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Abstracts

The molecular and electrophysiological mechanisms of acute ischemic
ventricular arrhythmias in hypertrophied hearts are not well known. We hypothesized
that small-conductance Ca®*-activated K* (SK) channels are activated during hypoxia
via the Ca**/ calmodulin-dependent protein kinase 11 (CaMKII)-dependent pathway. We
used normotensive Wistar-Kyoto (WKY) rats and spontaneous hypertensive rats (SHRs)
as a model of cardiac hypertrophy. Inhibitory effects of SK channels and ATP-sensitive
K* (K atp) channels on electrophysiological changes and genesis of arrhythmias during
simulated global hypoxia (GH) were evaluated. Hypoxia-induced abbreviation of action
potential duration (APD) occurred earlier in ventricles from SHRs vs. WKY rats.
Apamin, a SK channel blocker, prevented this abbreviation in SHRs at both the early
and delayed phase of GH, whereas in WKY rats only at the delayed phase. In contrast,
SHRs were less sensitive to glibenclamide, a Karp channel blocker, which inhibited the
APD abbreviation at both phase of GH in WKY rats. SK channel blockers (apamin and
UCL-1684) reduced the incidence of hypoxia-induced sustained ventricular arrhythmias
(SVASs) in SHRs, but not in WKY rats. Among three SK channel isoforms, SK2
channels were directly co-immunoprecipitated with phosphorylated CaMKI1 at Thr
(p-CaMKI1). We conclude that activation of SK channels leads to the APD abbreviation
and SVAs during simulated hypoxia, especially in hypertrophied hearts. This

mechanism may result from the p-CaMKII-bound SK2 channels and reveal new

molecular targets to prevent lethal VVAs during acute hypoxia in cardiac hypertrophy.
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New and Noteworthy
We now show a new pathophysiological role of small-conductance
Ca’*-activated K* (SK) channels which shorten action potential duration and induce
ventricular arrhythmias during hypoxia. We also demonstrate SK channels interacte
286

with phosphorylated Ca®* / calmodulin-dependent protein kinase I1 at Thr

(p-CaMKI1) in hypertrophied hearts.

Keywords
Small-conductance Ca®*-activated K* (SK) channels; Myocardial hypoxia; Ventricular
arrhythmia; Ca®* / calmodulin-dependent protein kinase 11 (CaMKII); Cardiac

hypertrophy.
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Introduction

Acute myocardial ischemia induces arrhythmias and often leads to fatal
outcomes (18, 27). The initial electrophysiological changes during acute myocardial
ischemia include abbreviation of action potential duration (APD) and slowing of
conduction velocity, which are related to accumulation of extracellular potassium ion
(K") and increase in intracellular hydrogen ion due to products of anaerobic glycolysis.
These changes appear to promote ischemia-induced ventricular arrhythmias (9, 47).
Previous studies reported that left ventricular hypertrophy (LVH) had a higher incidence
of ventricular fibrillation during acute hypoxia than normal hearts (22, 24). Besides, it
was reported that the extent of shortening of APD caused by simulated hypoxia was
greater in hypertrophied myocardium (22). However, its molecular and
electrophysiological mechanisms have not been well elucidated.

Adenosine triphosphate (ATP)-sensitive K* (Katp) channels are weakly
inward-rectifying K* channels that are activated by reduction of intracellular ATP
concentration, thereby being operative during acute myocardial ischemia (3, 20, 47, 50).
Thus, it is speculated that these channels play a significant role in the
electrophysiological response to myocardial ischemia. On the other hand, Katp channel
openers failed to alter extracellular K* accumulation during ischemia (19, 42).
Moreover, using mice with knockout of Kir6.2 (a pore-forming subunit of cardiac Karp
channel), it was demonstrated that activation of Karp channels were not the primary
cause of extracellular K™ accumulation during early myocardial ischemia (38). Indeed,
we previously reported that activation of Katp channels under metabolic stress was

impaired in rat hypertrophied left ventricular myocytes (39). Therefore, the mechanisms
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other than K atp channels must also contribute to the extracellular K™ accumulation
during myocardial ischemia.

Small-conductance Ca®* sensitive K* (SK) channels belong to a group of K*
selective and voltage-independent ion channels which are inhibited by the bee toxin
apamin (1, 2). These channels have a high Ca?* sensitivity and are expressed in various
tissues including heart (1). Chua et al from the Chen P-S’s laboratory and we reported
that apamin-sensitive SK channel currents played a significant role in action potential
configurations in ventricular myocytes from failing rabbit and hypertrophied rat hearts
(7, 30). We also demonstrated that SK channels were upregulated via the enhanced
activation of Ca?*/ calmodulin-dependent protein kinase 11 (CaMKI1) in hypertensive
cardiac hypertrophy (29, 30).

In the present study, we hypothesized that the CaMKII activity during acute
hypoxia could regulate the SK channel opening, which is prompted earlier in cardiac
hypertrophy because of the higher basal activity of CaMKII. The earlier activation of
SK channels would lead to enhanced shortening of APD, thereby being susceptible to

sustained ventricular arrhythmias (SVASs) especially in hypertrophied hearts.
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Materials and Methods
Ethical Approval
The research protocol was conformed to animal care guidelines for the Care
and Use of Laboratory Animals in Hokkaido University Graduate School of Medicine,

and was approved by our institutional animal research committee.

Materials

All experiments were executed using male 18 to 22-week-old Wistar-Kyoto
(WKY) rats as control, and spontaneous hypertensive rats (SHRS) as a model of cardiac
hypertrophy. SHRs at these ages are known to have established cardiac hypertrophy

without any systolic dysfunction or heart failure (4, 32).

Surgical preparation

All animals were anesthetized with inhalation of diethyl ether (Nacalai tesque,
Kyoto, Japan) and with intraperitoneal injection of the mixture which was made from
medetomidine hydrochloride (0.15 mg/kg; Kyoritsu Seiyaku, Tokyo, Japan), midazolam
(2 mg/kg; Astellas Pharma, Tokyo, Japan) and butorphanol (2.5 mg/kg; Meiji Seika
Pharma, Tokyo, Japan). Under the full anesthesia, an intraperitoneal injection of heparin
sodium (400 1U/kg) was performed. The excised heart was mounted on a Langendorff
apparatus and retrogradely perfused with Tyrode solution (37 °C) containing (in mM)
143 NaCl, 5.4 KCl, 0.33 NaH,PO4, 5 HEPES, 5.5 glucose, 0.5 MgCl,, and 1.8 CaCl,
(pH 7.4 adjusted using NaOH) and gassed with 100% O, until the beating rate became
stable. The perfusion pressure was kept at 70 cmH,O for WKY rats and 100 cmH,O for

SHRs to adjust coronary flow per weight as described previously (23).
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Simulated myocardial global hypoxia

The hearts were perfused until disappearance of premature contractions, for
about 5 minutes. At this point, the heart rate was usually more than 200 beats / min.
Then, the Langendorff-perfused hearts were switched to hypoxia / zero glucose solution
(Tyrode solution gassed with 100% N, and containing no glucose) to make the
simulated global hypoxia (GH) (22). Because GH induced bradycardia within a few
minutes, the hearts were constantly paced from the apex of left ventricle (LV) at a cycle

length of 300 ms.

Optical mapping

An optical mapping system was used to measure action potentials as
previously described (29, 30, 45). The detail of optical mapping protocol was depicted
in Figure 1A. Asilver unipolar pacing electrode was attached to the apex of left
ventricle (LV), and two electrodes were attached to LV and right ventricle (RV) to
record the electrocardiogram (ECG). After the beating rate became stable, the perfusate
was switched to Tyrode solution containing di-4-ANEPPS (2.5 uM, Life technologies,
OR, USA) for 10 min. The heart was paced at a cycle length of 300 ms because heart
rate decreased under di-4-ANEPSS perfusion (33). Then it was perfused with Tyrode
solution containing blebbistatin (10 uM, TRC, Toronto, Canada), an
excitation-contraction uncoupler without any effects on electrical parameters, to
eliminate motion artifacts for 15 min (13). Illumination of the voltage sensitive dye’s
fluorescence was provided using a 531 = 20-nm light emitted by a 150-W halogen light

source. The fluorescence was filtered with a 590-nm interference bandpass filter and
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acquired with charge-coupled device camera (MiCAMO2, BrainVision, Tokyo, Japan) at
0.2-mm spatial (88 x 60 pixels) and 2.2-ms temporal resolutions. We performed optical
mappings of anterior epicardial surface of LV at the pacing cycle length (PCL) of 300
ms from the apex of LV at twice the diastolic threshold currents with a silver unipolar
electrode. Drugs were perfused from 15 minutes before stimulated hypoxia. We
recorded optical membrane potentials at baseline, GH 15 min, and GH 30 min.

Digital filtering was routinely applied to improve signal-noise ratio of the
optical data (25). We used the thresholding method (cut-off value was 25% of the
maximal) for data masking. The 3 x 3 spatial and cubic filters were used to minimize
the post-acquisition high-frequency noise. The components of the dominant-frequencies
between 100 Hz and 250 Hz obtained by the Fourier transform were also removed.
After the digital filtering, the APD of all available pixels on LV was measured at 90%
repolarization (APDgp). On the other hand, signals from atrial area and pixels with
inadequate action potentials at the edge of LV were excluded for the analysis. We
defined the median APDgg, not mean APDgj, of all available pixels as the individual
APDyg because its histograms were non-normal distribution. We determined the delta
APDg, (A APDy) as a difference between the median APDgy, at the baseline and that at
the GH 15 min or GH 30 min. The APDg, maps for epicardial surface of LV were

constructed by BV_ana software (version 1604, BrainVision).

Susceptibility to sustained ventricular arrhythmias
We recorded ECGs during GH to reveal the susceptibility to sustained
ventricular arrhythmias (SVAs). ECGs of the Langendorff-perfused hearts were

recorded with widely spaced unipolar electrodes on RV and LV using the PowerLab



Tenma et al., Page 9

4/26 (AD Instruments, Dunedin, New Zeeland). A unipolar electrode was also attached
to LV apex for pacing. The hearts were initially perfused with oxygenated Tyrode
solution (37°C) until beating of the hearts was stabilized. After that, they were subjected
to the acute simulated GH protocol (Figure 1B). They were paced at the cycle length of
300 ms with twice the diastolic threshold currents during simulated GH. The stimulator
output was raised in case the hearts exhibited the loss of capture. We evaluated the
incidence of spontaneous ventricular arrhythmia during 30 minutes of simulated GH,
not using rapid or extrastimulus pacing. The pacing was stopped as soon as spontaneous
SVAs occurred. No arrhythmia was induced by the stimulation on a T-wave. We defined
a spontaneous rapid ventricular arrhythmia as a SVA when it lasted more than 10
seconds. To examine the effects of drugs on hypoxia-induced SVAs, we applied
simulated GH for 30 min to the Langendorff-perfused hearts in the absence or presence

of drugs.

Western Blot

LV tissues were snap frozen, and homogenized on ice in cell lysis buffer (Cell
Signaling Technology, MA, USA) supplemented with Complete Protease Inhibitor
Cocktail (Roche, Basel, Switzerland). After centrifugation, the supernatants were
collected and stored at -80°C until the time of assay. The protein concentration was
quantified by the BCA Protein Assay (ThermoFisher Scientific, MA, USA). The
proteins were then electrophoretically separated on SDS-PAGE in the Western running
buffer (70 mM Tris, 192 mM glycine, 0.1% SDS, and 20% methanol, pH 8.3),
transferred onto polyvinylidene difluoride (PVDF) membranes, and blocked with 5%

nonfat dry milk or 5% BSA. The membranes were incubated with antibodies against
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target antigens, that is, anti-SK1, anti-SK2, anti-SK3 (1:200 dilution), anti-Kir6.2 (1:200
dilution), and anti-p-CaMKII (Thr?®®, 1:1000 dilution) for overnight at 4°C. Horseradish
peroxidase-conjugated secondary antibodies were used for the secondary detection
(1:5000 dilution). Bands were detected with ChemiDoc XRS+ (Bio-Rad, CA, USA) on
ECL or ECL Prime Reagent (GE, Chicago, USA). The intensity of bands was quantified
using ImageJ software (National Institutes of Health, USA). GAPDH (1:5000 dilution)

was used as an internal control for the intensity of detected bands in each lane.

Immunoprecipitation

The lysates of LV tissue sample were centrifuged, and the supernatant fluid
was collected. The lysates were mixed with an anti-p-CaMKII (Thr?®®), anti-SK1,
anti-SK2, anti-SK3 and normal rabbit IgG as a control, and incubated overnight at 4°C.
After the addition of protein-A (rProtein A Sepharose Fast Flow, GE), the lysates were
incubated for 2 h at 4°C. Protein-A was washed with buffer (150 mM NaCl, 50 mM
Tris-HCI, 0.5% Triton-X) for 5 times and then mixed with 2x SDS sample buffer with
boiling for 5 min at 95°C. Western blot with anti-SK1, anti-SK2, and anti-SK3 for the
proteins of labeled anti-p-CaMKII (Thr*®), and with anti-p-CaMKII (Thr’®) for the
proteins of labeled anti-SK1, anti-SK2, and anti-SK3 was performed as described above.
Horseradish peroxidase-conjugated secondary antibodies (TrueBlot®; 1:1000 dilution)

were used for the secondary detection.

Drugs
Apamin (100 nM, PEPTIDE, Osaka, Japan) and UCL-1684 (1 uM, Tocris,

Bristol, UK) which inhibit the activity of SK channels, and glibenclamide (10 pM,
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Wako, Osaka, Japan), an Karp channel blocker, were added to Tyrode solution and

perfused for 15 min before and during GH.

Antibodies

All primary antibodies were purchased from commercial sources as follows:
rabbit polyclonal antibodies against SK1 (Alomone labs, Jerusalem, Israel), SK2
(Alomone labs), SK3 (Alomone labs), Kir6.2 (Alomone labs); and mouse monoclonal
antibodies against Thr286-phospholylated CaMKII (Abcam, Cambridge, UK); GAPDH,
which conjugated secondary antibodies (Cell Signaling Technology). Secondary
antibodies for western blot and immunoprecipitation were from Santa Cruz

Biotechnology, CA, USA and Rockland Immunochemicals, PA, USA, respectively.

Data analyses

All data are expressed as means + SE. Statistical differences of the means
between two independent groups were determined using a Student’s t-test. For multiple
group comparisons, one-way or two-way ANOVA were performed when appropriate.
For the post hoc test in the ANOVA, a Sidak’s or Tukey’s multiple-comparison test was
performed. Categorical data were compared with Fisher’s exact test. Survival
distributions were calculated using Kaplan-Meier curves and the log-rank P values were
adjusted with holm’s method. Differences with P values of < 0.05 were considered to be

significant.
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Results

Animal Characteristics
We confirmed that SHRs used in the present study had ventricular hypertrophy
(heart weight / body weight: 4.44 £ 0.09 mg/g in WKY rats vs. 5.53 + 0.07 mg/g in

SHRs, P < 0.0001).

Susceptibility to APD abbreviation and SVAs during simulated hypoxia in
hypertrophied hearts

As with previous report (23), the APDgy in SHRs were longer than that in
WAKY rats at the baseline and any time during the GH (WKY rats vs. SHRs, P < 0.001,
Figure 2A). And, in both WKY rats and SHRs, APDgy, at PCL of 300 ms shortened
time-dependently during simulated GH. However, the hypoxia-induced abbreviation of
APDyg in SHRs occurred earlier as compared with that in WKY rats: significant APDgj
abbreviation from baseline (state of no GH) occurred at GH 20 min in WKY rats, and it
did at GH 10 min in SHRs (Figure 2A). Similarly, the onset-time of SVAs was earlier in
SHRs than in WKY rats (22.9 £ 0.9 min in WKY rats vs. 10.9 + 0.5 min in SHRs, P <
0.01, Figure 2B). The percentage of hearts developing SVAs during GH was higher in
SHRs than in WKY rats (22% in WKY rats vs. 100% in SHRs at GH 15 min, log-rank P

<0.01, Figure 2C).

Electrophysiological and molecular changes during simulated hypoxia in normal
hearts (WKY)

To evaluate the involvement of activation of SK channels and K orp channels in
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the hypoxia-induced APD g, abbreviation, we performed the optical mapping study using
apamin (100 nM), a SK channel blocker and glibenclamide (10 uM), a Kare channel
blocker. Figures 3A and 3B show representative optical action potentials and the
APDgy map of LV in WKY rats during simulated GH. The APDgy, at the PCL of 300 ms
shortened time-dependently during simulated GH in the control condition. At the early
phase of hypoxia (at GH 15 min), pretreatment with apamin did not prevent the
hypoxia-induced APDg abbreviation, however, that with glibenclamide significantly
reduced it (AAPD at GH 15 min: -6.67 £ 0.53 ms [control: CON], -5.70 £ 1.62 ms
[apamin: APA], -1.50 + 1.70 ms [glibenclamide: GLB]; CON vs. APA, P = 0.82; CON
vs. GLB, P =0.03) (Figure 3C). On the other hand, at the delayed phase of hypoxia (at
GH 30 min), not only glibenclamide but also apamin prevented the hypoxia-induced
APDyg, abbreviation (AAPD at GH 30 min: -15.00 £ 0.87 ms [CON], -6.88 + 1.70 ms
[APA], -4.50 + 3.39 ms [GLB]; CON vs. APA, P =0.04; CON vs. GLB, P =0.02)
(Figure 3C). We recorded ECGs continuously during simulated GH and evaluated the
incidence of spontaneous SVAs. Representative ECG traces during simulated GH in the
absence of drugs (control) and the presence of apamin were depicted in Figures 3D,
respectively. Neither SK channel blockers (apamin, UCL-1684) nor K arp channel
blocker (glibenclamide) prevented the hypoxia-induced SVAs, effectively (Figures 3E).
The amount of protein expression of three isoforms of SK channels and Kir6.2 (which is
a pore-forming subunit of the K e channel) in left ventricular myocardium did not

change during simulated GH (Figures 3F and 3G).

Electrophysiological and molecular changes during simulated hypoxia in

hypertrophied hearts (SHR)
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We also performed the optical mapping study in SHRs. The representative
optical action potentials and the APDgo map of LV during simulated GH were depicted
in Figures 4A and 4B. The APDy of LV at the PCL of 300 ms shortened
time-dependently during simulated GH in the control condition. In both the early and
delayed phase of hypoxia, pretreatment with apamin, but not with glibenclamide,
dramatically prevented the hypoxia-induced APDg, abbreviation (AAPD at GH 15 min:
-13.33 + 3.63 ms [CON], -0.5 + 1.22 ms [APA], -5.59 + 1.83 ms [GLB]; CON vs. APA,
P =0.03; CON vs. GLB, P =0.24), (AAPD at GH 30 min: -27.5 + 5.95 ms [CON], -3.0
+2.00 ms [APA], -16.01 + 3.69 ms [GLB]; CON vs. APA, P =0.02; CON vs. GLB, P =
0.38) (Figure 4C). We also examined the vulnerability to hypoxic SVAs in SHRs.
Figures 4D demonstrated the representative ECG traces during simulated GH in control
and in the presence of apamin, respectively. Figure 4E showed Kaplan-Meier curves of
the event-free survival for spontaneous SVAs during simulated GH. Notably, SK
channel blockers (apamin, UCL-1684) significantly prevented the hypoxia-induced
SVAs (Figures 4E). However, the expression level of isoforms of SK channels and
Kir6.2 in left ventricular myocardium were unchanged during simulated GH (Figures

4F and 4G).

Spatial heterogeneity of repolarization during simulated hypoxia

The coefficient of variation of APDgy was calculated from action potentials of
all available points during control, GH 15 min, and 30 min in WKY rats (Figure 5A)
and SHRs (Figure 5B). There were no significant differences of the coefficient of
variation among three groups at any hypoxia stage in both WKY rats and SHRs (Figure

5). In other words, no drugs (not only glibenclamide but also apamin) could reduce the
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spatial heterogeneity of repolarization as assessed by the coefficient of variation of

APDygp.

Molecular Differences of Left Ventricles between WKY rats and SHRs

The amount of phosphorylated CaMKII at Thr*®® (p-CaMKI1) from SHRs was
higher than that from WKY rats at the baseline (Figure 6A). During the simulated GH,
the expression level of p-CaMKII increased time-dependently in WKY rats, whereas
that in SHRs was unchanged (Figure 6B). At the baseline, among three isoforms, the
expression of SK2 channel was higher in SHRs as compared with WKY rats (Figure
6C). With regard to Kir6.2, there was no significant difference between WKY rats and

SHRs at the baseline (Figure 6D).

Interaction of SK channels and p-CaMKII in Left Ventricular Myocardium

Based on the above findings, we thought that p-CaMKII played a major role in
SK channel activation. Therefore, we performed immunoprecipitation to identify the
interaction of p-CaMKII and SK channels from SHRs. As shown in Figure 7A,
anti-p-CaMKII antibodies co-immunoprecipitated only SK2 channel protein. Consistent
with this observation, only anti-SK2 antibodies co-immunoprecipitated p-CaMKII

(Figure 7B).
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Discussions

We demonstrated three major findings in the present study. Simulated
myocardial hypoxia activated SK channel currents, which contributed to the APD
abbreviation and ventricular arrhythmias specifically during the early phase (i.e., within
15 min of hypoxia) in hypertrophied hearts from SHRs. Increase in the CaMKII activity
assessed by the amount of p-CaMKII was correlated to activation of SK channels during
hypoxia in normal ventricles from WKY rats. SK channel upregulation appeared to be

mediated through the binding of p-CaMKII to SK2 channels.

SK Channel Upregulation in the Diseased Hearts and Pathophysiological
Conditions

A previous report showed that apamin did not change action potential
configurations in rat and human normal ventricles under physiological conditions,
although SK channels were expressed in ventricular myocardium (31). However, in the
diseased animal models such as heart failure, acute and chronic myocardial infarction,
and cardiac hypertrophy, apamin-sensitive K* currents, that is, presumable SK channel
currents, were present and / or contributed to action potential configurations (7, 15, 26,
30). Moreover, hypokalemia activated SK channel currents in normal rabbit ventricles
without heart failure (5). Interestingly, previous studies reported that the
pathophysiological conditions including cardiac hypertrophy, heart failure and
hypokalemia activated CaMKII (14, 21, 29, 30, 35, 51). In the present study, we
demonstrated that CaMKII was time-dependently activated during the simulated acute

hypoxia, which coincided with the apamin-inhibitory APD abbreviation in normal
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ventricular myocardium (i.e., hearts from WKY rats) (Figures 3A, 3B, 3C and Figure
6B). Therefore, we consider that SK channel activation is closely associated with the

CaMKII activity.

CaMKII Activation during Acute Myocardial Ischemia

Activation of CaMKII during acute ischemia has been reported in neurons (44).
However, there were only a few studies which examined the CaMKII activity in acute
myocardial ischemia (41, 43). Uemura et al reported that myocardial ischemia reduced
autophosphorylation of CaMKII (41). In another study using Langendorff-perfused rat
hearts, phosphorylation of phospholamban Thr'” by CaMKII, which reflected the
CaMKII activity, transiently increased at 2 - 5 minutes of ischemia, but declined to the
preischemic value at 10 minutes (43). In these studies, myocardial ischemia was
produced by interruption of the coronary flow, resulting in termination of the heart
beating. This phenomenon might influence the CaMKI|I activity because of its
rate-dependency (8, 49), therefore, we applied the simulated hypoxic condition to
Langendorff-perfused hearts with a perfusate of the hypoxia / zero glucose Tyrode
solution during ventricular pacing at a cycle length of 300 ms. In our experiments, acute
myocardial hypoxia increased p-CaMKII in normal ventricular myocardium from WKY
rats. In contrast, the level of p-CaMKII remained unchanged during acute hypoxia in
hypertrophied ventricular myocardium from SHRs (Figure 6B). This might be because
the CaMKII activity was already too high at the baseline to be stimulated during acute

myocardial hypoxia in cardiac hypertrophy.

Phosphorylated CaMKI1 at Thr?®® (p-CaMKI1) Binding to SK Channels
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Previous studies showed the direct interaction between CaMKII and potassium
channel subunits: Kv1.4 and Kir6.2 (37, 40). These subunits form transient outward
currents (Ito) and the cardiac Karp channel currents (50), respectively. The present study
found a novel interaction between p-CaMKII and SK2 channels. Since (a) the affinity of
CaMKII for calmodulin (CaM) increases 1000 times after autophosphorylation (that is,
p-CaMKII) (28) and (b) SK channels have the CaM-binding domain (48), it would be
possible that p-CaMKII interacts with SK channels through CaM. This interaction might
change the Ca®* sensitivity of SK channels, thereby resulting in the different
time-course of SK channel activation during acute myocardial hypoxia between normal

hearts (WKY rats) and hypertrophied hearts (SHRs) (Figure 8).

SK Channels as Arrhythmogenic Substrate

Previous studies reported that SK channels in atrial and pulmonary vein
myocytes were upregulated by atrial tachycardia pacing (34, 36) and that inhibition of
SK channels terminated and protected against atrial fibrillation (10, 11, 16). Regarding
ventricular arrhythmias, inhibition of SK currents by apamin prevented an excessive
shortening of APD and recurrent ventricular fibrillation (VF) immediately after
electrical shocks in failing rabbit ventricles (7). In contrast, in a rabbit model of
tachycardia-induced heart failure with complete atrio-ventricular block, apamin
prolonged the QT interval, and in some cases, induced a torsade de pointes like
polymorphic VT (6). In another study, apamin prolonged APD at long and short, but not
at intermediate pacing cycle length in failing ventricles. As a result, a slope of APD
restitution curve was reduced by apamin in failing hearts (17). Taken together, SK

channel upregulation in heart failure may be antiarrhythmic by preserving the
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repolarization reserve at slow heart rate, but could be proarrhythmic by steepening the
slope of APD restitution curve, which promotes generation and maintenance of VF. In
the present study, apamin prevented APDg abbreviation during global hypoxia
especially in hypertrophied ventricles (Figure 4C). On the other hand, spatial
heterogeneity of repolarization, which was evaluated as the coefficient of variation of
APDgy, (Figure 5), was not reduced by apamin. In addition, it has not been
demonstrated that hypoxic activation of SK channels produces the steepness of APD
restitution. Therefore, the arrhythmogenic mechanism of SK channel activation during
hypoxia remains to be determined.

Using a rat model of acute regional infarction that was produced by ligation of
the left anterior descending coronary artery, Gui et al reported the preventive effect of
SK channel blockers, apamin and UCL-1684, on ischemia-induced ventricular
arrhythmias. In addition, a shortening of monophasic APD in ischemic area was
alleviated by SK channel blockers (15). In our study, hypoxia / zero glucose solution
was used as the simulated hypoxic condition, and we found a significant inhibition of
SVAs by SK channel blockers only in hypertrophied hearts (SHRs) (Figures 3E and
4E). However, we also observed that the APD abbreviation after 30 minutes GH was
partially prevented by apamin in normal hearts (WKY rats) (Figures 3A, 3B, and 3C).
Therefore, different experimental conditions may explain some discrepancy between
our study and a previous one (15). Further studies are necessary to address the
functional roles of SK channels in ventricular arrhythmias especially under the

pathophysiological conditions.

Study Limitation
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We used SHR as a model of cardiac hypertrophy. SHR is known as a genetic
model of hypertension and has been commonly used as an animal model of hypertrophy
(12). The results in the present study may need further validation in other models of
cardiac hypertrophy. We used the hypoxia / zero glucose Tyrode solution to prepare
simulated GH. We should have stopped the coronary perfusion with Tyrode solution to
make actual GH. However, we chose the former to acquire the electrophysiological data
during simulated hypoxia, in which the heart can be paced. SK channels are present in
the vascular endothelium and smooth muscle cells of the heart. The cell physiology of
these channels provides hyperpolarizing K* currents that limit the Ca** influx, thereby
regulating the tonic vascular tone (2, 46). Therefore, the observations in this study might
be affected by the presence of SK channels in vascular cells. In the optical mapping
study, the incidence of spontaneous hypoxic arrhythmias was very low even in SHRs
and we failed to record the onset of these arrhythmias. The mechanism of ventricular

arrhythmias induced by global hypoxia / ischemia remains to be elucidated.
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Figure captions
Figure 1. Study protocol
A, Optical mapping study protocol. B, Hypoxic ventricular arrhythmia study protocol.

GH, global hypoxia; GH 15, GH 15 min; GH 30, GH 30 min; LV, left ventricle.

Figure 2. Susceptibility to APD abbreviation and SVAs during simulated global
hypoxia between WKY rats and SHRs

A, Time course of APDg during global hypoxia (GH) in WKY rats and SHRs. The GH
shortened APDg, in both WKY (n = 7) and SHR (n = 7). The abbreviation of APDg in
SHR occurred earlier than that in WKY. Optical action potentials were recorded at the
pacing cycle length (PCL) of 300 ms. B, Onset-time of SVAs during GH. The time was
earlier in SHRs than in WKY rats, significantly. C, Kaplan—Meier curves comparing
incidence and time to onset of SVAs from the beginning of GH. The percentage of
hearts developing SVAs during GH was higher in SHRs than in WKY rats. *P <
0.05, 'P < 0.01, *P < 0.001, °P < 0.0001. All values are shown as means  SE. APD,
action potential duration; APDgy, APD measured at 90% repolarization; B, baseline
(GH 0 min); SHR, spontaneous hypertensive rats; SVA, sustained ventricular

arrhythmia; WKY, Wistar-Kyoto rats. Other abbreviations are shown in Figure 1.
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Figure 3. Electrophysiological and molecular biological changes during acute
myocardial hypoxia in WKY rats: Blocking effects of SK channels and Karp
channels.

A and B, Representative changes in optical action potentials (A) and APDgy maps (B)
of LV during GH; control (without drug) (CON), with apamin (100 nM) (APA), with
glibenclamide (10 uM) (GLB), respectively. Hearts were paced at a cycle length of 300
ms. Optical action potentials were recorded at a black dot in APDgy map. A filled
triangle in APDgo maps is a landmark of the LV apex. C, Changes of AAPDgy in the
absence and presence of drugs at GH 15 min (left) and GH 30 min (right). Apamin
reduced APDgg abbreviation only at GH 30 min. On the other hand, glibenclamide
reduced it at both GH 15 min and GH 30 min. D, Representative ECG traces during GH
at the pacing cycle length of 300 ms in the absence of drugs (black line) and the
presence of apamin (100 nM) (red line). E, Kaplan—Meier curves comparing incidence
and time to onset of SVAs from the beginning of GH in the absence and presence drugs.
No drugs reduced the incidence of SVAs. F, Expression for isoforms of SK channel
proteins in left ventricular myocardium during GH (n / N: hearts / animals, 6 / 6 in
baseline, 6 /6 in GH 15 min, 5/5 in GH 30 min). GH did not change the amount of any
SK channel isoforms. G, Expression of Kir 6.2 proteins in left ventricular myocardium
during GH (n / N: hearts / animals, 6 / 6 in baseline, 6 / 6 in GH 15 min, 5/5 in GH 30
min). The level of Kir 6.2 protein expression was constant during GH. *P < 0.05. All
values are means + SE. APA, apamin; CON, control (without drugs); GLB,
glibenclamide; n.s., not significant; UCL, UCL-1684. Other abbreviations are shown in

Figure 1 and 2.
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Figure 4. Electrophysiological and molecular biological changes during acute
myocardial hypoxia in SHRs: Blocking effects of SK channels and Karp channels.
A and B, Representative changes in optical action potentials (A) and APDgy maps (B)
of LV during GH; control (without drug) (CON), with apamin (100 nM) (APA), with
glibenclamide (10 uM) (GLB), respectively. Hearts were paced at a cycle length of 300
ms. Optical action potentials were recorded at a black dot in APDgy map. A filled
triangle in APDgo maps is a landmark of the LV apex. C, Changes of AAPDgy in the
absence and presence of drugs at GH 15 min (left) and GH 30 min (right). Apamin
reduced APDg abbreviation at both GH 15 min and GH 30 min, significantly. D,
Representative ECG traces during GH at the pacing cycle length of 300 ms in the
absence of drugs (black line) and the presence of apamin (100 nM) (red line). E,
Kaplan—Meier curves comparing incidence and time to onset of SVAs from the
beginning of GH in the absence and presence drugs. SK channel blockers (apamin,
UCL-1684) significantly reduced the incidence of SVAs in SHRs. F, Expression for
isoforms of SK channel proteins in left ventricular myocardium during GH (n/ N:
hearts / animals, 6 / 6 in baseline, 6 / 6 in GH 15 min, 5/5 in GH 30 min). GH did not
change the amount of any SK channel isoforms. G, Expression of Kir 6.2 proteins in
left ventricular myocardium during GH (n / N: hearts / animals, 6 / 6 in baseline, 6 / 6 in
GH 15 min, 5/5 in GH 30 min). The level of Kir 6.2 protein expression did not change
during GH. *P < 0.05. All values are means + SE. Abbreviations are shown in Figure 1,

2 and 3.
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Figure 5. Coefficient of variation of APD in acute myocardial hypoxia

A and B, CV of APD in the absence and presence of drugs at baseline (left), GH 15
min (middle) and GH 30 min (right) in WKY (A) and SHR (B). There were no
significant differences of CV at any hypoxia stage among three groups. All values are

means = SE. Abbreviations are shown in Figure 1, 2 and 3.

Figure 6. Western blot analysis of left ventricular myocardium in WKY rats and
SHRs

A, Expression of phosphorylated CaMKII at Thr?®® (p-CaMKI1) in left ventricular
myocardium at baseline (state of no GH) (n/ N: hearts / animals, 6 / 6 in WKY rats, 6 /
6 in SHRs). Expression of p-CaMKII was higher in SHRs vs. WKY rats at baseline. B,
Expression of p-CaMKII in left ventricular myocardium during GH from WKY rats
(left) (n/ N: hearts / animals, 6 / 6 in baseline, 6 / 6 in GH 15 min, 6 / 6 in GH 30 min)
and SHRs (right) (n / N: hearts / animals, 6 / 6 in baseline, 6 / 6 in GH 15 min, 5/5in
GH 30 min). In WKY rats, p-CaMKII increased gradually during GH. Otherwise, in
SHRs, there were no changes in p-CaMKII expression during GH. C, Expression of SK
channel isoforms in left ventricular myocardium at baseline (n / N: hearts / animals, 6 /
6 in WKY rats, 6 / 6 in SHRs). Only SK2 channel proteins were higher in SHRs. D,
Expression of Kir 6.2 in left ventricular myocardium at baseline (n / N: hearts / animals,
6 /6 in WKY rats, 6 / 6 in SHRs). There was no difference with regard to Kir 6.2
protein expression between WKY rats and SHRs. “P < 0.05. All values are expressed as

means = SE. n =5 - 6 for each group. Abbreviations are shown in Figure 1, 2 and 3.
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Figure 7. Interaction of p-CaMKII and SK channels in left ventricular
myocardium from SHR.

A. Immunoprecipitation was performed with the anti-p-CaMKII antibodies and probed
for the isoform of SK channel proteins by western blot with the anti-SK1(upper), SK2
(middle), and SK3 (lower) antibodies. B. Immunoprecipitation was performed with the
anti-SK1(upper), SK2 (middle), and SK3 (lower) antibodies, and probed for
p-CaMKII by western blot with the anti-p-CaMKI|I antibodies. Only SK2 channel

protein interacted with p-CaMKII. IB, immunoblotting; IP, immunoprecipitation.

Figure 8. Proposed mechanisms of the altered SK channel activity in normal and
hypertrophied hearts during acute myocardial hypoxia.

At baseline (state of no hypoxia), the sensitivity of SK channels to Ca* are different
between normal and hypertrophied hearts. This may be because the p-CaMKII bound
SK channel in cardiac hypertrophy has a high Ca* sensitivity. A, At the early phase of
hypoxia, SK channels in a hypertrophied heart, but not in a normal heart, are activated,
thereby contributing to the abbreviation of APD because of high Ca* sensitivity. B, At
the delayed phase of hypoxia, in hypertrophied heart, SK channel activation is
unchanged: SK channels have still high activity, and SK channels in normal heart are
also activated by elevation of intracellular Ca** and subsequent increase in p-CaMKI|.

The increased p-CaMKII binds to SK channels, thereby being more sensitive to Ca*".
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