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Apamin does not inhibit major cardiac depolarization and repolarization currents

SCHOOL OF MEDICINE **Chih-Chieh Yu, MD; *Tomohiko Ai, MD, PhD; * Peng-Sheng Chen, MD
o The *KeannertInsttute of Carliology and Division of Carciclogy, Depariment of Medicine,Indian Uriversity, Indianapols, Y, USA UM 1diona University Health
and "Division of Cardiology. Department of Medicine, National Talwan Universicy osaltal, Taipa), Tatwan =

Introduction ] Results ]

- Recent findings indicate that small-
| conductance Ca*~activated K* (SK) channels

are abundantly prasent in atral tissues and
are upregulated in the diseased ventricles.

~ Almost all studies used apamin, which is &
specific SK channel inhibitor in neurons
becausa if coas ot block any other neural
type af ion channels

+ Hawever, the specificity af apamin {APM] in
inhibiting SK currents in cardiac fissues
remains unclear. because apamin has been
reported 1o inhibil fetal L-lype Ca®~ current in
embryonic chick heart ‘
+ The purpose of the present study is to test the
hypothesis that apamin coes notinniditany
. major cardiac type ion cuments. Yy

Methods.

+ Apamin does not inhibit human Na+ currents, L-type Ca2+ curents or |
other major K+ curents in HEK293 cells. |

« Tnese findings indicate that apamin is a specific SK current inhibitor in

- Human embryonic kicney (HEK293) cells were transfected witn
human cardiac ion channel genas (o study the effact of apamin on
these ion curents:

+ vallage-gated Na chariae), NavL S SCNSA). hurrian cainisa tisses.
* voltape-fates Ltype cakium channel, Cav1.2 (CACNALC CACNB2B] |
. il Acknowledgement
; L 2
i subaard patnsim sxaneel, e (63 © We ank Ot S o
© lowatdteclispoteskan chaanel, 2.1 (ENIZ} Vhndenca tr 5
- Whole oo i e o and KCNE? plasmics usot in is iy
o detemine fonic current densities before and after apamin + Neduon,
acministration. laborstory.
. ¢ at room et Ga
currents, which were perlormed at 37°C. DN
[+ None )
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Apamin Does Not Inhibit Human Cardiac Na™ Current, L-
type Ca®" Current or Other Major K* Currents

Chih-Chieh Yu'? Tomohiko Ai'?, James N. Weiss®, Peng-Sheng Chen'*

1Krannert Institute of Cardiology and Division of Cardiology, Department of Medicing, Indiana University School of Medicine, Indianapolis, Indiana, United States of
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Abstract

Background: Apamin is commonly used as a small-conductance Ca®*-activated K™ (SK) current inhibitor. However, the
specificity of apamin in cardiac tissues remains unclear.

Objective: To test the hypothesis that apamin does not inhibit any major cardiac ion currents.

Methods: We studied human embryonic kidney (HEK) 293 cells that expressed human voltage-gated Na®, K~ and Ca®"
currents and isolated rabbit ventricular myocytes. Whole-cell patch clamp techniques were used to determine ionic current
densities before and after apamin administration.

Results: Ca®" currents (CACNA1c+CACNB2b) were not affected by apamin (500 nM) (data are presented as median 25
[:)ercenﬁle;?.‘:'h percentile] {from -16 [-20;-10] to -17 [-19;-13] pA/pF, P = NS), but were reduced by nifedipine to -1.6 [-3.2;-
1.3] pA/pF (p=0.008). Na' currents (SCN5A) were not affected by apamin (from 261 [-282;-145] to —268 [-379;-132] pA/pF,
P =NS), but were reduced by flecainide to =57 [-70;-47] pA/pF (p=0.018). None of the major K" currents (;, /. lx; and ko)
were inhibited by 500 nM of apamin (KCNQ1+KCNET1, from 28 [20;37] to 23 [18;32] pA/pF; KCNH24+KCNE2, from 28 [24;30] to
27 [24;29] pA/pF; KCNJ2, from -46 [-48;-40] to —46 [-51;-35] pA/pF; KCND3, from 608 [505;748] to 606 [454;684]). Apamin
did not inhibit the y, o Ica in isolated rabbit ventricular myocytes (Iy,, from —67 [-75;-59] to —68 [-71;-59] pA/pF; Icay, from
-16 [-17;-14] to 14 [-15;-13] pA/pF, P =NS for both).

Conclusions: Apamin does not inhibit human cardiac Na™ currents, L-type Ca®* currents or other major K" currents. These
findings indicate that apamin is a specific SK current inhibitor in hearts as well as in other organs.

Citation: Yu C-C, Ai T, Weiss IN, Chen P-S (2014) Apamin Does Not Inhibit Human Cardiac Na* Current, L-type Ca’* Current or Other Major K* Currents. PLaS
ONE 9(5): 296691, doi:10.1371/journal. pone.0096691
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use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: Research reported in this manuscript was supported by the National Heart, Lung and Blood Institute of the National Institutes of Health under award
number POTHL78931, ROTHL71140, a Medtronic-Zipes Endowment (P-5.C.) and the Indiana University Health-Indiana University School of Medicine Strategic
Research Initiative. The funders had na rale in study design, data collection and analysis, decision to publish, or preparation of the manuscript.
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Introduction Na" currents [23] in the chick heart, suggesting that apamin may
have off target effects on other cardiac 1on channels. However,

Small-conductance calcium activated potassium (SK) channels, there is no information on the effects of apamin on Na®, Ca®" and
which are abundantly present in the central nervous system [1], K
were first cloned in 1996 by Kohler ¢ af [2]. Study of this channel
is facilitated by the use of apamin, which has been thought to be a
specific inhibitor of SK current in the nervous 'm [1.3.4].
Subsequent  investigations showed that the apamin-sensitive
potassium current (/g as) is present in the atria [5-12]. In addition,
while normal ventricles paced at physiological cycle lengths do not
cant fias [13]. we and others found that fias
expression is upregulated in failing, ischemic or infarcred human,
it and rat ventricles and in normal rabbit ventricles with
complete atrioventricular block [14-19]. A common criticism of
all these studies is thar the specificity of apamin in cardiac type ion
channels has not been well established. Some previous studies have
shawn that apamin inhibits fetal L-type Ca™ currents [20-22] and

currents that are responsible for adult human cardiac
activation and repolarization, Because figas 1s potentially
tant in human cardiac arrhythmogenesis, it is important to
establish whether apamin is a specific SK current inhibitor as
apamin is used to define Jigas. The purpose of the present study
was to test the hypothesis that apamin is a specific inhibitor of Jxas
in adult human cardiac ion channels, We tested that hypothesis by
performing patch clamp studies of major cardiac ion channels
expressed in human embryonic kidney (HEK) 293 cells and by
testing the effects of apamin on Na™ and Ca™ currents in rabbit
ventricular myocytes.

impor-

PLOS ONE | www.plosone.org 1 May 2014 | Volume 9 | Issue 5 | 96691
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Introduction

Atrioventricular (AV) block and
bradycardia is known to cause K
current downregulation, leading
to prolongation of action
potential duration (APD), QT
interval and ventricular
proarrhythmia.
= Small-conductance Ca**-activated
K+ (SK) channels are present but
its currents are not active in
normal ventricles during sinus
rhythm.
* We hypothesize that (1) acute AV
block rapidly prolongs ventricular
APD and the duration of
intracellular Ca?* (Ca;) transient
(DCaT), leading to compensatory
SK current activation and (2)
apamin, a specific SK current
blocker, prolongs the postshock
APD in hearts with complete AV
block.

Methods

Results

2-s PCL

The APDy, at 2-s PCL 1hr after AV block in Br and Ctrl gps
were 208+29ms and 159+10ms (p=0.011). After apamin
infusion, the APDj, increased to 298+39ms and 198+6ms
(p<0.001), respectively. The delta APDg, was significantly
larger in Br gp than Ctrl gp (90+53ms vs. 40+15ms, p=0.042).
The DCa;Tg, at 2-s PCL 1hr after AV block in Br and Ctrl gps
were 221+24ms and 206+6ms (p=0.208), respectively, and
increased to 292+42 ms and 215+2 ms (p=0.007) after
apamin infusion. The delta DCa Ty, was significantly larger in
Br gp than Ctrl gp (70£50ms vs. 15+4ms, p=0.014).

Postshock 1-s PCL

We mapped induced ventricular fibrillation (VF) and
defibrillation episodes. Only 5 rabbits in Br gp and 1 rabbit
in Ctrl gp had VF episodes inducible.

Apamin increased the postshock APDy, from 152+11ms to
182+21ms (p=0.003) in Br gp and from 159ms to 171s in Ctrl
8P, respectively.

Apamin increased the postshock DCaTy, from 189+9ms to
205+18ms (p=0.008) in Br gp and from 199ms to 201ms in

A 4 Ctrl gp, respectively.

We studied 8 Langendorff-
perfused rabbit hearts.

AV block was created by
radiofrequency ablation and the
ventricles were paced at 2-s
pacing cycle length (PCL) for one
hr in 6 rabbits (bradycardia
group, Br group) and at 300 ms
PCLin 2 rabbits (control group).
Dual optical Mapping of action
potential and Ca; was performed
before and after 100 nM of
apamin.

The APDggand DCa;Ty,
{measured to 80%
repolarization) were averaged
from entire mapped region.

1000ms

AV block with V pacing at 2 interval
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The discrepancy between APDg,and as
DCa;Ty, (Ca;-Vmg,) was reduced by a0
apamin from 34£10ms to 20+5ms 35
(p=0.001) in Br gp and from 36ms to a0
29ms in Ctrl gp.
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Conclusions

= Persistent bradycardia
upregulates SK current in
normal rabbit ventricles.

= SK current blockade prolongs
the postshock APD in hearts
with persistent bradycardia.

* Hearts with AV block may be a
useful model in studying the
effects of drugs on SK
currents.

Limitations

"= Apamin is a specific SK current
blocker in neurons, but its
specificity in cardiomyocyte
remains unclear.
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Abstract

Background: Apamin sensitive potassium current (/as), carried by the type 2 small conductance Ca**-activated potassium
(SK2) channels, plays an important role in post-shock action potential duration (APD) shortening and recurrent spontaneous
ventricular fibrillation (VF) in failing ventricles.

Objective: To test the hypothesis that amiodarone inhibits kas in human embryonic kidney 293 (HEK-293) cells.

Methods: We used the patch-clamp technique to study /kas in HEK-293 cells transiently expressing human SK2 before and
after amiodarone administration.

Results: Amiodarone inhibited /x4 in a dose-dependent manner (ICsq, 2.670.25 M with 1 uM intrapipette Ca>*). Maximal
inhibition was observed with 50 pM amiodarone which inhibited 85.6+3.1% of /xss induced with 1 uM intrapipette ca**
(n=3). s inhibition by amiodarone was not voltage-dependent, but was Ca**-dependent: 30 uM amiodarone inhibited
81.5%1.9% of Ixas induced with 1 uM Ca®* (n=4), and 16.4+4.9% with 250 nM Ca’* (n=5). Desethylamiodarone, a major
metabolite of amiodarone, also exerts voltage-independent but Ca** dependent inhibition of /as.

Conclusion: Both amiodarone and desethylamiodarone inhibit /kas at therapeutic concentrations. The inhibition is
independent of time and voltage, but is dependent on the intracellular Ca** concentration. SK2 current inhibition may in
part underlie amiodarone’s effects in preventing electrical storm in failing ventricles.
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doi:10.1371/journal.pone.0070450

Editor: Vladimir E. Bondarenko, Georgia State University, United States of America
ived ber 5, 2012; A d June 24, 2013; Published July 29, 2013

Copyright: © 2013 Turker et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

ding: This study was suppol in part by NIH Grants PO1HL78931, ROTHL78932, ROTHL71140, a Medtronic-Zipes Endowment (P.-S.C.) and an Indiana
University Health-Indiana University School of Medicine Strategic Research Initiative. The funders had no role in study design, data collection and analysis,
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Introduction Ca** activated K* channels integrate intracellular calcium
handling with membrane repolarization in various tissues includ-
ing brain, peripheral nerve, endothelium, leuks s, erythrocytes,
heart, skeletal and smooth muscle [8]. They are classified into

Heart failure is a major public health problem with 300,000
directly attributable deaths annually, in the United States alone. It

has a prevalence of 5.8 million in the U.S. and over 23 million three types based on their conductance pattern: large (BK),
worldwide [1]. Ventricular arrhythmias are a major cause of intermediate (IK) and small (SK) conductance Ca®" activated K*
morbidity and mortality in heart failure [2]. Today, many patients channels. SK channels show weak voltage dependence, suscepti-
with heart failure receive an implantable cardioverter defibrillator bility to the bee venom toxin apamin, and they are highly C: 2+
(ICD) for primary or sccondary prevention of arrhythmic death. sensitive [9]. However, the role of these channels in the heart is
However, ICD itself does not reduce the incidence of arrhythmias. poorly understood.

Electrical storm (ES) defined as recurrent ventricular arrhythmias Xu e al. identified three isoforms of SK channels (SK1, SK2
in a short period of time, remains a frequent complication and a and SK3) in the mouse and human heart, and found that they play
strong independent predictor of poor outcome even in patients important roles in the maintenance of action potential duration
with ICDs [3,4]. Amiodarone is effective in the treatment of (APD) in atrial myocytes and pacemaking tissues [10]. Subse-
recurrent  ventricular tachycardia or fibrillation [5] and is quently, the same group demonstrated that mice engineered to
commonly used as the first line therapy for ES [6,7]. However, lack SK2 have prolonged atrial APD and higher susceptibility to
the mechanism behind amiodarone’s effectiveness in treating ES atrial fibrillation [11]. Interestingly, SK2 expression is strikingly
remains poorly understood. higher in normal mouse, cat and human atria than their respective

ventricles [10]. This preferential expression led rescarchers to
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INTRODUCTION

RESULTS

Small-conductance Ca’*-activated K~ (SK)
channels are upregulated in heart failure and
contribute to the maintenance of repolarization
reserve.

Excessive or inadequate activation of SK current
may shorten or prolong the action potential
duration and promote ventricular fibrillation.
The SK channels are gated by intracellular Ca”*
through the Ca’*-binding protein calmodulin
(Cam).

We hypothesized that human CaM mutations
may affect activation of SK channels.

METHODS

Five previ Y Cam ions were
studied:
> N541, N98S : catecholaminergic polymorphic
ventricular tachycardia.
D96V and D130G: congenital long QT
syndrome with recurrent cardiac arrest.
# F90L: childhood and adolescent onset
idiopathic ventricular fibrillation.

HEK 293 cells that stably express SK2 channels

(SK2 Cells) were transiently transfected with

either wild type (WT) or mutant CaM plasmids.

Whole-cell voltage clamp recording was used to

determine ionic current densities.

SK2 current was defined by the difference of

current before and after 500 nM of apamin.

Solutions:

«+  Bath (mM): NaCl 140, KCI 5.4, MgCl, 1.2,
HEPES 5, NaH,PO, 0.33, CaCl, 1.8 and
Glucose 10, pH 7.4 adjusted with NaOH.

*  Pipette (mM): K-Gluconate 144, MgCl, 1.15,
EGTA 1, HEPES 10, free CaCl, 1.0 uM, pH 7.2
adjusted with KOH.

The Kruskal-Wallis one-way analysis of variance
was used to analyze the differences between
groups and Mann-Whitney U test was used for
post-hoc analysis.

v

Representative tracings
Representative tracings (left panel) before (a) and after apamin
(b).
Representative time course (right panel) of SK2 current
recorded at 0 mV.
SK2 current was determined by the difference before and after
apamin.
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Comparisons between WT and mutant CaMs

SK2 cells transfected with mutant CaMs had significantly lower SK2
current densities than that transfected with wild type (WT) CaM.
No significant differences were found among different mutants.
No significant differences were found among mutants and control
cells (HEK 293 cells, SK2 cells with and without GFP transfection).
Number in parenthesis shows the number of cells studied.
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D96V is a loss-of-function mutation

+ There s a linear relationship between SK2
current density and the relative amount of WT
and D96V CaM in cells with co-transfection.

*  Only p values < 0.05 are shown.
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CONCLUSIONS

¢ Human arrhythmogenic CaM
mutations impede activation of
heterologously expressed SK2
channels.

+ Impaired activation of SK current
may contribute to
arrhythmogenicity in the setting
of CaM mutation.
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