group of
30 healthy dogs were used as controls and studied in parallel. Transmural samples of left
ventricular tissue were formalin fixed and embedded in paraffin and sectioned to 5 um
thickness, using standard procedures. Tissue sections were stained with Masson’s Trichrome
to define the percentage area of fibrosis, as previously described (Nishijima et al. 2007)

Myocyte Isolation

On the day of the terminal procedure, the dogs were anesthetized with pentobarbital sodium
(50 mg/kg 1V). The heart was rapidly removed and perfused with cold cardioplegia solution
containing the following in mM: NaCl 110, CaCl, 1.2, KCI 16, MgCl, 16 and NaHCOj 10.
Cannulation of the left circumflex artery was used to perfuse the left ventricle, as previously
described. (Sridhar et al. 2009; Bonilla et al. 2013a) Adjacent tissue samples were collected
and snap frozen for protein analyses. Tyrode’s solution (mM) containing NaCl 130, KCI 5.4,
MgCl, 3.5, NaH,PO, 0.5, Glucose 10, HEPES 5 and taurine 20, was used as the initial
perfusate. During the cell isolation process the heart was perfused with three different
solutions (36°C). First the heart was perfused for 10 minutes with Tyrode’s solution with 0.1
mM EGTA,; followed by perfusion with Tyrode’s solution containing 0.3 mM Calcium, 0.12
mg/ml of Trypsin Inhibitor (NIBCO) and 1.33mg/ml of collagenase (Type Il, Worthington),
for a maximum of 45 minutes. Following enzymatic digestion, the heart was perfused with
normal Tyrode’s solution for five minutes to remove residual enzyme. After digestion, the
cells were resuspended in incubation buffer. This isolation procedure typically yields 40—
60% rod shaped ventricular myocytes. All myocyte electrophysiology experiments were
conducted within 10 hours of isolation.

Electrophysiological recordings

To assess myocyte electrophysiology, Amphotericin-B perforated patch clamp techniques
with a bath temperature of 36 + 0.5°C were used. The myocytes were placed in a laminin
coated cell chamber (Cell Microcontrols, Norfolk, VA) and superfused with bath solution
containing (in mM): 135 NaCl, 5 MgCl,, 5 KClI, 10 glucose, 1.8 CaCl,, and 5 HEPES with
pH adjusted to 7.40 with NaOH. For current measurements the calcium in the bath solution
was reduced to 1.0mM in addition, 2 uM nifidepine was added to the bath solution to avoid
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contamination with L-type Ca2* current. Borosilicate glass micropipettes with tip resistance
of 1.5-4.5 MQ, were filled with pipette solution containing the following (in mM): 100 K-
aspartate, 40 KCI, 5 MgCl, 5 EGTA, 5 HEPES, pH adjusted to 7.2 with KOH.

Action potentials (AP) were recorded in a train of 25 traces at 0.5, 1 and 2 Hz. The average
of the last 10 traces (i.e. from trace 16-25) was used to calculate the action potential
duration (APD). APD was calculated at 50 and 90 percent of repolarization (APDsgg and
APDgg). The standard deviation of the APD90 for the last 10 traces not exhibiting EADs
was used to evaluate repolarization variability (Thomsen et al. 2004). EADs were defined as
positive oscillations occurring in Phase 2 or Phase 3 of the APD.

For current recordings, only recordings with an access resistance <20 M were included in
the analyses. Transient outward potassium current (lo), potassium inward rectifying current
(Ik1), and delayed rectifying currents (Ik, + Iks) were elicited as previously described.
(Sridhar et al. 2008; Bonilla et al. 2013b) To assess steady state inactivation Kinetics of |, a
series of 500 ms prepulses were clamped to voltages between —80 mV and +10 mV (holding
potential of —60 mV) followed by a 300 ms step to +50 mV (peak current) (Nabauer et al.
1993). Iy, elicted during each prepulse was normalized to peak current and plotted against
the respective prepulse potential. The AUC for the window current was defined as the area
beneath the intersection of the normalized Iy, activation and inactivation curves, in the
voltage range between —50 to +10 mV. To investigate Iy, recovery from inactivation, a two-
step protocol was used in which two 200 ms pulses from a holding potential of =60 mV to +
40 mV were separated by a variable interpulse interval of 20 to 1000 ms (Nabauer et al.
1993). Rectification ratio was calculated as previously described (Carnes and Dech 2002;
Lopatin et al. 2000).

Data was collected with a low noise data acquisition system Digidata 1440A (Molecular
devices, Sunnyvale, CA), Clampex software and an Axopatch 200A amplifier (Axon
Instruments, Sunnyvale, CA).

Immunoblots

Following protein quantification, tissue lysates were analyzed on Mini-PROTEAN tetra cell
(BioRad) on a 4-15% precast TGX gel (BioRad) in Tris/Glycine/SDS Buffer (BioRad). Gels
were transferred to a nitrocellulose membrane using the Mini-PROTEAN tetra cell (BioRad)
in Tris/Glycine buffer with 20% methanol (v/v, BioRad). Membranes were blocked for 1
hour at room temperature using a 3% BSA solution and incubated with primary antibody
overnight at 4°C. Antibodies were KChiP2 (Alomone, Santa Cruz), Kv4.3 (Covance), and
GAPDH (Fitzgerald). Donkey anti-rabbit-HRP (Jackson Laboratories) was used as the
secondary antibody. Densitometry was performed using Image lab software and all data was
normalized to GAPDH levels present in each sample.

Real-time PCR for gene expression

Total RNA was extracted from the cardiac tissues with Trizol reagent (Invitrogen), and 2 pg
RNA was then converted to cDNA by using the High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems). Gene expression was quantified by real-time RT-PCR (Light
Cycler 96, Roche Applied Science) using SYBR green assay reagent and gene-specific
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primer listed in Tablel. Relative amplification was quantified by normalizing the gene-
specific amplification to that of 18s rRNA in each sample. Changes in mRNA abundance
were calculated using 2(“22C1) method (Livak and Schmittgen 2001;Kumar et al. 2013).
gPCR reactions were run in triplicates. Primers used were as follows (5-3'):
Kv1l.1(forward: CCTGCTGCTGGTCATCTACA,; reverse:
TCCTCGTTGGCATTGACATA), KCNE2 (forward: GAACACGACAGCTGAGCAAG;
reverse: ACTGGTGGTAGGGGTCATTG), KChiP2 (forward:
GCTGGTTTGTCGGTGATTCT; reverse: AAGAAGCTCTCCACGTGCTC), KCNQ1
(forward: CTTTACCTGCCAGGGGTACA, reverse: ACCACATACTCCGTCCCAAA),
DPP6 (forward: CCCATCGAGTGTCAGCACTA, reverse:
GATGGATCGGTACAGGTGCT), Kv4.3 (forward: GTTTGAGCAGAACTGCATGG;
reverse: GTGGATGGTGCTGAGCTCTT), KCNJ2 (forward:
TATCAACGTTGGGTTCGACA,; reverse: AAATCAGTTATGGTTCCTTTGGT); 18s
(forward: GCTCTAGAATTACCACAGTTATC; reverse:
AAATCAGTTATGGTTCCTTTGGT)

Electron paramagnetic resonance (EPR) spectroscopy

The ventricular tissue samples were flash frozen and stored in liquid nitrogen prior to
electron paramagnetic resonance (EPR) analysis to measure radical and paramagnetic
species. Both semi-quinone radical and Fe-S centers were quantified using previously
described methods (Nishijima et al. 2011; Zweier et al. 1989; Zweier et al. 1987) Each EPR
sample was prepared by transferring the frozen heart tissue (235-570 mg) into a ceramic
mortar pre-chilled with liquid nitrogen. The tissue was then crushed in liquid nitrogen using
a pestle. The tissue in liquid N, was then loaded into a finger Dewar containing liquid
nitrogen. Low temperature, 77 K, EPR spectra were recorded with a Bruker ESP 300E
spectrometer (Bruker BioSciences, Billerica, MA, USA) operating at X-band with 100 KHz
modulation frequency and a TM11q cavity as described previously (Zweier et al. 1995). The
finger Dewar containing heart tissue samples in liquid nitrogen was placed within the EPR
spectrometer cavity. All spectra were recorded with the following parameters: receiver gain
=1 x 105, modulation amplitude = 2 G (4 G for Fe-S signals), time constant = 164 ms, scan
time = 60 s, microwave power = 1 mW (20 mW for Fe-S signals), and number of scans =
10.

Data Analysis

Cellular electrophysiology data were analyzed using Clampfit 10.3 software (Axon
Instruments) and Origin 9.0 software (OriginLab, Northampton, MA, USA). One way
repeated measured ANOVA was used to analyze differences within groups, while
comparison between groups was analyzed by one-way ANOVA with post hoc least
significant difference testing or Students t-test (OriginPro 8.6, OriginLab). Normality was
tested via Kolmogorov-Smirnov. Non parametric analysis was performed using Chi-Square.
All data are presented as mean + SE (or SD for PCR quantification) and p<0.05 was the
criterion for statistical significance for all comparisons.
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Chemicals
All chemicals used were purchased from Sigma-Aldrich (St. Louis, MO, USA) and Fisher
Scientific (Pittsburgh, PA, USA), unless otherwise noted. All buffers and solutions were
prepared daily.

Results

Chronic tachypacing is accompanied by an increase in left ventricular mass, a prolonged
QTc interval, and interstitial fibrosis

RV tachypacing resulted in significantly impaired contractility, LV chamber dilation and
increased LV mass at 4 M HF compared to 1 month HF and baseline (TABLE 1). The
corrected QT interval was significantly prolonged at 4 M HF versus baseline.

Ventricular tissue samples (control, 1 M HF, and 4 M HF) had significantly increased
fibrosis in the 4 M HF group (p<0.05 vs control) (Figure 1). Collectively, these results
suggest that time-dependent decreases in cardiac function with continued RV tachypacing
are associated with the development of structural remodeling (cardiac hypertrophy and
fibrosis) in chronic (4 M) HF.

Chronic tachypacing results in a prolonged AP associated with early afterdepolarizations,
increased myocyte size, and downregulation of repolarizing K* currents

Heart failure prolonged ventricular cardiomyocyte action potentials (Figure 2). In addition to
AP prolongation, a disappearance of the prominent phase one “notch” occurred with HF.
APDsq was significantly prolonged at all rates tested (0.5, 1, and 2 Hz) in both 1 M HF and
4 M HF groups compared with control myocytes (p<0.05) (Figure 2B). APDgq was
significantly increased in 4 M HF compared to both baseline and 1 M HF at all rates
(p<0.05) (Figure 2C). Rate-adaptation of the APD was maintained in each group (p<0.05).
The beat-to-beat variability of APDgg, a marker of proarrhythmic potential (Oosterhoff et al.
2007) (Figure 2D) was significantly increased in the 4 M HF group at all rates versus control
(p<0.05), and at 1 Hz versus 1 M HF (p<0.05). Consistent with these findings, EADs were
significantly more frequent in the 4 M HF group compared to both control and 1 M HF
(p<0.05) (Figure 2E). No change in the resting membrane potential was found between the
groups. Collectively, this data suggests that HF duration mediates action potential
prolongation and the development of a proarrhythmic ventricular substrate.

Membrane capacitance was used as a measure of ventricular cell hypertrophy. Consistent
with the LV mass findings, 4 M HF ventricular myocytes had a significantly larger
capacitance (239.5 + 16.6, n=23, p<0.05) compared to controls (159.0 £ 6.6 pF, (n=52) and
1 M HF (163.7 + 9.4 pF, n=29)

Transient outward current (l;g) density and the corresponding slope conductance was
significantly decreased in both 1 M and 4 M HF groups (p<0.05 vs Control) (Figure 3B and
3C). Inactivation of Iy, was best fitted as the sum of two exponentials, a rapidly inactivating
lto,fast (t1) and a slowly inactivating lig sjow (t1). There was no significant difference in
either time constant between groups. Mean t; and Tt at +50 mV was 18.4 + 1.9 ms and 87.3
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+21.1ms, 11.3+0.80 ms and 43.1 + 10.2 ms, and 15.8 + 1.5 ms and 68.9 + 21.5 ms for
control (n=23), 1 M HF (n=5), and 4 M HF (n=10), respectively. The rapidly inactivating
component comprised 80.6 + 2.6% of the decay current in the control group, 73.7 £ 6.2% in
1 M HF, and 74.8+ 7.1% in 4 M HF (p=NS). A plot of the steady state inactivation of I,
against current activation revealed no voltage shift in kinetics (Figure 4A). However, there
was a decrease in the overall current available (AUC) in both 1 and 4 M HF compared to
controls (AUC values were reduced by 97% for 1 M HF and 63% for 4 M HF). This
“window” current peaked around —35 mV, representing approximately 5% of peak ;o
(Figure 4B). The time for Iy, recovery from activation was assessed using a two-step
protocol (Figure 4C). The time for 50% recovery from inactivation was prolonged in the 4
M HF group vs. controls (185.5£16.9 ms vs. 107.0£17.3 ms, p<0.05).

HF-dependent changes in the inward rectifier current, l1 are shown in Figure 5. There were
no significant differences in inward slope conductance between groups. Peak 4 outward
current was significantly decreased in 4 M HF compared to controls (p<0.05, Figure 5C).
The rectification ratio was significantly increased in 4 M HF (p<0.05 vs control, Figure 5D).

HF-induced alterations in the delayed rectifier currents, Ik, and Ik are shown in Figure 6.
Iks amplitude was significantly decreased in 4 M HF at all test potentials compared to both 1
M HF and controls (Figure 6B), and Ik slope conductance was decreased in 4 M HF
(p<0.05 vs control) (Figure 6C). Ik, was significantly decreased in 4 M HF compared to 1 M
HF and control (p<0.05) (Figure 6D).

Protein and mRNA expression of K Channel Subunits does not correlate with function

lio in the canine ventricle is conducted through channel pore-forming subunits Kv4.3 and
Kv1.4, with Kv4.3 being the main alpha subunit contributing to the current (Akar et al.
2004a) Kv4.3 can assemble with multiple accessory proteins including K* channel
interacting protein 2 (KChiP2) which can modulate Kv4.3 gating and function (Deschenes et
al. 2002). Dipeptidyl-aminopeptidase-like protein 6 (DPP6) also coassembles with Kv4.3,
and has been shown to alter I, Kinetics (Radicke et al. 2005). Biochemical analysis showed
no significant difference between protein expression of Kv4.3 and KChiP2 in the control, 1
M HF, and 4 M HF group (Figure 7A and 7B). In contrast, notable HF-dependent changes
were observed in transmural gene expression of K* channel subunits (Figure 7C). The
MRNA of the Kv4.3 and Kv1.4 subunits demonstrated no change at 1 M HF, but increased
gene expression at 4 M HF (p<0.05 vs control and 1 M HF). Similarly the mRNA levels for
KChiP2 and DPP6 increased at 4 M HF. KCNJ2 encodes the Kir2.1 channel, the pore-
forming subunit of Ixq1. At 1 M HF, KCNJ2 gene expression was significantly elevated
(p<0.05 vs control), and continued to increase at 4 M HF (p<0.05 vs control, p<0.05 vs 1 M
HF). Iks is carried via a complex which includes the pore-forming K,LTQ1 (KCNQ1) and
minK (KCNEZL). Both KCNQ1 and KCNE1 mRNA are significantly upregulated at 4 M HF
compared to both control (p<0.05) and 1 M HF (p<0.05). Ik, is carried through Kv11.1
channels, and no differences in Kv11.1 mRNA were found between the three groups.
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EPR spectroscopy

EPR spectroscopy revealed a modest increase in semiquinone radicals that did not reach
significance in left ventricular tissue among either of the HF groups compared to control
(P=NS) (Figure 8B). However, Fe-S center signals were significantly increased in both 1 M
HF and 4 M HF (p<0.05 vs control) (Figure 8C).

Discussion

Large animal models of dilated cardiomyopathy are accepted as a surrogate of the pathology
of human HF (Houser et al. 2012). In the present study, we found that the 4 month duration
of HF overcomes a limitation of the short-term canine tachypacing model - the lack of
structural remodeling. We observed an increase in LV mass at 4 M HF (x1.7 fold),
coinciding with an increase in myocyte membrane capacitance (/1.5 fold) — both indicators
of hypertrophy. iThese results are consistent with a previous report of increased LV mass
after 7 to 10 months of chronic RV pacing (Nishijima et al. 2005). We also report an
increase in interstitial fibrosis at 4 M HF. The appearance of increased fibrosis in 4 to 6
week canine HF models varies between studies (Burashnikov et al. 2014; Akar et al. 2004b;
Hanna et al. 2004). A key difference between the current model and previous reports is that
our chronic pacing rates are not as rapid (180 bpm vs 240 bpm) resulting in a sustained
hypertrophic response not seen in more rapid, short-term pacing models. This notion is
supported by our previous work, where we observed increases in LV mass after 10 months
of pacing, 6 months of which was maintained at 160 bpm (Nishijima et al. 2005). It is well
known that hypertrophy induces the structural remodeling of the collagen matrix necessary
for fibrosis. (Weber et al. 1988). The lack of fibrosis in rapid pacing models may be
responsible for their “reversible” nature.

A hallmark of HF is downregulation of repolarizing K* currents and subsequent AP
prolongation. The most studied and consistently downregulated K* current in both canine
HF models and human HF is Iy, (Akar et al. 2004a; Beuckelmann et al. 1993; Li et al. 2002),
and we found reductions in both 1 M HF and 4 M HF groups. The role of I, in early
repolarization is evident as the loss of the prominent phase one “notch” during HF. I, may
contribute to the prolonged APDgq in both HF groups, as altered I, can alter I, (Sah et al.
2002). The role of I, in late repolarization (APDgy) is less clear. The peak of the “window
current” we observed is in agreement with findings from other groups (Virag et al., 2011),
and suggests Iy, may contribute repolarizing current during the plateau of the AP.

The molecular mechanisms for downregulation of I, in HF are still not fully elucidated. In
both short-term canine tachypacing models and limited human HF studies, reductions in
Kv4.3 protein have been reported (Akar et al. 2005; Zicha et al. 2004). The relatively
consistent finding of reduced Kv4.3 mRNA in canine HF models is a plausible mechanism
for decreased I, (Akar et al. 2005; Zicha et al. 2004; Kaab et al. 1998). However, gene
expression studies in human HF are conflicting, demonstrating decreases (Borlak and Thum
2003) or increases (Soltysinska et al. 2009) in Kv4.3 mRNA. Here, we report an increase in
Kv4.3 mRNA at 4 M HF with no change in its protein expression. Consistent with our
findings, other animal models of tachypacing-induced HF have reported no change in total
Kv4.3 mRNA or protein, yet have also found reduced Iy, (Rose et al. 2005). One potential
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explanation for the reduced current could a change in the accessory subunit, KChiP2.
However, we found no change in KChIP2 protein expression despite a significant increase
in KChiP2 mRNA at 4 M HF. This finding is contradictory to reports of KChIP2 mRNA
being downregulated in failing human hearts (Radicke et al. 2006; Soltysinska et al. 2009)

Interestingly, we report a prolonged time of I, recovery from inactivation in 4 M HF
compared to controls. Such results were not seen in other canine HF studies using
midmyocardial cells (Kaab et al., 1996), but were reported in epicardial cells (Cordeiro et
al., 2012). DPP6, an ancillary subunit of Kv4.3, has been shown to slow recovery from
inactivation in CHO cells when expressed with Kv4.3 (Radicke et al. 2005). Here, we report
that gene expression of DPP6 is increased in 4 M HF. More studies will be needed to
determine the precise role of DPP6 in modulating cardiac Iy, as well as whether Iy,
inactivation contributes to APDgg prolongation at faster heart rates (cycle length<500 ms)
due to the slow recovery from inactivation.

Outward k1 is a modulator of terminal repolarization (Lopatin and Nichols 2001). We
observed unchanged inward current with a decrease in the peak outward current (-60 mV)
reflecting altered Ik rectification (Lopatin et al. 2000; Carnes and Dech 2002). Because
rectification factors, such as polyamines and intracellular magnesium, are involved in the
normal gating of I, (Lopatin et al. 1994), our data suggests a possible role for these factors
in decreasing the outward portion of this current in HF. Given the role of Ik in the
pathogenesis of arrhythmias (Dhamoon and Jalife 2005), additional study of Ix4 in HF will
be required to clarify the variable results.

The delayed rectifier currents, I, and lks, play a prominent role in phase 2 and phase 3
repolarization (Nerbonne and Kass 2005). Studies in both humans and canines have
suggested that Ik reduction only prolongs the APD in the setting of downregulation of other
K* currents (reduced repolarization reserve) (Jost et al. 2013; Roden 1998;Varro et al.
2000). Consistent with a previous 4 to 6 week canine model of HF (Li et al. 2002), we found
a reduction in lxg at 4 M HF. Ik, is a dominant modulator of ventricular repolarization, with
reductions evident as both AP and QT prolongation (Tseng 2001). We found a reduction in
Ikr in 4 M HF, which does not occur in 4-6 week tachypacing models (Li et al. 2002) or in 1
month HF in the present study. The HF duration-dependent reduction may be explained by
hypertrophic modulation of Ik, as this was only observed in the 4 M HF group. This is
consistent with reduced Ik, observed in a proarrhythmic chronic AV nodal block canine
model of biventricular hypertrophy (Volders et al. 1999). While not measuring I, directly,
human studies using E-4031 (a specific I, blocker) have demonstrated reduced response to
Ikr blockade in failing human hearts compared to controls. This study also found Kv11.1
hERG 1a protein expression was reduced compared to controls(Holzem KM et al. 2011),
suggesting reduced functional expression of Ik, may be one mechanism contributing to HF-
induced Ik, downregulation.

Since we found reductions in multiple repolarizing currents, this suggests a role for reduced
repolarization reserve (Roden 1998) as the basis of EAD formation. Reduction of Iy,
specifically, has been demonstrated to produce repolarization instability, which in itself can
predict proarrhythmia (Thomsen et al. 2006). Our study showed that chronic HF results in
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both AP and QTc prolongation with concurrent increased beat-to-beat variability of cellular
repolarization and the appearance of EADs. In normal canine ventricle, combined inhibition
of Ik, Iks, and lig block can induce EADs (Virag et al. 2011), suggesting these reductions as
a mechanism for our observed EADs in HF.

A recent report suggests a role for reactive oxygen species (ROS) in the regulation of Iy,
function (Shu et al., 2013). Increased oxidative stress has been implicated in the
pathophysiology of several forms of HF, included non-ischemic dilated cardiomyopathy
(Sam et al. 2005). While we found no increases in superoxide anion formation, we had
previously demonstrated a generalized increase in ventricular ROS in this 4 M HF model
(Terentyev et al. 2008). Nitric oxide synthase-dependent ROS are suggested to have a role in
the regulation of several repolarizing K* currents (Bonilla et al. 2012). In this study, we
found increases in Fe-S signal intensity in both 1 M HF and 4 M HF, consistent with
increased reduction of these centers that could arise secondary to an increase in nitric oxide
(NO) that can block distal electron transport (Zweier et al. 1995;Cleeter et al. 1994). NO has
been found to reduce Iy, in human cardiomyocytes (Gomez et al. 2008) and therefore the
observed HF-induced current decreases may be in part attributable to altered NO signaling.

Our model is a model of non-ischemic dilated cardiomyopathy, and does not necessarily
reflect all etiologies of HF. We also limited our study to ventricular myocytes from the
midmyocardial layer which may not fully reflect all transmural changes. We did not assess
in vivo arrhythmias, but have previously reported increased premature ventricular
contractions in chronic canine HF (Kubalova et al. 2005). The present study did not evaluate
the contribution of other arrhythmogenic mechanisms; previous work in this model has
shown that changes in calcium handling attributable in part to posttranslational
modifications of ryanodine receptors by ROS occur (Terentyev et al. 2008) and may also
contribute to arrhythmogenesis. Our study also did not evaluate other potentially affected
ion currents (e.g. late sodium or sodium-calcium exchanger) which may also contribute to
arrhythmogenesis (Valdivia et al. 2005; Sipido et al. 2007).

We did not assess protein expression of all K* subunits. Furthermore, differences in mMRNA
expression also exist between this model and previous reports (Akar et al. 2005; Zicha et al.
2004). The literature on ion channel gene and protein expression in heart failure is highly
variable and sometimes contradictory (Nattel et al. 2007; Soltysinska et al. 2009). The
variability may reflect the complexity of the system which is affected by modulation
downstream of mMRNA transcription, such as micro-RNA targeted degradation, post-
translational modifications, and/or changes in protein trafficking can determine ion channel
function. Therefore, alterations in gene expression may be d ynamic and not always translate
to equivalent protein expression.

Electrophysiological modeling during human HF is poorly defined due to the reliance on
end-stage HF (explanted hearts from transplant recipients) who are treated with multiple
drugs which can elicit their own electrophysiologic effects (Haverkamp et al. 2000)and
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limited access to true normal controls (Hearse and Sutherland 2000). In this paper, we
present a chronic canine HF model which emulates many of the alterations seen in human
HF more accurately than other short-term canine tachypacing models. The downregulation
of Iy, not seen in other pacing models, along with other K* currents provides a rational
mechanism for EAD formation. We present data suggesting that duration of HF produces
progressive electrical remodeling, resulting in proarrhythmic potential at the cellular and
organ level. Further studies are warranted to elucidate the relationships between ion channel
subunit gene, protein and function during heart failure.
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Figure 1. Interstitial Fibrosis is Increased in Chronic HF
Representative Masson’s Trichrome staining of LV tissue. A. Control. B.1 M HF. C. 4 M

HF. D. Summary data (*p<0.05 vs control).

Life Sci. Author manuscript; available in PMC 2016 February 23.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Long etal.

A —— Control
1MHF
——A4MHF
50 mV
4 ——0o
100 ms
B —a— Control (n=23)
1 M HF (n=31)
4804 0 = 4 M HF (n=26)
* *p<0.05 vs Control
a
= Wy %
0 N
5 350 \'\:
8 s e
a” 300+ S
o el
< 250/ \‘\h
200+
0.5 Hz
1Hz 2Hz
—ea— Control (n=23)
C - 1 MHF (n=31)
650 —a— 4 M HF (n=26)
*p=0.05 vs Control
600 N #p<0.05 vs 1 M HF
- 550 .
w
500
E \\ #
g 450+ \\._‘_
o 400+
[ ~_#
< 350 . ~i
o -\
250
1Hz
0.5 Hz 2Hz

Beat-to-Beat Variability (SD)

m

Number of EAD's

N W s OO O

Page 16

B Control (n=23)

1 M HF (n=34)

8 ;4 M HF (n=26)
: *p<0.05 vs control
#p<0.05 vs 1 M HF

300 ms

Control (n=0/23)
| 1 M HF (n=2/31)
4 M HF (n=7/26)

*p=0.05 vs Control

Figure 2. Progressive action potential prolongation and cellular arrhythmias during heart failure
A. Representative action potentials at 1 Hz. B. APDsg is prolonged at 1 and 4 months of HF

(p<0.05). C. APDgyy is significantly prolonged in 4 M HF compared to 1 M HF and control

(p<0.05). D. Beat-to-beat variability (representative, top) was significantly increased in 4 M
HF (*p<0.05 vs. control, #p<0.05 vs. 1M HF). E. Early afterdepolarizations (representative,
top) were more frequent in 4 M HF (*p<0.05 vs control).
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Figure 3. HF decreases lig

A. Representative ly, current tracings from each group; voltage protocol shown in the inset.
B. I-V curves (*p<0.05 vs. control) C. Iy, slope conductance is decreased in HF (*p<0.05).
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Figure 4. Iy kinetics are altered in chronic HF
A. Representative steady state inactivation traces of I, recorded with the voltage protocol

displayed in the inset. B. Steady state inactivation and activation curves of Iy, fit to
Boltzmann functions, demonstrates a “window” current, that is reduced as the heart fails C.
Representative traces elicited by two-step protocol in control and 4 M HF; voltage protocol
in inset. D. Summary data of recovery from inactivation; HF significantly prolongs recovery
to 50% of total Iy, current (p<0.05 vs control).
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Figure 5. Outward lk1, but not inward 1, is reduced in chronic but not short-term HF
A. Representative Ik  current tracing, voltage protocol displayed in the inset. B. I-V curves;

inset shows expanded |-V curve of outward lxq C. Peak outward Ik is significantly
reduced in 4 M HF vs. control (p<0.05). D. Rectification ratio is significantly increased in 4
M HF vs control (p<0.05).
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Figure 6. Iks and Ik, are reduced in chronic HF
A. Representative g tail currents (defined as the sotalol-insensitive current) from each

group; inset: voltage protocol B. I-V curves (*p<0.05 vs. control; #p<0.05 vs. 1 M HF) C.
Iks slope conductance is reduced in 4 M HF (p<0.05 vs control). D. Representative Ik, tail
currents (defined as the sotalol-sensitive current) recorded with the same voltage protocol in
(A). For ease of viewing, only traces recorded —20 mV, +30 mV, and +60 mV are depicted.
E. Ik, I-V curves (*p<0.05 vs control).
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Figure 7. Protein expression and mRNA levels of K* channel subunits
A. Representative Western Blots of l; subunits Kv4.3 and KChiP2. B. Summary data of

Kv4.3 and KChIP2 protein expression (p=NS) C. mRNA for K* channel subunits. ("p<0.05
vs. control; #p<0.05 vs. 1 M HF).
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Figure 8. Heart failure increases ventricular oxidative stress
A. Representative EPR spectra of tissue homogenates measured at 77 K in control, 1 M HF,

and 4 M HF. B. Summary data of semi-quinone radical centeres. (C) Summary data of Fe-S
centers. (p< 0.05 vs. control).
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Echocardiographic and Electrocardiogram parameters in 4 M HF animals

TABLE 1

Baseline 1 Month HF | 4 Month HF
Fractional shortening (%) 29.6 £1.49 152+097 | 11.2+084" #
Left Ventricle Dimension (cm)
Diastole 346013 | 433+015 | 528+021"#
Systole 2.41+0.07 367+0.12° | 468+018"#
Left Ventricle mass () 91.6+9.15 | 1212+11.0 | 1577+16.1%#
ECG parameters
PR (ms) 110.7 £5.24 | 108.1 +5.01 107.9 + 3.85
QRS (ms) 458+247 | 501£303 | 5404410
RR (ms) 578.4+35.4 | 520.2+53.3 511.2 +69.4
QT (ms) 201.1+6.10 | 199.6 +7.40 | 198.9+8.38
QT (ms) 24254335 | 25012459 | 2504+ 433"

N=7-10 per observation;

*
p<0.05 vs baseline;

#p<0.05 vs 1 M HF. Values are means + SE.
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