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Background

and results

A recent genome-wide association study identified a susceptibility locus for atrial fibrillation at the KCNN3 gene. Since the
KCNN3 gene encodes for a small conductance calcium-activated potassium channel, we hypothesized that overexpres-
sion of the SK3 channel increases susceptibility to cardiac arrhythmias.

We characterized the cardiac electrophysiological phenotype of a mouse line with overexpression of the SK3 channel.
We generated homozygote (SK3"7) and heterozygote (SK3™'T) mice with overexpression of the channel and compared
them with wild-type (WT) controls. We observed a high incidence of sudden death among SK3™" mice (7 of 19 SK3™"
mice). Ambulatory monitoring demonstrated that sudden death was due to heart block and bradyarrhythmias. SK3"'"
mice displayed normal body weight, temperature, and cardiac function on echocardiography; however, histological ana-
lysis demonstrated that these mice have abnormal atrioventricular node morphology. Optical mapping demonstrated
that SK3™" mice have slower ventricular conduction compared with WT controls (SK3™7 vs. WT; 0.45 + 0.04 vs.
0.60 =+ 0.09 mm/ms, P = 0.001). Programmed stimulation in 1-month-old SK3™" mice demonstrated inducible atrial
arrhythmias (50% of SK3™' vs. 0% of WT mice) and also a shorter atrioventricular nodal refractory period (SK3™7 vs.
WT; 43 + 6 vs. 52 + 9 ms, P = 0.02). Three-month-old SK3™" mice on the other hand displayed a trend towards a
more prolonged atrioventricular nodal refractory period (SK3"7 vs. WT; 61 + 1 vs. 52 + 6 ms, P = 0.06).

Overexpression of the SK3 channel causes an increased risk of sudden death associated with bradyarrhythmias and heart
block, possibly due to atrioventricular nodal dysfunction.

Keywords

1. Introduction

The SK3 (KCNN3, K,2.3) channelis one of a family of three small con-
ductance (SK), voltage-independent, calcium-activated potassium chan-
nels. The other members of the SK family include SK1 (KCNN1, Kc,2.1)
and SK2 (KCNN2, K,2.2). SK channels are gated directly by submicro-
molar concentrations of intracellular calcium.” SK channels, therefore,
provide a link between intracellular calcium transients and membrane
potassium conductance.”?

SK channels are expressed in excitable tissues such as cardiomyo-
cytes™ and neurons.® During neuronal action potentials, activation
of SK channels contributes to classical afterhyperpolarization which
plays a critical role in the regulation of neuronal firing rate and
pattern.” The role of SK channels in cardiac electrophysiology is less

Arrhythmias e Atrial fibrillation e lon channels e Heartblock e Potassium channel

clearly defined. Previous studies have demonstrated that, in a murine
model, knockout of the SK2 channel results in prolongation of the
action potential and alterations in the spontaneous firing rate of pace-
maker cells.®>” The SK3 channel has been demonstrated to form hetero-
multimeric complexes with the SK2 channel in vitro, and blockade of
the SK2/3 complex has also been shown to prolong the action potential
duration (APD) in isolated cardiomyocytes."

A number of studies have implicated SK channels in the pathogenesis
of atrial fibrillation (AF). A recent genome-wide association study iden-
tified a susceptibility locus for AF at the KCNN3 gene."" Inisolated rabbit
atria, burst pacingin the pulmonary veins, which play animportant role in
the genesis of AF, causes an up-regulation of the KCNN current (Ix c,)
with consequent shortening of the action potential.'® Pharmacological
inhibition of SK channels has been reported to suppress AF, an effect
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that s likely to be mediated by prolongation of the atrial effective refrac-
tory period (AERP)."*"* However, the interaction between SK channels
and susceptibility to arrhythmias remains unclear: notably, knockout of
SK2, which is predicted to attenuate the Iy , current, also increases sus-
ceptibility to AF® Furthermore, in a canine model, pharmacological
blockade of the I c, current increases risk of atrial arrhythmias.15

SK channels have also recently emerged as potentially important con-
tributors of ventricular arrhythmias. In a rabbit heart failure model, the
I ca current is heterogeneously up-regulated due to increased sensitiv-
ity of SK channels to intracellular calcium and pharmacological blockade
of Ix ca eliminates spontaneous ventricular arrhythmias.'® Similarly, in a
rat acute myocardial infarction model, blockade of the Iy , current has
been reported to prolong the APD and to suppress ventricular arrhyth-
mias."’

Based onthese observations, we hypothesized that overexpression of
the SK3 channel increases susceptibility to cardiac arrhythmias.'® In the
present study, we found that SK3 channel overexpression is associated
with sudden death and increases susceptibility to a spectrum of arrhyth-
mic syndromes, including heart block and bradyarrhythmias, AF, and
slowed ventricular conduction.

2. Methods

2.1 Generation of mice with overexpression
of Kenn3

All animal experiments were approved by the Partners Subcommittee on
Research Animal Care (SRAC) and were conducted in compliance with
the regulations published in the US National Institute of Health Guide for
the Care and Use of Laboratory Animals. SK3" mice harbour a tetracycline-
based genetic switch upstream of the Kcnn3 gene. At baseline, the mutant
allele results in overexpression of Kcnn3 while upon administration of
tetracycline (or doxycycline), Kcnn3 expression has been reported to be
eliminated.’® Heterozygote (SK3*'T) mice were crossed to generate homo-
zygote (SK3™7), heterozygote (SK3™7), and wild-type (WT) siblings.

Mice were weaned and genotyped at 4 weeks of age by PCR of tail snip
DNA. Mice were maintained in a standard facility with controlled tempera-
ture and humidity with 12-h light and dark cycles. Food and water were avail-
able ad libitum. To suppress Kcnn3 expression, SK3™" mice were treated with
doxycycline (2 mg/mL in drinking water).

Initially, data were obtained from 3-month-old SK3™7, SK3*/T, and WT
mice. However, a high incidence of sudden death in SK3"" mice between
20 and 40 days of age prompted evaluation with optical mapping and pro-
grammed electrical stimulation in 1-month-old mice to avoid a survival bias.

2.2 Anaesthesia

Mice were anaesthetized to minimize discomfort and stress during in vivo
electrophysiology studies, implantation of telemetry devices, tail snipping,
and prior to euthanasia. Anaesthesia was induced by administering 5% iso-
flurane (VetOne, USA) driven by an oxygen source into an induction
chamber. Anaesthesia was subsequently maintained with 1-2% isoflurane
in 95% O, delivered via a modified Bain circuit mask’s inner tube. Mice
were tested for adequate depth of anaesthesia by toe-pinch reflex. Proper
anaesthesia was deemed to have been attained when pinching of the paw
consistently failed to elicit a reflex. Euthanasia was performed by intraperito-
neal administration of sodium pentobarbital 200 mg/kg (Hospira, Lakeford,
IL, USA). Once animals were injected, sufficient time was allowed for
them to develop respiratory arrest.

2.3 Echocardiography

A GE Vivid 5 with a 15L8 15 MHz linear array transducer at a frame rate of
100 frames/s was used to perform echocardiography. The echocardiograms

were performed in the absence of anaesthesia. Mice were trained by repeat-
edly simulating the procedure. Two-dimensional views were acquired in the
short-axis and parasternal long-axis view. M-mode recordings were acquired
in the short-axis view at the level of the papillary muscles.

Left ventricular chamber dimensions (left ventricular internal dimension
diastole, left ventricular internal dimension systole, and wall thickness)
were measured from the M-mode recordings. Left ventricular fractional
shortening (FS) and ejection fraction (EF) were calculated as follows:

LVinternaldimensiondiastole —LVinternaldimensionsystole
FS (%) = - - P—
LVinternaldimensiondiastole
x 100
LVend-diastolicvolume — LV end-systolicvolume
EF (%) = 1
%) ( LVend-diastolicvolume ) X100

2.4 Histology and immunohistochemistry

Heart sections from 3-month-old SK3™" and WT mice were stained for fi-

brosis with Masson’s trichrome stain (Sigma-Aldrich, St. Louis, USA) using
standard protocols. Connexin-43 localization was analysed by staining
heart slices with a connexin-43 primary antibody and an horseradish
peroxidase-linked secondary antibody (Abcam, MA, USA). Slides were
imaged using a fluorescence microscope (Leica DMIRB).

For analysis of atrioventricular nodal morphology, extracted hearts were
snap frozen in OCT and sectioned at 10 wM. Sections were stained with an
anti-HCN4 primary antibody (Alamone Labs, Jerusalem, Israel) and a goat
anti-rabbit secondary antibody (Molecular Probes, OR, USA). The sections
were mounted with Hard Set mounting medium with 4,6-diamidino-2-
phenylindole (Vectashield, Burlingame, CA, USA) and imaged on a Zeiss
LSM 510 Meta confocal microscope.

2.5 Optical mapping

Isolation and perfusion of the heart was performed as previously
described.?®*" Briefly, the mouse was anaesthetized using isoflurane, the
heart excised, and perfused via an aortic cannula. The cannulated heart
was perfused with a modified Tyrode solution (128.2 mM NaCl, 4.7 mM
KCl, 1.19 mM NaH,PO4 1.05mM MgCl,, 1.3 mM CaCl,, 20.0 mM
NaHCO3, 11.1 mM glucose; pH 7.35 + 0.05)*" using a Langendorff perfu-
sion setup. Blebbistatin (10 wM, Tocris Bioscience, MO, USA) was used to
arrest cardiac motion. The heart was stained for 30 min with a voltage sen-
sitive dye (di-4-ANEPPs, 2 mmol/L in Dimethy! sulfoxide).

Custom-made epicardial platinum electrodes and a Medtronic stimulator
were used to pace the heart. Pacing was performed ata 150 ms cycle length
at twice the capture threshold (1 ms square wave stimuli). A halogen light
source (X-Cite 150 W, filtered at 520 + 45 nm) was used to excite fluores-
cence. Emissions >610 nm were collected and focused onto an 80 x 80
CCD camera (RedShirt Imaging SMQ Camera and Macroscope IIA) using
a50 mm x2.7 lens (numerical aperture 0.4). Data sampling was performed
at 2000 frames per s with a filter setting of 1 kHz. A specifically designed
Matlab program was used to perform data analysis in order to generate con-
duction velocities and APD at 80% repolarization.

2.6 Electrophysiology studies

Electrophysiology studies were performed in 1-month-old mice as previous-
ly described.®*? The anaesthetized mouse was intubated and ventilated via a
tracheostomy. A jugular cutdown was performed to gain access to the right
internal jugular vein. An octapolar catheter (Millar Instruments, TX, USA)
was positioned in the right atrium and ventricle via the jugular vein. Pro-
grammed electrical stimulation was performed using a standard protocol
with 100 ms drive trains and single extrastimuli to measure function of the
atrioventricular node and the conduction properties of atrial and ventricular
tissue. The Wenckebach cycle length was measured by progressively faster
atrial pacing rates. Sinus node function was determined by measuring the
sinus node recovery time (SNRT) following 20 s of pacing at three cycle
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lengths (120, 100, and 80 ms). Burst pacing was performed with eight 50 ms
bursts and four 30 ms burst episodes up to a total burst pacing duration of
1 min. Programmed electrical stimulation for induction of arrhythmias was
performed with single, double, and triple extrastimuli up to a minimum coup-
ling interval of 10 ms as previously described.?

2.7 Implantable loop recording

Continuous ambulatory monitoring was performed in ~1-month-old SK3™"
mice by implanting an ETA-F10 transmitter (Data Sciences International,
MN, USA). The procedure was performed as previously described.”?
Under local anaesthesia with 2% lidocaine (MP Biomedicals, OH, USA)
and general anaesthesia with isoflurane (Vet One, USA), the transmitter
was implanted in the abdomen and tunnelled leads were placed in the modi-
fied lead Il position. Telemetry data was recorded continuously via a receiver
placed under the mouse cage. The data were imported for analysis using the
ChartPro software (ADInstruments, CO, USA).

2.8 Quantitative PCR

Cardiac tissue was homogenized and total RNA isolated using Trizol reagent
(Invitrogen, CA, USA) according to the manufacturer’s instructions. The
Superscript Il kit (Invitrogen) was used to reverse transcribe the RNA to
cDNA. Primer pairs for Kcnn3 and 3 actin were designed to span intronic
boundaries. Real-time PCR was performed using the GeneAmp PCR
System 9600 thermocycler (Perkin—Elmer, CT, USA). Analysis was per-
formed using the delta—delta G+ method normalized to 8 actin. Kcnn3 ex-
pression levels in SK3"7 and SK3™'" mice relative to WT siblings were
expressed as a fold difference.

2.9 Statistical analysis

Data analysis was performed using the Student’s t-test. A P-value of <0.05
was considered as statistically significant. Data were presented as mean
values + standard deviation.

3. Results

3.1 Generation of SK37'T and SK3™*'T mice

We characterized a mouse line with a tetracycline-based genetic switch
upstream of the Kcnn3 gene. At baseline, SK3"' (homozygote) mice dis-
played an up-regulation of Kcnn3 expression in all four cardiac chambers
compared with WT controls. The most marked overexpression was
observed in the ventricles (Figure 1A) . SK3*'T (heterozygote) mice
also displayed up-regulation of Kcnn3 expression; however, the differ-
ence in expression levels was more subtle (Figure 1B). In SK3"" mice
treated with doxycycline (designated SK3""4 DOX), Kcnn3 expression
was suppressed and was comparable with that observedin WT controls
(see Supplementary material online, Figure S2). Due to the limitations of
the anti-KCNN3 antibody, we were unable to determine relative SK3
protein expression levels in SK3” mice.

SK3™" mice demonstrated normal growth and achieved similar body
weights to WT siblings (see Supplementary material online, Figure S6).
Histological analysis did not demonstrate any structural cardiac abnor-

malities in SK3™T

mice. Specifically, haematoxylin-eosin staining did
not reveal abnormal hypertrophy, dilatation, or myofibrillar disarray.
Masson’s trichrome staining revealed an absence of myocardial fibrosis
(see Supplementary material online, Figure S1). Echocardiographic ana-
lysis also revealed structurally normal hearts in SK3™" and SK3*/
mice. There were no significant differences in left ventricular dimensions
and systolic function in 3-month-old SK3"" and SK3™/" mice compared

with age-matched WT mice (Table 7).

3.2 Sudden death in SK3"7'T mice

We observeda high incidence of premature sudden death in SK3™'"

mice.
As demonstrated in the Kaplan—Meier survival curves in Figure 2, by the
age of 3 months, 7 of 19 SK3"" males had died suddenly, while there was
no mortality observed among SK3™" (n = 42) and WT mice (n = 55).
The highest mortality was observed between the ages of 20 and 40
days. We did not observe any abnormal behaviour or appearance in
the days preceding death. Interestingly, we found that administration
of doxycycline silenced SK3 overexpression and resulted in a rescue
ofthe sudden death phenotype (Figure 2 and see Supplementary material
online, Figure $2). Of 25 SK3™" males treated with doxycycline (K377 +
DOX), none died suddenly.

37T mice

mice, ambula-

3.3 Ambulatory monitoring in SK

To determine the mechanism of sudden death in SK37

tory cardiac monitoring was performed in 1-month-old SK3™" mice
(n = 6) and WT mice (n = 2). Of six SK3™" mice that underwent ambu-
latory monitoring, four died suddenly. In one of the mice, however, death
occurred within 10 days of implantation of the telemetry device. Based
on the fact that this mouse may have died due to a complication related
to device implantation, it was excluded from further analysis.
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Figure I Comparison of KCNN3 expression in SK3™, SK3*/T, and
WT mice by reverse transcription-polymerase chain reaction.
KCNN3 mRNA levels were quantified in all four cardiac chambers
and normalized to B-actin expression. Results are expressed as fold
change relative to expression levels in WT controls. Error bars repre-
sent the standard error of mean. (A) SK3"" mice display up-regulation
of KCNN3 expressionin all four cardiac chambers when compared with
WT mice. The most marked overexpression was seen in the ventricles
(*P < 0.01). (B) SK3™'" mice display up-regulation of KCNN3 expres-
sion; however, the up-regulation was less pronounced. RA, right
atrium; LA, left atrium; RV, right ventricle; LV, left ventricle.
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Table I Echocardiographic measurements in 3-month-old mice

LVEDD (mm) LVESD (mm)
WT (n = 15) 30+02 15402
SK3™T (n=13) 32+02 1.6 + 0.1
SK3™ (n = 5) 3.0+ 04 15+ 0.1

IVSD (mm) PWD (mm) FS (%) EF (%)
0.8 + 0.1 0.8 + 001 48+8 8546
0.7 + 001 0.8 + 001 50 + 1 87 + 1.1
0.8 + 0.02 0.8 + 0.05 5344 89 +3

LVEDD, left ventricular end-diastolic dimension in diastole; LVESD, left ventricular end-systolic dimension; IVSD, interventricular septal dimension in diastole; PWD, posterior wall dimension

in diastole; FS, fractional shortening; EF, ejection fraction.

The cardiac rhythm recorded at the time of death in two of the three
remaining mice that died suddenly was heart block followed by severe
bradycardia. We were unable to record the rhythm in the third SK3"'7
mouse due to depletion of the battery in the monitoring device. The
first mouse, SK3"7 (1), had bradycardia with sinus arrest and advanced
atrioventricular conduction block (Figure 3B). The second mouse, SK3""
(2), had bradycardia with a pronounced first-degree atrioventricular
block (PR interval 52 ms, normal range in age-matched C57BL/6) mice
294 + 45)** and evidence of interventricular conduction delay
(Figure 3C). Neither of the WT mice died during ambulatory monitoring.

T
3

During the period of ambulatory monitoring, SK3'"" mice had a lower

37T mice displayed fre-

mean heart rate compared with WT mice. SK
quent episodes of atrioventricular dissociation, both at rest and during
periods of activity (see Supplementary material online, Figure $3). SK3™"
mice also displayed more pronounced variability of the heart rate and
the PR interval. The results are summarized in Table 2, Figure 4, and Sup-
plementary material online, Figure S4.

The body temperature of the SK3"" and WT mice was also recorded
during ambulatory monitoring. Five of the six SK3"" mice and both WT
mice demonstrated normal temperature recordings throughout the
monitoring period. One SK3™" mouse that died within 10 days of
device implantation displayed significant hypothermia (average tem-
perature 31.7°C) throughout the recording. Since it was unclear if the
hypothermia was due to a calibration issue with the monitor, an
adverse reaction to anaesthesia, or a failure to recover fully from the
surgery, to be conservative we excluded this mouse from further ana-
lysis. The results from ambulatory temperature monitoring are summar-
ized in Supplementary material online, Figure S7.

3.4 Atrioventricular node histologyin SK3™'"

mice

To further investigate the potential mechanisms underlying atrioven-
tricular block in SK3™" mice, we performed histological analysis of the
atrioventricular node in 5-month-old mice. SK3"" and WT mice both
exhibited increased HCN4 immunoreactivity, which is characteristic
of the atrioventricular node (see Supplementary material online,
Figure $8). However, when compared with control, the SK3"  mouse dis-
played an overtly enlarged and disorganized nodal structure combined
with an increased observance of pyknotic nuclei, a phenotype which
could explain the lack of conduction resulting in the atrioventricular
block observed in Figure 3.

3.5 Ventricular conduction velocities and
action potential duration in SK37'T mice
Optical mapping of isolated, Langendorff-perfused hearts from SK3"",

SK3™T and WT mice was performed at 1 month of age. We selected
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- SK3
0.25
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Figure 2 Sudden death in SK3"" mice. Kaplan—Meier survival plot of
male WT (n = 42), SK3™" (n = 55), SK3"" + DOX (n = 25), and
SK3™ (n = 19) mice at 90 days. Cumulative survival rate is plotted
against age (days). SK3"" mice demonstrated a marked increase in
the incidence of sudden death between the ages of 20 and 40 days.

this time point due to a high incidence of sudden death among SK3™'"

mice between the ages of 20 and 40 days. SK3"'" mice displayed a signifi-
cantly slower ventricular conduction velocity when compared with WT
mice (Figure 5A). We also observed a trend towards slower ventricular
conduction in SK3*T mice. A representative example of the ventricular
activation pattern during pacing at 150 ms from the left ventricular apex
is demonstrated in Figure 5B. We did not observe significant differences
in the APDgg between SK_?T/T, SK3+/T, and WT mice. However, we did
observe a marked increase in the dispersion in the APDgg in SK3™"
mice (Figure 5Cand D).

3.6 Programmed stimulation in SK3™'"

and SK3V'T mice

Programmed electrical stimulation in SK3"" and SK3™*'" mice was per-
formed at 1 and 3 months of age. At 1 month, both SK3" and SK3™'"
mice displayed inducible AF/atrial arrhythmias. Three of the six SK3"7
mice and one of the five SK3*/7
Atrial arrhythmias were defined as arrhythmias that lasted for more
than five consecutive beats. None of the eight age-matched WT mice
had atrial arrhythmias. SK3"'"
mature beats during ambulatory monitoring. The results are summar-
ized in Figure 6. Of note, at a 3-month time point, we did not observe
atrial arrhythmias in SK3T/T, SK3+/T, or WT mice.

One-month-old SK3™" mice demonstrated an abbreviated atrioven-
tricular nodal effective refractory period (AVNERP) compared with

mice had inducible atrial arrhythmias.

mice also displayed spontaneous atrial pre-

WT mice during programmed stimulation. Furthermore, both SK3™'"
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Figure 3 Representative telemetry recordings from SK3™" mice at the time of sudden death. (A) Normal sinus rhythm in a WT mouse demonstrating

normal PR interval and heart rate. (B) Severe bradycardia with sinus arrest and atrioventricular block in SK

3" mouse (number 1). (C) Severe sinus brady-

cardiawith first-degree atrioventricular block (PR interval 52 ms, normal range in C57BL/6] mice 29.4 + 4.5)in SK3"" mouse (number 2). The voltage of the
QRS complexes (mV) is depicted on the y-axis and time (s) is depicted on the x-axis mV, millivolts.

Table2 Baseline conduction intervalsin 3-month-old mice

Mouse PR median PRIQR RR median RRIQR
SK3" (1) 375 0.9 103 20.7
SK3™ (2) NR. NR. 11 27.7
SK3"(3) 36 37 140 37
SK3"T(4) 35 24 141 55
SK3(5) 408 15 129 30

WT (1) 344 15 99 139

WT (2) NR. NR. 112 17

N.R., no recording; IQR, inter-quartile range.

and SK3™" mice displayed abbreviated Wenckebach cycle lengths.
Among 3-month-old SK3"" mice on the other hand, we observed a
trend towards a prolonged AVNERP. These mice also have a trend
towards a more prolonged SNRT. The results are summarized in
Tables 3 and 4.

3.7 Connexin-43 expression in SK3™'T mice

Connexin-43 is a major determinant of the ventricular conduction
velocity.25
of reduced conduction velocity in SK3"" mice, we performed immuno-

To exclude altered connexin-43 expression as the cause

histochemical staining. Hearts from 3-month-old SK3™7 mice were

compared with WT mice. We did not observe significant changes in
connexin-43 expression or differences in connexin-43 localization
between the two groups. Consistent with previous studies, connexin-43
was demonstrated to localize to the borders between myocytes® (see
Supplementary material online, Figure S5).

4. Discussion

In the present study, we examined the role of the SK3 channelin cardiac
electrophysiology by characterizinga mouse line that overexpressed the
SK3 channel. We found that homozygote mice with overexpression of
Kcnn3 (SK3™'T) had overtly normal cardiac function and yet had a high in-
cidence of sudden death. While acute extracardiac causes, including re-
spiratory failure and neurological events, cannot be fully excluded, we
believe that primary heart block and bradycardia are the most likely ex-
planation. Interestingly, the atrioventricular node in SK3™" mice was
enlarged and had an abnormal structure. Furthermore, SK3™T mice
had slowed ventricular conduction and increased ventricular repolariza-
tion heterogeneity. Both SK3"'" and heterozygote SK3*'" mice had an
increased susceptibility to AF and atrial arrhythmias. In summary, our
results indicate that the SK3 channel has a role in atrial, atrioventricular
nodal, and ventricular conduction (see Supplementary material online,
Figure $9).

Previous studies have demonstrated that overexpression of the SK2
channel, which can exist in a heteromultimeric complex with the SK3

channel, results in sinoatrial and atrioventricular nodal dysfunction.
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Figure 4 Heart rate and PR interval in conscious WT and SK3™" mice recorded by telemetry. (A) Representative scatter plots of continuous heart rate

monitoringin SK3™7

the PR and RR intervals recorded at 3 months of age.

Zhanget al.’ reported that overexpression of the SK2 channel results in a
shortening of the action potential duration in atrioventricular nodal
myocytes, while knockout of the channel has the opposite effect. Fur-
thermore, Li et al.® demonstrated that SK2 null mice have a prolonged
sinus node recovery period and Wenckebach cycle length. Consistent
with these findings, we observed a shortening of the Wenckebach
cycle length and AVNERP in 1-month-old SK3"" and SK3*/ mice com-
pared with control mice. In contrast, 3-month-old SK3"'T mice had a
trend towards prolonged atrioventricular node and sinus node recovery
periods, findings consistent with the atrioventricular conduction block
we observed on ambulatory monitoring.

While the SK1 and SK2 channel subtypes are predominantly
expressed in the atrium, SK3 is expressed in the atrium and the ven-
tricle.” This expression profile suggests that the SK3 channel plays a po-
tentially important role in ventricular repolarization. Chua et al
previously reported that, in a rabbit heart failure model, up-regulation
of the I c, current increases repolarization heterogeneity and suscepti-
bility to recurrent ventricular arrhythmia.?® Similar results have also
been reported in rat models with acute myocardial infarction." In a
more recent study, Chang et al.”’ found that blockade of the Ik c,
current in a rabbit heart failure modelinduces triggered activity and tor-
sades des Pointes. These findings imply that I c, is an important con-
tributor to maintaining repolarization reserve in failing hearts. The
identification of slowed ventricular conduction and augmented repolar-
ization heterogeneity in SK3™'" mice further expands on the role of SK
channels.

Our findings are largely consistent with those of Zhang et al. in the ac-
companying manuscript. Similarly, they also observed a high incidence of

and WT mice. SK3"" mice displaya lower average heart rate and increased heart rate variability. (8) SK3™" display increased variability in

sudden death among SK3™7 mice and no reported mortality among
SK3*'T and WT mice. In their study, which focused on the role of the
SK3 channel in atrial myocytes, they found that overexpression of the
channel results in an abbreviated action potential while suppression of
channel expression has the opposite effect. In contrast to the findings
from Zhang et al. discussed above, we did not demonstrate alterations
in the AERP in SK3"" mice. Since they observed significantly higher ex-
pression of the SK3 channel in SK3"7 mouse atria compared with
those observed in our study, it is possible that the more pronounced
up-regulation of SK3 channel expression may account for the more
abbreviated AERP observed in their study.

The results of the present study indicate that overexpression of the
SK3 channel creates a pro-fibrillatory substrate in the atrium. Our
results are further supported by the elegant recent study by Qi et al.*®
They observed that, in a canine model subjected to atrial tachypacing,
up-regulation of the I ¢, current is associated with an increased suscep-
tibility to AFand appears to promote the maintenance of the arrhythmia.
Furthermore, they demonstrated that the I c, current is larger in the
pulmonary veins when compared with the left atrium. Atrial tachypacing
was associated with an increased open probability of SK channels. Quan-
tification of channel expression demonstrated higher SK2 channel
expression in the pulmonary veins relative to the left atrium and
up-regulation of SK1 channel expression in response to atrial tachypa-
cing. Of note, however, SK3 channel expression was not significantly
altered, either between the pulmonary veins and left atrium or in re-
sponse to atrial tachypacing. Ultimately, further research will be neces-
sary to characterize the precise role of the SK3 channel in the
pathogenesis of AF.
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Figure 5 High-resolution optical mappinginisolated SK3™, SK3*+/T and WT mouse hearts. (A) Ventricular conduction velocity at a pacing cycle length of
150 ms in 1-month-old SK3™", SK3™/T and WT mice. Conduction velocity was significantly slower in SK3” mice (CV 0.45 + 0.04vs. 0.60 + 0.09 mm/ms,
P = 0.001). (B) Representative example of ventricular activation maps on the anterior surface of the heart ina WT and SK3"" mouse. Hearts were paced
fromthe leftventricularapexata cycle length of 150 ms,and epicardial activation was recorded as it spread from the apex to the base. (C) SK3""and SK3™/" mice
do not display significant differences in APDgo when compared with WT mice. (D) SK3™ display increased dispersion of the APDgo when compared with WT
mice. SK3™/" mice on the other hand do not display differences in APDgq dispersion. APD measurements were made at a pacing cycle length of 150 ms. APDg,
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Figure 6 Programmed electrical stimulation in Sk37T sk3*T and
WT mice. (A) Percentage of 1-month-old WT, SK3*T, and SK3™"
mice with inducible AF/atrial arrhythmias on programmed electrical
stimulation. (B) Representative example of induction of AF after
rapid atrial pacing (cycle length 30 ms) in an SK3”" mouse. The top
tracing s an intracardiac electrogram fromthe atrioventricular junction
(A) demonstrating atrial and ventricular activity. The lower tracingis an
intracardiac electrogram from the right ventricular apex (V) demon-
strating ventricular activity. The intracardiac electrograms demon-
strate rapid atrial activity with variable conduction to the ventricle.

5. Limitations

The present study was subject to a number of limitations. Previous
studies have demonstrated that mice with variable expression of the
SK3 channel have abnormal respiratory responses to hypoxia and
seizure activity.'”*” Furthermore, it has been reported that parasympa-
thetic hyperactivity in mice with seizures and profound hypoxia can
result in severe bradycardia.***' Therefore, it is plausible that sudden
death is a consequence of neurological or respiratory dysfunction, and
that bradycardia and heart block is a secondary phenomenon. While
we did not observe seizure activity or abnormal respiratory function
in SK3"" mice in the days preceding death, we also did not witness the
episodes of sudden death and are therefore unable to definitively
exclude alternative mechanisms of sudden death.

Given that the localization of potassium channels is very dynamic, it is
likely that SK3™7 mice have marked alterations in SK3 channel distribu-
tion in atrial and ventricular myocytes. However, channel distribution
was not characterized in the present study. Furthermore, the lxc,
current and action potential were not measured directly in ventricular
myocytes.
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Table 3 Baseline intracardiac conduction intervals in 1-month-old mice

SNRT (ms) AVNERP (ms) AERP (ms) AV WB (ms) VERP (ms)
WT (n=8) 184 + 32 52 + 30+3 87+6 30+5
SK3*T (n=5) 150 + 27 49+2 30 + 77 + 5* 31+5
SK3™ (n = 6) 180 + 46 43 + 6* 31+5 71 + 4% 31+7

Statistically significant P values are in bold.

SNRT, sinus node recovery time; AV WB, atrioventricular Wenckebach cycle length.

*P < 0.05.

P < 0.01.

Table 4 Baseline intracardiac conduction intervals in 3-month-old mice

SNRT (ms) AVNERP (ms) AERP (ms) AV WB (ms) VERP (ms)

WT (n=29) 98 + 50 52+6 34+2 N0 +7 43+9
SK3*T (n = 13) 88 + 48 5049 36+ 4 81410 38+
SK3™ (n = 3) 124 + 52 61+ 1 3446 88 + 2 38 +

Measurements of refractory periods were made using a basic cycle length of 100 ms. Data are expressed as mean =+ standard deviation.
SNRT, sinus node recovery time; AVNERP, atrioventricular nodal effective refractory period; AERP, atrial effective refractory period; AV WB, atrioventricular Wenckebach cycle length; VERP,

ventricular effective refractory period.

6. Conclusions

We have demonstrated that increased expression of the SK3 channel
increases the risk of sudden cardiac death due to bradyarrhythmias.
Overexpression of this channel also increases susceptibility to atrial
arrhythmias. Our findings suggest that the SK3 channel plays an import-
ant role in normal cardiac impulse propagation and arrhythmia
susceptibility.
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Supplementary material is available at Cardiovascular Research online.
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