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Ablation of a Ca2t-activated K+ channel (SK2 channel)
results in action potential prolongation in atrial myocytes
and atrial fibrillation
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Small conductance Ca?*-activated K* channels (SK channels) have been reported in excitable
cells, where they aid in integrating changes in intracellular Ca?* (Ca’*) with membrane potential.
We have recently reported the functional existence of SK2 channels in human and mouse
cardiac myocytes. Moreover, we have found that the channel is predominantly expressed in
atria compared to the ventricular myocytes. We hypothesize that knockout of SK2 channels
may be sufficient to disrupt the intricate balance of the inward and outward currents during
repolarization in atrial myocytes. We further predict that knockout of SK2 channels may pre-
dispose the atria to tachy-arrhythmias due to the fact that the late phase of the cardiac action
potential is highly susceptible to aberrant excitation. We take advantage of a mouse model with
genetic knockout of the SK2 channel gene. In vivo and in vitro electrophysiological studies were
performed to probe the functional roles of SK2 channels in the heart. Whole-cell patch-clamp
techniques show a significant prolongation of the action potential duration prominently in late
cardiac repolarization in atrial myocytes from the heterozygous and homozygous null mutant
animals. Morover, in vivo electrophysiological recordings show inducible atrial fibrillation in
the null mutant mice but not wild-type animals. No ventricular arrhythmias are detected in the
null mutant mice or wild-type animals. In summary, our data support the important functional
roles of SK2 channels in cardiac repolarization in atrial myocytes. Genetic knockout of the SK2
channels results in the delay in cardiac repolarization and atrial arrhythmias.
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Atrial fibrillation (AF) is one of the most common
arrhythmias seen clinically and is associated with a
significant increase in morbidity and mortality (Chugh
et al. 2001), yet, treatment strategies have so far proven
largely inadequate. The mechanisms for AF are highly
heterogeneous and are often related to underlying heart or
pulmonary diseases. On the other hand, there is growing
evidence to implicate cardiac ion channel mutations as
possible causes of inherited AF (Brugada et al. 1997;
Chen et al. 2003; Ellinor & Macrae, 2003; Hong et al.
2005). Specifically, mutations in several Kt channel genes,
KCNQI1, KCNE2, KCNH2 and KCNA5, have been linked
to human AF (Chen et al. 2003; Brugada et al. 2004; Yang
et al. 2004; Hong et al. 2005; Olson et al. 2006).

© 2009 The Authors. Journal compilation © 2009 The Physiological Society

We have recently reported the molecular identification
and functional existence of Ca?*-activated Kt (Kc,)
channels in human and mouse cardiac myocytes (Xu et al.
2003; Tuteja et al. 2005; Lu et al. 2007). Indeed, Kc,
channels are present in most neurons and mediate the
afterhyperpolarizations following AP. K¢, channels can be
divided into three main subfamilies (Kohler et al. 1996;
Ishii et al. 1997; Vergara et al. 1998; Bond et al. 1999;
Kaczorowski & Garcia, 1999; Bond et al. 2005). These
include the large-conductance Ca’*- and voltage-activated
K" channels (BK), the intermediate-conductance Kc,
channels (IK), and the small-conductance K, channels
(SK), which are sensitive to apamin and scyllatoxin.
Among the SK channels, they are encoded by at least three
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genes, KCNN1 (SK1), KCNN2 (SK2), and KCNN3 (SK3),
with differential sensitivity toward apamin (Kohler et al.
1996; Stocker & Pedarzani, 2000).

Specifically, we have shown that the SK2 channel plays
a crucial role in human and mouse cardiac repolarization,
especially during the late phase of the cardiac action
potential (AP) (Xu et al. 2003; Tuteja et al. 2005; Lu et al.
2007). Moreover, there is differential expression of SK2
channels with more abundant expression of SK2 channels
in the atria compared to the ventricles (Xu et al. 2003;
Tuteja et al. 2005; Lu et al. 2007). Taken together the
findings that SK2 channels are predominantly expressed
in atria and the roles of the channels in late repolarization,
we hypothesize that knockout of SK2 channels may be
sufficient to disrupt the intricate balance of the inward and
outward currents during repolarization in atrial myocytes.
We further predict that genetic knockout of SK2 channels
may predispose the atria to tachy-arrhythmias due to the
fact that the late phase of cardiac AP is highly susceptible
to aberrant excitation, e.g. early afterdepolarization.

To directly test the hypothesis and to investigate the
physiological roles of SK2 channels in intact animals, we
take advantage of a mouse model with null mutation of
SK2 channels (Bond et al. 2004). In addition, there are
some questions which remain unsettled. In particular,
our previous studies suggest that in contrast to the Kc,
channels described in neurons, which underlie the after-
hyperpolarization, in the heart, the currents contribute
mainly towards cardiac repolarization (Xu et al. 2003;
Tuteja et al. 2005; Lu et al. 2007). We reason that
careful examination of the SK2 null mutant mice will
help to distinguish the roles of the SK2 channel during
different phases of the cardiac AP. Our previous published
study using this mouse model was focused mainly on
the roles of the SK2 channel in atrioventricular nodes
(Zhang et al. 2008). Here, we focused our study on
the roles of SK2 channels in atrial myocytes using in
vivo and in vitro electrophysiological studies. Specifically,
the present study directly defines the functional roles
of SK2 channels in whole animals using a genetically
engineered mouse model, and provide the possible link
between abnormalities in cardiac SK2 channels and
cardiac arrhythmias.

Methods

All animal care and procedures were approved by the
University of California, Davis Institutional Animal Care
and Use Committee. Animal use was in accordance with
National Institutes of Health and institutional guidelines.

SK2 null mutant mice (SK2 +/A and SK2 A/A mice)

SK2 null mutant mice were generated as previously
described (Bond et al. 2004). A single loxP site was
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introduced into the 5UTR 300 nucleotides 5 of
the initiator methionine and a cassette consisting of
the neomycin-resistance gene flanked by loxP sites, and the
coding sequence for enhanced green fluorescent protein
(GFP) was inserted into an EcoRV site in intron 2, ~2.3 kb
from the end of exon 2. Recombination at the loxP sites
yields an allele that is deleted for SK2 exons 1 and 2. The
targeting construct was electroporated into embryonic
stem cells (ES cells), and several properly recombined
ES cell clones were injected into C57Bl/6 blastocysts.
One chimera gave germline transmission of the targeted
allele. Crosses between heterozygous-floxed SK2 and the
Cre deleter mouse yielded offspring that are heterozygous
for the SK2-deleted allele (+/A). All mice were housed
and kept on a 12 h light/dark cycle with food and water
available ad libitum. Mice were weaned at 3 weeks and
genotyped. Mutant allele was confirmed using polymerase
chain reaction of tail tissue as previously described (Bond
et al. 2004). The SK2 null mutant mouse line was back-
crossed more than seven generations onto the C57Bl/6]
background. The number of surviving homozygous null
mutant mice does not strictly obey the Mendelian ratio
(5% instead of 25% for a heterozygous cross), which
is likely to be due to partial embryonic lethality. There
is additional attrition due to perinatal mortality in the
newborn homozygous null mutant mice. In addition,
the SK2 homozygous null mutant mice show neuro-
logical abnormalities with continuous trembling and some
animals show circling behaviour. However, detailed neuro-
logical assessment was not performed in this study.

Analysis of cardiac function by echocardiography

In order to directly define the effects of the SK2
channel knockout on cardiac function in the whole
animals, echocardiograms using M-mode and two-
dimensional measurements to assess systolic function
were performed as described previously (Xu et al. 2006).
The measurements represented the average of six selected
cardiac cycles from at least two separate scans performed
in random-blind fashion with papillary muscles used as
a point of reference for consistency in level of scan. End
diastole was defined as the maximal left ventricular (LV)
diastolic dimension and end systole was defined as the
peak of posterior wall motion. Fractional shortening (FS),
a surrogate of systolic function, was calculated from LV
dimensions as follows:

FS = ((EDD — ESD)/EDD) x 100%,
where EDD and ESD are LV end diastolic and end systolic
dimension, respectively.
Immunofluorescence confocal microscopy

Immunofluorescence labelling was performed as
described previously (Xu et al. 2003; Lu et al. 2007). Cells
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were fixed by 4% paraformadehyde in phosphate-buffered
saline (PBS) for 30 min at room temperature, washed
with PBS for 5 min x3, treated with 0.4% Triton X-100
in PBS for 15 min, then washed and treated with —20°C
methanol for 10 min. Finally, cells were washed and
treated with anti-SK2 antibody (Sigma-Aldrich, 1:100
dilution) and anti-a-actinin2 antibody (Sigma-Aldrich,
1:800 dilution).

Immunofluorescence-labelled samples were examined
using a Pascal Zeiss confocal laser scanning microscopy.
For double staining, secondary antibody conjugated FITC
was excited at 488 nm with the Ar laser and detected with
a 505-530 nm band pass filter while conjugated Texas
Red and Rhodamine were excited at 543 nm with the
HeNel laser and detected at a 560 nm long pass filter. To
ascertain that there were no overlap between the detection
of FITC and Texas Red or Rhodamine, singly labelled cells
were imaged under identical conditions as those used
for dual-labelled probes to confirm proper signal iso-
lation of each channel. Control experiments performed by
preincubation of the primary antibody with the respective
antigenic peptide (1:1) did not show positive staining
under the same experimental conditions used. Identical
settings were used for all the specimens.

Cardiac myocyte isolation

Single mouse atrial and ventricular myocytes were
isolated from hetero- and homozygous null mutant and
WT animals from the same littermates at 12—14 weeks
of age (Sambrano er al. 2002; Xu et al. 2003). Due
to the known electrophysiological heterogeneity
in various regions of the heart, ventricular myo-
cytes were isolated from left ventricular free wall
(LVFW). Briefly, mice were injected with 0.1 ml heparin
(1000 units ml~') 10 min prior to heart excision, then
anesthetized with pentobarbital 1P. (80 mgkg™').
Hearts were removed, placed into ice-cold Tyrode
solution (mmol1~': NaCl 140, KCl 5.4, MgCl, 1, Hepes
(N-2-hydroxyethylpiperazine- N’-2-ethanesulphonic

acid) 10 and glucose 10; pH 7.4 with NaOH), cannulated
under a dissecting microscope and mounted on a
Langendorff apparatus. Hearts were perfused with Tyrode
solution gassed with 100% O, at 37 °C. The perfusion
pressure was monitored and the flow rate (~2 ml min™")
was adjusted to maintain perfusion pressure at
~80 mmHg. After 5min, the solution was switched to
30 ml of Tyrode solution containing 13 mg collagenase
(type 2, 322 units mg~', Worthington) and 1 mg protease
(type XIV, 4.5unitsmg™',  Sigma-Aldrich).  After
30-45 min of enzyme perfusion, hearts were removed
from the perfusion apparatus. LVFW or atrial tissue were
collected into high-K* solution (mmoll™!) (potassium
glutamate 120, KCI 20, MgCl, 1, EGTA 0.3, glucose 10 and
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Hepes 10, pH 7.4 with KOH), gently teased using pipettes
for 3 min. Cells were allowed to rest for 2 h before use for
electrophysiological recording. This isolation procedure
yields 60-80% of Ca’'-tolerant atrial and ventricular
myocytes with clear striation. Electrophysiological
recordings were performed within 8h after cell
isolation.

Action potential (AP) recordings from SK2 +/A,
SK2 A/A and WT animals

APs were recorded at room temperature using the
perforated-patch technique (Ahmmed et al. 2000). All
other experiments were performed using the conventional
whole-cell patch-clamp technique (Hamill et al. 1981) at
room temperature.

For AP recordings, the patch-pipettes were back-
filled with amphotericin (200 ugml™'). The pipette
solution contained (mm): potassium glutamate 120,
KCI 25, MgCl, 1, CaCl, 1, Hepes 10, pH 7.4 with KOH.
The external solution contained: NaCl 138, KCl 4, MgCl,
1, CaCl, 2, NaH,PO, 0.33, glucose 10, Hepes 10, pH 7.4
(NaOH).

To directly assess for the increase propensity in the
development of early afterdepolarization (EAD), APs
were recorded using external solution as indicated above
(Control solution) as well as Cs™ solution containing
3mM of CsCl and 2 mM of KCI (NaCl 138, CsCl 3 KCI
2, MgCl, 1, CaCl, 2, NaH,PO, 0.33, glucose 10, Hepes
10, pH 7.4 (NaOH)) as described previously by Nuss et al.
(1999). To quantify the occurrence of EAD, we analysed
incidence of EAD as a percentage of cells and frequency
of EAD (EADs per AP). Incidence of EAD quantifies the
fraction of cells that exhibited EAD, regardless of how
often EAD occurred in a particular cell; while frequency
of EAD represents the total number of EADs that occur
per AP once a steady-state condition is achieved during
continuous stimulation. Specifically, a train of 20 APs were
stimulated from rest at 1 Hz. The first five APs were used
to establish a steady-state condition and these were not
analysed. Myocytes in which no EAD had occurred during
atrain of APs were excluded, so that this analysis quantifies
the frequency of EADs only in the subgroup of cells that
exhibited EADs.

Ca?*-activated K* current (/i c,) recordings

Whole-cell Ca®"-activated K™ current (I c,) was recorded
using conventional voltage-clamp protocol as previously
described (Xu et al. 2003). The extracellular solution
contained (in mMm): N-methylglucamine (NMG) 140, KCl
4, MgCl, 1, glucose 5, and Hepes 10 (pH 7.4 using HCI).
The internal solution consisted of (in mMm): potassium
gluconate 144, MgCl, 1.15, EGTA 5, Hepes 10, and CaCl,
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yielding a free (unchelated) [Ca®*] of 500 nmol ™! using
Calcium Titration Software (Robertson & Potter, 1984)
to calculate free [Ca*"], bound and dissociated. The pH
was adjusted to 7.25 using KOH. All experiments were
performed using 3 M KCl agar bridges. Cell capacitance was
also calculated as the ratio of total charge (the integrated
area under the current transient) to the magnitude of the
pulse (20 mV). Currents were normalized to cell capacity
to obtain the current density. The series resistance was
compensated electronically. In all experiments, a series
resistance compensation of >90% was obtained. Currents
were recorded using Axopatch 200B amplifier (Axon
Instruments, Union City, CA, USA), filtered at 10 kHz
using a 4-pole Bessel filter and digitized at sampling
frequency of 50kHz. Data analysis was carried out
using custom-written software and commercially available
PC-based spreadsheet and graphics software (Origin v. 6.0,
OriginLab Corp, Northampton, MA, USA).

In vivo electrophysiological studies in mice

In vivo electrophysiological studies were performed as
previously described (Berul et al. 1996; Zhang et al.
2005). Standard pacing protocols were used to determine
the electrophysiological parameters, including sinus node
recovery time (SNRT), atrial, AV nodal, and ventricular
effective refractory periods (AERP, AVNERP and VERP,
respectively) and AV nodal conduction properties. Each
animal underwent an identical pacing and programmed
stimulation protocol.

To induce atrial and ventricular tachycardia and
fibrillation, programmed extrastimulation techniques and
burst pacing were utilized. Programmed right atrial
and right ventricular double and triple extrastimulation
techniques were performed at 100 ms drive cycle length,
down to a minimum coupling interval of 10 ms. Right
atrial and right ventricular burst pacing were performed
as eight 50 ms and four 30 ms cycle length train episodes
repeated several times, up to a maximum 1 min time limit
of total stimulation. For comparison of the inducibility
in each mouse, programmed extrastimulation techniques
and stimulation duration of atrial and ventricular burst
pacing were the same in all mice. Reproducibility was
defined as greater than one episode of induced atrial or
ventricular tachycardia.

Adenoviral construction

The full-length PCR amplified fragment of mouse
cardiac SK2 channel was subcloned into TA vector as
previously described (Invitrogen, Carlsbad, CA, USA).
The dominant-negative (DN) construct of the mouse
cardiac SK2 channel (SK2-DN) was generated using
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QuickChange™ Site-Directed Mutagenesis (Stratagene,
LaJolla, CA, USA) to mutate the signature sequence (GYG)
in the pore of the SK channel into alanine (GYG — AAA).
All the clones were sequence verified.

A recombinant adenovirus containing SK2-DN channel
(Ad-SK2-DN) was generated using the shuttle vector
(pAdTrack—cytomegalovirus (CMV)) and pAdEasy-1
system (Stratagene). The plasmid also contains a reporter
gene, GFP under the control of a separate CMV promoter.
The titres of the viruses were assessed using plaque assay.
A recombinant adenovirus containing GFP only was used
as a control for our experiments.

Culture of adult mouse cardiac myocytes
and adenoviral infection

Freshlyisolated cardiac myocytes were allowed to sediment
by gravity for 8-10 min and resuspended in modified
Tyrode solution containing (mmoll~!): NaCl 113, KCl
4.7, KH2PO4 06, NazHPO4, 06, MgSO4 12, NaHCO3
12, KHCOj; 10, Hepes 10, taurine 30 and adjusted to a
total volume of 10 ml containing 5% serum with the final
Ca?* concentration of 12.5 uM. The Ca?* concentration
was slowly raised using CaCl, to a final concentration of
1 mM. All steps were conducted at room temperature.

The entire culture procedure was performed in a
class II flow hood. Culture dishes were precoated for
1h with 10 ugml™" mouse laminin (Invitrogen) in
phosphate-buffered saline (PBS) with 1% penicillin—
streptomycin (PS; Invitrogen) at room temperature.
Cardiac myocytes were suspended in minimal essential
medium (MEM; Sigma M1018) containing 1.2 mm Ca**,
2.5% preselected fetal bovine serum (FBS; Invitrogen), and
1% PS (pH 7.35-7.45). After the myocytes were pelleted
by gravity for ~10 min, the supernatant was aspirated
and the myocytes were washed two more times using
the same protocol. The myocytes were then plated at
0.5-1 x 10* cells cm™? in MEM containing 2.5% FBS and
1% PS. After 1h in culture (5% CO, incubator at 37°C),
the medium was changed to FBS-free MEM.

Adenovirus-mediated gene transfer was implemented
after 1 h of culture to achieve myocyte attachment. The
culture medium was aspirated along with unattached
myocytes, and a half-volume (e.g. 1 ml for a 35 mm petri
dish) of the FBS-free MEM containing an appropriate
titre of gene-carrying adenovirus was added to the dish.
Another half-volume of the FBS-free MEM was added
following an additional 1-2 h of culture.

Statistical analysis

Ixc. density obtained from atrial myocytes among
different groups of animals was compared by normalizing
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the currents with cell capacitance. Where appropriate,
pooled data are presented as means =+ S.E.M. Multiple
comparisons were performed using one-way analysis of
variance combined with Dunnett’s test (SigmaStat, Systat
Software Inc., San Jose, CA, USA). The null hypothesis
was rejected when a two-tailed P value was < 0.05. Atrial
arrhythmia inducibility was assessed using Fisher’s exact
test.

SK2 o-Actinin2

Figure 1. SK2 +/A and SK2 A/A mice
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Results
SK2 null mutant mice

Figure 1A compared H&E histologic sections of WT,
SK2 +/A, and SK2 A/A hearts. There was no evidence
of cardiac abnormality in the heterozygous or homo-
zygous null mutant animals. Fig. 1B shows examples of
the M-mode echocardiogram obtained from the knockout

SK2 +IA

;in,’ff}{f

AW

Merge

A, histological sections (H&E-staining) of hearts obtained from WT, SK2 +/A and SK2 A/A mice. All histological
sections are presented with the atria on top and the right ventricle to the left. Scale bar, 100 um. B, examples of
M-mode echocardiography in WT, SK2 +/A and SK2 A/A mice. SK2 +/A and SK2 A/A mice show no evidence of
cardiac abnormalities with normal chamber size and cardiac function. Fractional shortening (FS) is summarized in
Table 1. C, confocal photomicrographs of atrial myocytes isolated from WT, SK2 +/A and SK2 A/A mice. Cells were
treated with anti-SK2 and anti-a-actinin2 antibodies. Immunofluorescence labelling was performed by treatment
with secondary antibodies (fluorescein isothiocyanate-conjugated and Texas Red conjugated). The specificity of
labelling was confirmed by elimination of immunoreactivity after preincubation of the primary antibody with the
respective antigenic peptide (1 : 1) labelled as control. The scale bar is 20 um.
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Table 1. Echocardiographic studies in SK2 +/A and SK2 A/A mice
compared to wild-type (WT) littermates

WT SK2 +/A SK2 AIA
(n=12) (n=15) (n=10)
LVEDD (cm) 0.25 +0.02 0.29 +0.04 0.27 +0.02
LVESD (cm) 0.09 + 0.01 0.12 +0.03 0.11 +0.01
LVPWD (cm) 0.08 + 0.01 0.09 + 0.02 0.05 +0.01
LVPWS (cm) 0.13+0.01 0.13 £ 0.01 0.11+0.01
FS (%) 65+3 63+4 62+4
Data shown represent mean +s.e.m.,; LVEDD and LVESD,
left-ventricular end-diastolic and end-systolic dimension,

respectively; LVPWD and LVPWS, left-ventricular posterior wall
thickness in end diastole and end systole, respectively; FS,
fractional shortening; n refers to the number of the animals in
the studies.

animals compared to a WT littermate. Knockout of
SK2 channel did not significantly change left ventricular
systolic function. Summary data for the fractional
shortening, end-systolic and end-diastolic dimensions
(ESDs and EDDs) are shown in Table 1.

We have previously published a detail study of the
localization of the SK2 channel in atrial and ventricular
myocytes (Lu et al. 2007). However, to directly document
the lack of SK2 channels expression in the homo-
zygous null mutant model, we performed immuno-
fluorescence confocal microscopy as presented in Fig. 1C.
Confocal scanning immunofluorescence microscopy was
performed using anti-SK2 and anti-a-actinin2 antibodies
in single atrial myocytes isolated from SK2 A/A compared
to WT illustrating lack of immunoreactivity to SK2
antibodies in atrial myocytes isolated from SK2 A/A
mice. Control experiments are shown using antibodies
pretreated with antigenic peptides. Same settings were
used for all experiments.

Action potentials recorded from atrial myocytes are
prolonged in SK2 +/A and SK2 A/A mutant mice
compared to WT littermates

We have previously documented the expression of SK2
channels predominantly in human and mouse atrial myo-
cytes (Xu et al. 2003). To further test the functional roles
of SK2 channels in atrial myocytes, we recorded APs
from single atrial myocytes isolated from SK2 4/A and
SK2 A/A mice and compared to their littermate controls
(Fig.2A and B). Figure 2A shows AP prolongation in
SK2 A/A mice compared to WT littermates. Summary
data are shown in Fig.2B. AP durations at 50 and
90% repolarization (APDsy and APDgy) were significantly
prolonged in atrial myocytes isolated from SK24-/A mice
compared to their wild-type littermates. Moreover, APD
were further prolonged in homozygous mutant mice
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compared to heterozygous animals consistent with a
significant role of SK2 channel in the repolarization of
the atrial myocytes. The degree of APD prolongation was
more pronounced during late cardiac repolarization. In
contrast, no significant changes were detected in the APD 5,
or APDy, for ventricular myocytes from heterozygous or
homozygous mutant mice compared to the WT littermates
(Fig. 2Cand D). In addition, our previous data have shown
that apamin significantly prolonged APD in atrial myo-
cytes from WT mice (Xu et al. 2003). Therefore, we tested
the effect of apamin (500 pm) on the APD in atrial myo-
cytes isolated from SK2 A/A animals. In contrast to the
atrial myocytes from WT animals, there were no significant
effects of apamin on APD (Fig. 2E). APDs, and APDy, in
atrial myocytes isolated from SK2 A/A mice are 24.7 £ 2.1
and 235+ 19 ms at baseline and 23.8 4 1.8 and 232 4+ 20
after application of apamin, respectively (apamin 500 pMm,
NS, n=9).

Finally, there were no significant changes in the
resting membrane potentials in the atrial or ventricular
myocytes from heterozygous or homozygous mutant
animals compared to WT littermates. Resting membrane
potentials (RMPs) for atrial myocytes from WT, SK2
+/A and SK2 A/A mice were —71+1, —72+2 and
—72 & 1mV, respectively (NS, n=10) while RMPs for
ventricular myocytes from WT, SK2 +/A and SK2
A/A mice were —82+4, —79+4 and —83+4mV,
respectively (NS, n=9-13).

Occurrences of early afterdepolarization (EAD)

In order to test whether the documented prolongation in
APs in SK2 null mutant mice will result in an increase in
the occurrences of early afterdepolarization and possibly
contribute to cardiac arrhythmias, we recorded APs from
atrial myocytes isolated from WT and SK2 A/A animals
using control solution as well as Cs™ solution (containing
3 mm CsCl and 2 mm KCl) (Fig. 3). Using control solution,
EADs were observed in 14% of the atrial myocytes
isolated from SK2 A/A mice (n =5 of 36 cells) butin none
in the WT cells studied (n=18, P < 0.01, Fisher’s exact
test). Exposure to Cs*t solution further provoked EADs
resulting in an increase in the occurrences of EAD in both
groups; however, EAD incidence remained significantly
higher in SK2 A/A myocytes (84%, n= 16 of 19 cells)
compared with normal myocytes (32%, n= 8 of 25 cells,
P <0.01, Fisher’s exact test). We further quantified the
frequency of EAD (EADs per AP) in the subgroup of
myocytes which exhibited EADs (Fig. 3F). Atrial myocytes
isolated from SK2 A/A mice showed an increase in the
frequency of EADs in both control (0.34 +0.04, n=15)
and Cs* solution (0.66 = 0.03, n = 16) compared to WT
myocytes (0 and 0.25 £ 0.07, n = 8, respectively, P < 0.01,
t-test).
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Ik,ca is decreased in atrial myocytes isolated from SK2
+/A and absent in SK2 A/A mice

In order to further document the basis for the alteration
in cardiac AP observed in the mutant animals, we
examined whole-cell Iy, from single atrial myo-
cytes from heterozygous and homozygous mutant
mice and compared to WT controls. Figure4A shows
examples of current traces recorded from atrial myocytes
isolated from WT, SK2 +/A, and SK2 A/A, respectively.
Apamin-sensitive current (Ixc,) was obtained from
subtraction of total current recorded in control and
after application of a low concentration of apamin
(200 pmol 17"). Atrial myocytes isolated from SK2 +/A

SK2 A/A
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showed a significant decrease in the Ik ¢, density compared
to the WT (Fig. 4A). Moreover, apamin-sensitive current
was absent in atrial myocytes isolated from SK2 A/A
homozygous mutant animals. Summary data of the
current density—voltage relations from the three different
groups are shown in Fig. 4B (*P < 0.05, n=10-12 cells
for each group).

Functional roles of SK2 channel in intact heart
assessed using SK2 null mutant mice

Our previous data on the regional localization of
SK2 channel transcript using in situ hybridization and

o WT (n=10)
B =2 SK2 +/A (n=13)
mm SK2 A/A (n=9)
300 .
2501
@ 2001
£
E 150
<< 1001
50 A ’—*’—‘
oL — il
APDs5, APDg,
100, O WT (n=14)
2 SK2 +/A (n=15)
801 mmm SK2A/A(n=15)
g 601
2 401
<
201
APDs5, APDg,
—Baseline

--. After apamin

20 mV

100 msec

Figure 2. Action potentials recorded from atrial myocytes are prolonged in SK2 +/A and SK2 A/A mice
A, examples of APs recorded using perforated patch-clamp techniques from atrial myocyte isolated from WT
(continuous line), SK2 +/A (dashes line) and SK2 A/A mice (dotted line). B, summary data showing significant
prolongation of APDs5o and APDgg in SK2 +/A mice compared to WT and SK2 A/A compared to SK2 +/A or
WT (*P < 0.05). C, examples of APs recorded using perforated patch-clamp techniques from ventricular myocyte
isolated from WT (continuous line), SK2 +/A (dashes line) and SK2 A/A mice (dotted line). D, summary data
showing no significant differences in APDsg and APDgg in SK2 +/A mice compared to WT and SK2 A/A compared
to SK2 +/A or WT. E, example of action potentials recorded from atrial myocytes isolated from SK2 A/A animals

before and after application of apamin (500 pwm).
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functional studies using patch-clamp recordings are
consistent with expression of SK2 channel mainly in atria
(Xu et al. 2003; Tuteja et al. 2005). However, the functional
roles for the differential expression of the SK2 channel
in intact animals are completely unknown. We reason
that SK2 null mutant mice will provide an ideal model
to study the functional roles of the SK2 channel in atria in
intact animals. We undertook in vivo electrophysiological
studies comparing heterozygous, homozygous and WT
animals. Homozygous null mutant mice show evidence of
sinoatrial (SA) and atrioventricular (AV) node
dysfunction as assessed by a significant prolongation of
the sinus cycle length (SCL), corrected SNRT, Wenckebach
cycle length (WCL) and AVNERP (see Table 2). Indeed, we
have recently documented abnormalities in the AV node
in this mutant model (Zhang et al. 2008).

Furthermore, atrial arrhythmias, mainly atrial
fibrillation were induced in a significant number of
heterozygous and homozygous animals. In contrast, atrial
arrhythmias were induced in none of the wild-type
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littermates (P < 0.01 comparing wild-type and mutant
animals using Fisher’s exact test). Indeed, previous studies
using the same background mouse model have shown
that WT mice were not inducible for atrial arrhythmias
in the absence of carbachol (Kovoor et al. 2001). Figure 5
shows an example of atrial fibrillation induced in SK2 A/A
mice (Fig. 5A) as well as evidence of type I second degree
AV block in SK2 A/A mice during sinus rhythm with
typical group beating (Fig. 5B). In contrast, ventricular
arrhythmias were not induced in either the homozygous
or heterozygous null mutant animals, consistent with the
notion that the channel is mainly expressed in atrial
tissues. The in vivo electrophysiological parameters are
summarized in Table 2.

AP shortening has previously been shown to predispose
to AF in a large number of models (Nattel et al. 2007). On
the other hand, the SK2 channel null mutant mouse model
shows an increase in APD in atrial myocytes which was
associated with an increase in AF inducibility. To further
understand the cellular mechanisms contributing to the

B SK2 A/A
Control Solution

omV—
SK2 A/A
D Cs" Solution
0mvV— N
F
1.0
a *
0.8+
is .
5 < 0.6 .
)
2 2 0.4
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WT SK2A/A WT SK2A/A
Control Solution Cs™* Solution

Figure 3. Representative recordings of steady-state action potentials from atrial myocytes isolated from
WT and SK2 A/A mice and quantification of occurrences of EADs

A-D, steady-state action potentials (AP) recorded using stimulation frequency of 1 Hz in atrial myocytes isolated
from WT (A and C) and SK2 A/A mice (B and D) during perfusion with Control solution (A and B) and Cs* solution
(C and D). Arrows show occurrences of EADs. E, incidence of EADs (% of cells) in Control (left panel) compared
to Cs* solution (right panel). F, frequency of EADs (EADs per AP) in Control (left panel) compared to Cs™ solution

(right panel).
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increase in propensity to AF, we documented a significant
increase in the occurrences of early afterdepolarization
(EAD) in atrial myocytes isolated from the homozygous
null mutant mice compared to the WT animals (Fig. 3).

Recombinant adenovirus containing SK2-DN channel

As an additional test for the functional roles of SK2
channel in mouse atrial myocytes, we tested the effects
of adenoviral mediated expression of SK2-DN channel
in mouse atrial myocytes. K™ channels consist of four
pore-forming subunits (« subunits) that co-assemble to
form a functional channel together with smaller g subunits
(Nerbonne & Kass, 2005). Previous studies have identified
numerous K* channel mutations that are capable of
crippling channel activities in a dominant-negative
manner when normal and defective subunits co-assemble
to form multimeric complexes, most notably, mutations
in K,LQT1 and HERG K* channel causing congenital
long QT syndrome (Keating & Sanguinetti, 2001). This
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Table 2. In vivo electrophysiological studies in SK2 +/A and SK2
A/A mice compared to wild-type (WT) littermates

WT SK2 +/A SK2 AIA

(n=10) (n=11) (n=28)
SCL (ms) 135+8 155+ 6 181 + 9%
PR interval (ms) 35+2 40 £ 2 42 +3
CSNRT (ms) 50+7 53+8 75 + 10*
WCL (ms) 90 £+ 1 102 + 1* 119 + 2%
AVNERP (ms) 65+2 72+3 80 + 3*
AERP (ms) 53+2 56 +4 60+ 6
VERP (ms) 37+3 38+2 41+4
Atrial arrhythmias 0/10 5/11* 7/8*
Ventricular arrhythmias 0/10 0/11 0/8

Data shown represent mean +s.e.m.; SCL, sinus cycle length,
CSNRT, corrected sinus node recovery time (SNRT-SCL); WCL,
Wenckebach cycle length; AVNERP, AERP and VERP refer to
the effective refractory period for the atrioventricular node,
atria and ventricles, respectively; AVNERP, AERP and VERP were
performed using basic cycle-length of 120 ms; n refers to the
number of the animals in the studies; *P < 0.05 comparing to WT.

500 ms

Apamin-sensitive current

Figure 4. Whole-cell Ik ¢, recordings

200 pA

100 ms

A, examples of whole-cell I ca recorded from atrial myocytes using voltage steps from a holding potential of
—55 mV from WT, SK2 4+/A and SK2 A/A mice. The current was recorded in control and after apamin (50 pmol I=1)
and [Ca2*]; was 500 nmol I=". The voltage protocol used is shown above the current traces. The apamin-sensitive
current traces were obtained using digital subtraction and are shown in the right panel (note the change in the
scale bars). B, summary of the current density-voltage relation of the apamin-sensitive current (*P < 0.05).

© 2009 The Authors. Journal compilation © 2009 The Physiological Society



1096

four-subunit design for Kt channels can be utilized to
generate a functional knockout of various K* channels.
Subunits can be generated that contain mutations in their
pore forming region that render them incompetent to
conduct current. The resulting subunit (DN subunit),
when co-assembled with wild-type (WT) subunits, results
in non-functional channels. Thus, over-expression of DN
subunits results in a functional knockout of K current.
Mutation of three amino acids (GYG — AAA) which are
absolutely conserved in the pore-forming region of all
known K* channels has been successfully used to create
a DN subunit (Tinker et al. 1996). The same signature
sequence (GYG) is also conserved in all SK channels.
Here, we utilized the same triple mutation GYG — AAA
for functional knock-out strategy.

First, we directly document that the SK2-DN construct
can indeed lead to a DN functional knockout of the
WT current. CHO cells were transduced with Ad-SK2
or Ad-SK2-DN or in combination. GFP-positive cells

N. Li and others
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were studied after 36-48 h of infection. Figure 6A shows
an example of Ix ¢, recorded in CHO cells transduced
with adenovirus containing mouse cardiac SK2 channel.
Recording conditions were the same as described in
Fig. 4 with [Ca*"]; of 500nM. The mutant channel
(SK2-DN) was non-conductive (Fig.6B). Furthermore,
co-expression of the WT and mutant subunits resulted in
DN suppression of the WT current (Fig. 6C). Summary
data are shown in Fig. 6D.

Next, freshly isolated adult mouse cardiomyocytes
from wild-type C57Bl/6] mice were transduced with
Ad-GFP or Ad-SK2-DN. The transduction efficiency was
determined using GFP as the reporter gene. As shown
in Fig. 6E, more than 90% of cardiomyocytes can be
transduced at 48 h. To directly examine the functional
role of Ik ¢, in cardiac myocytes, perforated patch-clamp
techniques were used to record APs at 48 h after viral
infection. Figure 6 G shows examples of APs recorded from
cells infected with Ad-SK2-DN compared to Ad-GFP. A

A 200 mm/s Mo ;‘100 ms
I __."'.___ [\ s "].-..rﬁ'- T i
| 11T 1
S1 51 51825354
avF _.ll; - ‘I H _.__I_, S N S S — P S S
n _-IEI;';.-.-_lrl'.—Tr'l."-_ -~( h.-—--—i.n- [ SN T U TR
| [ |
| || ‘1" M “1 Lln} " 1L e
Rva | /11l ] | ' I “ﬂ“ (! LA al
U WU ' ,l !
I ik L _.
Rva |~ ! ' ! [ j " "Tl } l L { g‘v'” 1 '1‘ Al '|" \p
II | |
B 200 mmfs 1100 ms
[ T S " OGNS MCU (SRITREN TR | TN Te L eIy | PR |
aVF Y- e I e ) = i
m | _ S I . Figure 5. Functional roles of SK2 channel in intact
f ¥ j : v 4 s ' J heart assessed using SK2 null mutant mice
A, in vivo electrophysiological studies in SK2 A/A mice
AV A VA VA, AV A VA VA . showing evidence of inducible atrial fibrillation using
B W VAR PR R | | ; l atrial extrastimuli. Upper tracings are surface ECG
Fve f l 1 ? Ty f } 1 f ! f |I Al Fol I (Lead |, aVF and Ill). Lower tracings are intracardiac
electrograms showing atrial and ventricular
electrograms with induced sustained rapid atrial
bl el [ J ‘l ’4 . ‘ fibrillation with relatively slow ventricular response.
N } f yl 1 ll’l 1 ! ! =yt f f ||' f B, evidence of type | second degree AV block in SK2
. A/A mice during sinus rhythm.
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Figure 6. Transduction of mouse atrial myocytes using recombinant adenovirus containing SK2-DN
channel (Ad-SK-DN)

Ik.ca expressed in CHO cells. Current traces in CHO cells expressing WT SK2 channel (A) compared to SK2-DN
channel (B). C, co-expression of the WT and mutant subunits resulted in the DN suppression of the WT current.
D, summary data for the current density-voltage relations showing the DN effects of the WT current by SK2-DN
construct. E, confocal photomicrographs showing expression of the green fluorescent protein (GFP) in cardiac
myocyte culture 2 days after adenovirus infection. F, control experiments are shown (non-infected cells). The
corresponding differential interference contrast (DIC) image is shown in the right panel. G, representative examples
of AP recordings from mouse atrial myocytes transduced by Ad-SK2-DN compared to control cells (Ad-GFP). H,
summary data for APDsg and APDgp comparing the two groups of cells, *P < 0.05. /, summary data for the resting
membrane potential in the two groups of cells, P = NS.
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significant prolongation of the terminal portion of the
AP was observed in the cells infected with Ad-SK2-DN
compared to Ad-GFP alone. Summary data (Fig. 6H) for
action potential duration at 50% and 90% repolarization
(APD5; and APDy,) show significant differences in the AP
duration in the cells infected by Ad-SK2-DN compared
to Ad-GFP. No significant differences in the resting
membrane potential (RMP) were noted in the two groups
of myocytes.

Discussion

In this study, we directly tested the role of the SK2
channel in atrial myocytes as well as in the intact animals
using a SK2 null mutant mouse model. The SK2 +/A
and SK2 A/A mice showed normal cardiac chamber
size and function as assessed by echocardiography with
no evidence of structural cardiac abnormalities. On the
other hand, APD was significantly prolonged especially
during late repolarization in atrial myocytes isolated
from SK2 +/A and SK2 A/A mice. In contrast, there
were no significant differences in the APD in ventricular
myocytes in the mutant mice compared to WT littermates.
The findings are consistent with our previous published
data that SK2 channels are highly expressed in atrial myo-
cytes. On the other hand, our previous data did document
the expression of SK2 channels in mouse ventricular myo-
cytes, albeit at a much lower level than atrial myocytes
(Xu et al. 2003; Lu et al. 2007). In the present study, APD
from ventricular myocytes isolated from homozygous null
mutant mice showed a small trend towards an increase
over the WT animals; however, the differences were not
statistically significant. The reasons for such discrepancies
are likely to be secondary to the difficulty in establishing
small differences when there are normal variations in APD
observed in isolated cells.

To further document the differential expression level
of the SK2 channel among the different groups of mice,
we directly recorded I ¢, using whole-cell patch-clamp
techniques. Examination of Fig. 4 shows a significant
difference in the apamin-sensitive current in the WT
animals only at potentials more positive than 40 mV and
less than —80 mV. The current was present at potentials
positive to —80 mV; however, because of the cell to
cell variation, there was no statistical significance when
one compared to those recorded from the null mutant
mice. Indeed, APD recorded from atrial myocytes in
Fig. 2A shows significant increase in APD both at 50 and
90% repolarization in heterozygous and homozygous null
mutant mice.

Finally, using in vivo electrophysiological recordings to
examine the roles of the SK2 channel in intact animals, we
demonstrated that knockout of the SK2 channel resulted
in the occurrence of atrial arrhythmias associated with

N. Li and others
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prolongation of the AVN conduction. Our in vivo electro-
physiological data as well as patch-clamp recordings are
consistent with the notion that SK2 channels are expressed
in and contribute functionally and importantly to atrial
myocytes. Indeed, this mutant mouse model represents
one of the few genetic models of atrial fibrillation.
Additionally, we tested the roles of the SK2 channel in
isolated atrial myocytes using the SK2-DN construct.
Transduction of the SK2-DN construct in mouse
atrial myocytes resulted in the prolongation of the
cardiac AP. In contrast to the Ca*-activated K*
channels (K¢,) described in neurons, which underlie
the afterhyperpolarization, in the heart the currents
contribute markedly towards the late phase of the cardiac
repolarization. No significant changes in the resting
membrane potentials were observed in the heterozygous
or homozygous null mutant model or atrial myocytes
transduced with the SK2-DN construct. Even though SK2
current represents only a small component of the total
repolarization currents, the importance of the currents
is underpinned by the fact that the late phase of the
cardiac AP is susceptible to aberrant excitation, e.g. early
after depolarization and arrhythmias. Our data showing
the development of AF in the SK2 null mutant mice
suggest a possible link between SK2 channel and atria
arrhythmias. Indeed, recent study by Ozgen et al. have
provided new exciting evidence that burst pacing may
induce SK2 channel trafficking to the membrane leading
to atrial electrical remodelling and provide a possible
basis for an arrhythmogenic substrate (Ozgen et al. 2007).
Nonetheless, the relevance of the SK2 channel in human
AF remains only speculative at this time. Future studies
are required to further assess this important question.

Atrial fibrillation (AF)

AF represents one of the most common atrial arrhythmias,
and is associated with a significant risk of embolism and
stroke. Inaddition, AF remains one of the most challenging
arrhythmias to treat since treatment strategies have proven
largely inadequate. The underlying mechanisms for AF are
highly heterogeneous and are often related to underlying
heart or pulmonary diseases. However, there is growing
evidence showing that genetic factors are important in
the pathogenesis of AE. Moreover, recent studies have
identified mutations in several ion channel genes as
possible causes of inherited AF (Brugada et al. 1997;
Chen et al. 2003; Ellinor & Macrae, 2003; Ellinor et al.
2003; Hong et al. 2005). Specifically, in 1997, Brugada
et al. identified the first locus for familial atrial fibrillation
on chromosome 10q22-24. Since then, four relevant
genes have been identified that encode K* channel
subunits (Lai et al. 2003; Brugada, 2005; Wiesfeld et al.
2005; Roberts, 2006). Indeed, exciting new evidence is
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accumulating to support the notion that AF can be a result
of an ion channelopathy. Mutations in the K™ channel
genes have been shown to result in a gain-of-function.
The gain-of-function mutations are consistent with the
decrease in APD and atrial refractory period which are
thought to be the mechanisms for AE.

On the other hand, recent studies have demonstrated
that at least two loss-of-function mutations in K™ channels
are associated with clinical AF. A nonsense mutation in
the KCNA5 gene that encodes the pore forming subunit,
K,1.5, a voltage-gated K™ channel expressed in human
atria (Olson et al. 2006), has been identified which has
been linked to human AF. The mutation results in a
premature stop codon and a truncated K,1.5 channel
protein. It was demonstrated in the study that
the loss-of-function mutation translated into AP
prolongation and early after-depolarization (EAD) in
human atrial myocytes. An additional study by Ehrlich
et al. (2005) examined the electrophysiological effects
of a single nucleotide polymorphism (SNP, A/G) at
position 112 in the KCNE1 gene (encoding minK protein),
resulting in a glycine/serine amino acid substitution
at position 38 of the minK peptide (Ehrlich et al
2005). The minK38G isoform was previously shown
to be associated with AF occurrence. The minK38G
isoform was found to be associated with a reduced
slowly activating delayed rectifier K* current (Ix,).
Moreover, it was suggested that the loss-of-function
mutation may result in a prolongation of cardiac AP
and occurrences of EAD under conditions of reduced
repolarization reserve. Alternatively, it was suggested that
the induction of electrical alternans may occur in the
presence of minK38G (Ehrlich et al. 2005).

From the discussion above, it appears that both
gain-of-function and loss-of-function mutations in
different K* channel genes among different families can
result in AF from multiple mechanisms. One of the well
documented cellular mechanisms for AF is the shortening
of atrial refractory period as described above. However,
our present study suggests that prolongation of the atrial
APDs may also contribute to atrial arrhythmias but via
different mechanisms, namely EAD. One additional recent
study linking atrial stretch and KCNQI mutation in a
family with AF (Otway et al. 2007) added yet another
layer of complexity to the pathogenesis of AF.

Taken together, our study supports the important
functional roles of SK2 channel in cardiac atrial myocytes.
Moreover, null mutation of the SK2 channel resulted in
an increase in the atrial AP which was associated with an
increased inducibility for atrial arrhythmias possibly viaan
increase in the occurrences of EAD. The findings may have
important clinical implications since pharmacological
inhibitors of K channels are typically used to treat
arrhythmias and may potentially contribute to relevant
pro-arrhythmia.
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Finally, the significance of our findings may go beyond
its novelty, because the K¢, channel is differentially
expressed in atria vs ventricles, and the use of specific
ligands for SK channels may offer a unique therapeutic
opportunity to directly modify the atrial cells without
interfering with ventricular myocytes. This may have
important therapeutic implications in treatment of
patients with atrial arrhythmias, common problems
encountered in our patient population.
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