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ACRONYMS AND ABREVIATIONS

[Ca®"];: intracellular C&'

AP: action potential

APD: action potential duration

ATP: adenosine-triphosphate

CaM: calmodulin

CaMKIl : C&* -dependent calmodulin-kinase II
cAMP: cyclic adenosine-monophosphate
CaT: C&" transient

CDF: C&* dependent facilitation

CDI: C&* dependent inactivation

CICR: C&*induced C# release

ECC: excitation contraction coupling

lcaL: L-type C&* current

|l cica) OF l1op: C&* dependent Cturrent

lca): C&" dependent Kcurrent

I k1. inward rectifier K current

I« : rapid component of the delayed rectifier ¢urrent
Iks: slow component of the delayed rectifiet €urrent
Ina: N& current

| sk: small-conductance Gaactivated K current
l1o: transient outward Kcurrent

NCX: Na'- C&* exchanger

NKE: Na'- K" ATPase

RyR: ryanodine receptor

SERCA: sarcoplasmic reticulum €aATPase
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SUMMARY

Normal heart function and optimal repolarizatiortted cardiac action potential (AP)
is to high extent subject to synchronized actigityarcolemmal K channels, expressed in
both ventricular and atrial myocardium, largely tdnuting to regulation of the resting
potential, the pacemaker activity, and the shapk cdamation of the AP (APD). Clinical
observations and experimental studies in both tedl@ardiomyocytes and multicellular
preparations provided firm evidence for the sevisjtiof several major Kcurrents and the
corresponding ion channels to shifts in intracaluC&* concentration ([C4];). Direct
regulationvia interaction between [G§; and the channel protein or indirect modulation
via C&" signaling pathways of these currents may haveigaipns to mechanical and
electrical performance of the heart, and its pHggical adaptation to altered load.
Nonetheless, it may also lead to severe cardiadudgson, if [C&£"]; handling is

significantly disturbed, as is the case in a vgrgdtpathological conditions.

The primary aims of our studies, summarized in thissis were 1) to attempt to
clarify the apparently unsolved question of the gablpgical role of the cardiac small
conductance CGaactivated K (SK) channels and, since data in literature, miggrthe
direction and nature of this modulation are alsghlyi controversial: 2) to investigate in
detail the possible Gadependence of the inward rectifief urrent (ki).

Our results demonstrate that in rat, dog and hueatricular cells - though present -
SK2 channels seem to be inactive and do not cantéritn AP repolarization, at least under
normal physiological conditions. We also providédewce that in canine myocardium the
APD shortening effect of [G§; rise is at least partially mediated by [€k-dependent

augmentation ofih.



1. INTRODUCTION

1.1. Principles of generation of the cardiac AP

The electric integrity of the heart is an essentigjuirement for its synchronized
activity and its adaptation to various externaldibans. A crucial point of the beat-to-beat
regulation of the heart is the fine-tuning of thBy achieved primarily by a strict control
of the repolarizing K currents. In the past decades and also recentiyder of studies
provided evidence that physiological regulatiorihe repolarization process, as well as the
corresponding ionic currents, is a complex mechmarsiad may be substantially modulated
by C&* signaling pathways. Considering that thé'Gaycle of the heart is also subject to
large variations under different conditions (i.&duency changes, adrenergic modulation,
a number of severe cardiac diseases) a dynamigdlaionship should exist between
intracellular C&" handling and AP, which may substantially influetice normal cardiac
adaptation or in certain conditions may lead ttgmia propensity. Therefore, a detailed
analysis of this relationship may significantly irape our currently limited understanding
on the mechanisms of physiological and pathologatarations of cardiac repolarization,

as well as substantially facilitates the developnoémew pharmacological strategies.

1.1.1. Underlying ionic currents of the AP

The cardiac AP reflects coordinated activity of tiplé ion channels that open, close
and/or inactivate with different kinetics (see Eig). Upon activation cardiomyocytes are
depolarized by a rapid inflow of Naons generating a large and fast inward Narrent
(Ina)- Ina NOt ONly defines the rapid upstroke of the AP §eh@) but has also primary role
in defining the velocity of impulse propagationdhgh the heart. The initial depolarization
of the AP is followed by a transient repolarizatiphase 1) mainly governed by the
transient outward current ). In this section of the AP, the €aactivated Cl current
(Icica) OF ko2) is also suggested to contribute to the transiepblarization. The rapid
upstroke of the AP activates the L-type®Caurrent (ka) and also several crucial’K
currents involved in the repolarization: i.e. tla@id and slow componentsland ks) of
the delayed rectifier Kcurrent and the inward rectifier Kurrent (k;). During a period of
time lca. opposes the outward repolarizing currents, estabfisa nearly isoelectric
plateau phase (phase 2) of the AP. The duratidheoplateau phase has important role in

controlling the amount of the &ainflux. The C&" influx has crucial role in initializing the



intracellular C&" cycle leading to contraction of the cell. When*Cehannels begin to

close the outward currents gradually overcapag enabling fast repolarization of the AP
(phase 3), governed by cooperative functiorkgflk;, and ki. The terminal repolarization

(phase 4) of the AP, as well as the resting mengbpartential is primarily controlled by
the k.

Phase 1 Phase 2

Phase 0 Phase 3

200 ms Phase 4

Transmembrane current Channel

Navl.5, Navl.7, Nav2.1,
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Cavl.2, Cavl.3

|Ca
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KCHIP2

(H)ERG, MIRP2 + MIRP3
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Fig.1l. The ventricular AP and corresponding ion currenifie upper panel shows a
representative ventricular AP and phases of thekitics. The underlying ionic currents
are shown in the left side of the lower panel meimatch with the AP. The inward
currents are depicted as downward deflections. No&t the amplitudes of the currents
are not proportional with each other. The channebtpins carrying the current are
marked at right side of the lower panel (modifiezhf Ravens et al. [1])

Several electrogenic ionic pumps and exchangersatsaysubstantially contribute to
shaping of the AP. The electrogenic’ & ATPase (NKE) has a pivotal role in setting the
uneven distribution of Naand K ions between the intra- and extracellular spattess
enabling the excitability of the cardiomyocytes eTi&/Ca* exchanger (NCX), which is
also electrogenic, may also contribute to the ARc&the equilibrium potential of the
NCX lies in the range of AP, both inward and outdvaurrents can be generated. However
the exact role of the NCX during an AP is not yélyfelucidated.



1.1.2. Significance of the cardiac repolarizationgserve

The concept and terminology of thepolarization reservavas introduced by Roden
in 1998, based merely on clinical observations [Bje principle of the repolarization
reserve is a redundancy of the repolarization m®cee. loss of one repolarizing current
may not lead to excessive AP lengthening, sincerotmimpaired K channels may
provide sufficient repolarizing capacity ([3-6])hérefore, it has critical importance in
stabilizing the APD, refractoriness and conductéthe electric impulses. Furthermore, it
restricts excessive AP lengthening caused by irmgathannel function, e.g. in LQT’s,
extreme bradycardia, hypokalaemia, hypotiroidisiapetes mellitus, drug exposure, etc
[7]. The repolarization reserve has also importesie in decreasing the transmural
dispersion of the repolarization, thus preventiagd@c arrhythmias [8]. The key players
of the reserve argl Iks, k1, and presumably,l([3-6]. These repolarizing currents play a
critical role in normal myocardial function, furtimore, the majority of life-threatening
arrhythmias are known to derive from repolarizatimbnormalities. Therefore, better
understanding of the pathomechanisms leading t@B®rmalities, and the development
of novel strategies to treat arrhythmias requirgcimmore detailed knowledge of the

repolarization mechanisms, including all its deteants (e.g.: [CZ]).

1.2. Intracellular Ca®" homeostasis of the heart

The purpose of the excitation-contraction (ECC)pdimg of the heart is to provide
effective and in the same time adaptive cardiapuiupy activation of the myofilaments.
The ECC is governed by a highly complex mechanisitiated by depolarization of the
sarcolemma and finalized by the contraction-reiaxatycle. C&" has a central role in
ECC, since C4 ions entering the cell from the extracellular spgea’*-influx) trigger a
substantially largeiCa®* releasefrom the sarcoplasmic reticulum (SR). The trarisien
[Ca™]i increase €& transient, CaT is terminated by both Gareuptake to the SRiia
the activity of the SR Gapump, SERCA2a), and &aextrusion (efflux) from the cell
(primarily via the forward mode activity of the N¢Xsee Fig. 2).

1.2.1. C&" -influx

Two classes of CG& channels (T and L types) exist in cardiac myocy®sype
channels are practically not present in ventricuaocytes, while L-type channels are
abundantly expressed, primarily at the sarcolen®iajunctions. During depolarization L-

type voltage dependent €ahannels exhibit large conductance. The relatigetall C&"
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ion flux which enters the cell is able to releasibstantially larger Gaion flux from the
SR, via triggering the ryanodine receptors (RyR). This na@ism is called ‘Cd-induced
Cd" release’ (CICR). A minor flux of Gaions pass in the cell via the reverse mode
activity of NCX, counterbalanced by Nextrusion. The amount of €anflux is primarily
controlled via the magnitude and time course ofSReC4" release by a simple negative

feed-back mechanism, termed ag'@ependent inactivation [9-11].

3Na* Ca* Ca
A 1 4

\ [ Sarcolemma NCX :IPMCA I h
_\

forward

['4 AY \ |
C*s \

Mitochondria

Myofilaments [Ca’];

Fig.2. Intracellular C&* homeostasis of the cardiac cell. The upper pahelvs the main
routes of the C& movements of the cell, and the potential direct amlirect regulative
roles of the C& on K" channels. Thexlin this case confines the maifi khannels of the
heart (ko, lIkr, Iks, Ik1, Isk). The lower panel compares the time courses ot#éndiac AP,
CaT, and contraction (modified from Bers [12])

1.2.2. C&" -release

The large amount of Gastored in the SR is mostly bounded to &*Qainding
protein called calsequestrin. When the triggef*Gaaches the RyRs, their conductance
significantly increases, enabling the release efstored CA. This can be monitored by
optical (fluorometric) techniques. Since cardiacoeytes consist of several intracellular

compartments, the rise in [€f is highly inhomogeneous. From this point three dntgnt
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compartments can be distinguished: (i) dyadic spacéfuzzy space), located between the
terminal cistern of the SR and inner side of thedamma (ii) thesubmembrane area
narrow region under the sarcolemma, (iii) and theak cytosolwhich is the largest
compartment of the intracellular space, locatediaglothe contractile proteins. Therefore,
the [C&"]; at the myofilaments is determined by the amourEat released from the SR,
and the amount of Ghdiffused from the fuzzy space. It is importantniate that during
the CaT the [C4]; in the dyadic space reaches considerably larggninale and declines
much faster compared to that in the bulk cytosang&quently the ion channels and
transporters are located in the plasma membragg,ate subject to markedly larger (and
faster) beat-to-beat €a fluctuations, than can be measured in the cytdsolthe

conventional fluorometric technique [12].

1.2.3. Reuptake and C&-efflux

Sequestration of the released?Cand stabilization of the diastolic [Ehbetween
contractions is crucial in the regulation of theats®-beat C& balance under varying
conditions. The majority of the systolic €ancrease is reuptaken into the SR by it§'Ca
pump (SERCAZ2a). A much smaller amount of {ias extruded from the cell, primarily
via the forward activity of the NCX. In steady staturing each cycle the released and
reuptaken C#, as well as the entered and extruded" ®@aust be equal. The NCX, as a
passive transporter, is governed by the intra-, exthcellular levels of the Nand C&"
ions, and also depends on the actual value of tembrane potential. Based on the
direction of the ion transport reverse and forwaabes of operation can be distinguished.
During reverse mode activity €anflux and an outward current (carried by*'Nans) can
be observed, while during forward mode NCX acti@& " is extruded and an inward Na
current is generated. Since the operation of theXNE electrogenic, under certain
conditions it may generate significant ionic cutremeither direction. An ATP-dependent
c&* transporter, the Gapump of the plasma membrane (PMCA) may also e&t@d",
however its contribution to maintaining €#alance is much less important, and its role is

suggested to be primarily restricted to fine tunifighe diastolic C& level [12-14].

1.2.4. Regulation of the C& homeostasis
Cardiac C4&" handling is tightly regulated by both intrinsicdaextrinsic mechanisms.
Intrinsic regulation is thautoregulationof [Ca®*];, achieved by a simple negative and/or

positive feed-back of [G4; on C&" influx and efflux, respectively. This mechanism
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always sets stable [€% level by fine tuning the Gacontent of the SRia balancing the
cd" influx and efflux at the same time. For examplader experimental conditions,
when the [C&]; is close to the diastolic value (e.g.: after caféegxposure), CaT is small,
producing minimal inhibiting effect on the influand marginal enhancement on the efflux.
Consequently, Cainflux is far better favored than efflux and trerdiomyocyte is getting
loaded with C&. Following some beats the increasing SR*Gantent permits larger
CaT, which in turn restricts influx and promotefitef until transsarcolemmal Gafluxes
are balanced. This process is an intrinsic propefr@e* homeostasis of the cardiac cell,
and does not require any external (i.e. adrenecgicirol [9, 11, 15].

The extrinsic regulating mechanism is achievedneyrteurohormonal system, which
adjusts the activity of heart to meet the requineimef the body in various physiological
or pathological situations (e.g. physical activiiress, pregnancy, or several diseases etc.).
This system acts primarily via the cAMP and proteimase-A (PKA) signaling pathways
following the binding of noradrenalin i receptors, and may cause multiple effects. The
regulation is performed via phosphorylation of theype C&* channels, RyR, SERCA2,
and troponin, leading to increased“Cinflux and release, faster reuptake, and more
effective contraction. Other signaling mechanisnas activation of the protein kinase-C
(PKC) pathway also have important regulative ralesarious ionic currents [12].

1.3. Interactions between AP repolarization and C& handling

Cardiac contraction is achieved by large elevaiinfCa"];, therefore sarcolemmal
K* channels sense the beat-to-beat fluctuations ffi l€eels. The magnitude of the CaT
shows large variability even in physiological cdmhs (during exercise, or emotional
stress due to the adrenergic activation), furtheemo a variety of heart diseases (e.g.:
heart failure, ischaemia/reperfusion injury, lon@-§/ndrome), where Galevels are also
considerably influenced (increased or decrease@l) [Therefore, it seems feasible that
subsarcolemmal Ghlevels are able to modulate cardiatdtrrents, thus could provide a
further major mechanism to improve AP adaptatiodeurvarious conditions.

Theoretically, [C&']i-dependent modulation of a’'Hon channel can be established
either directly or indirectly, via the &adependent calmodulin (CaM), or the calmodulin-
dependent protein kinase Il (CaMKIl). Nonetheleb® entire mechanism is probably
more complicated, since shifts in<Céevels are often the consequence of the activation
adrenergic pathways raising PKA and/or PKC. Sink& Rnd PKC may exert various

effects (activation or inhibition) onKcurrents, one may speculate that the actual effect

13



a given K channel might be the result of multiple, simuliungy activated controlling
pathways. In theory, the regulation of the repaktion process by Gasignaling may
have important role considering the following peint

i. Under normal conditions and heart rates, a déannel may be dynamically
modulated by alterations in subsarcolemmal*Cahus contributing to fine tuning
repolarization and APD.

i. In large mammals, APD and [ER show parallel changes upon frequency
adaptation, therefore the increase or decreas€afi]{ may substantially promotthe
prompt frequency adaptation of APD

iii . [C&"]i mismanagement, frequently observed in cardiaadeemay significantly

influence K channel function.

1.4. Aims of the study

The primary goal of the present study was to ehteich few aspects of the possible
modulatory effect of changes in [E€R on repolarization and to elucidate its functional
consequences.

» First, we investigated the possible physiologicabte of the small conductance
Ca”* activated K" channels (SK-channels) in the repolarization proces in
rat, canine and human myocardium,

« Second, we attempted to elucidate the effect of [€% rise on Iki. The
possible consequences of this relationship on theardiac repolarization

reserve were also investigated.
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2. MATERIALS AND METHODS

2.1. Ethical considerations

2.1.1. Animal care

All studies were conducted in full accordance witle standards of the European
Community guidelines on the care and use of laboyatnimals. All experimental
protocols were approved by the Ethical CommitteePimtection of Animals in Research
of the University of Szeged, Hungary (permit No/1®99 Oeg)).

2.1.2. Human patients

Undiseased hearts obtained from organ donors wglarged to obtain pulmonary
and aortic valves for transplant surgery. Beforedie& explantation, the donor did not
receive medication, except furosemide, dobutamime asma expanders. Investigations
conform the principles outlined in the Declaratioh Helsinki and all experimental
protocols were approved by Regional and Instit@ioduman Medical and Biological
Research Ethics Committee, University of SzegednjpdNo. 717. (No. 63/97).

2.2. Isolation of rat, canine and rabbit ventricula myocytes

Adult male Sprague-Dawlemats, weighing 150-200 g, were retrogadely perfused for
5 min at 37 °C with Krebs-Henseleit solution (comitag in mM: NaCl 118.5, KCI 4,
CaCbh 2, MgSQ 1, NaHPQO, 1.2, NaHCQ 25, and glucose 10; the pH of this solution was
set to 7.35+0.05 when saturated with mixture of 98% and 5% CG@). Then, the
superfusion was switched for 8 min to’Giee Krebs-Henseleit solution. Finally, the
perfusate was completed with 0.5¢g/l collagenasgéTly Sigma), 0.5g/l hyaluronidase,
200 uM Cad), and the heart was perfused for further 7 minufdsthe end of the
enzymatic dissociation process the left ventricutgrocardium was minced and gently
agitated. Freshly isolated cells were placed itdoagje-solution (containing in mM: KOH
89, glutamate 70, taurine 15, KCI 30, O, 10, HEPES 10, MgGl0.5, glucose 10,
EGTA 0.5, pH=7.3) and kept at room temperaturel wstd.

Single canineventricular cells were obtained from hearts ofladwngrel dogs of
either sex weighing 10-20 kg, using the “segmenfup®n” technique. The animals were

anaesthetized with an i.v. injection containingnd3§’kg thiopental. After opening the chest
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the heart was removed and a segment of the lefrigelar wall was perfused via the
anterior descending coronary artery using a grafldw Langendorff apparatus. The
perfusate was modified MEM solution (Minimum Ess&ntMedium Eagle, Joklik
modification, Sigma, M-0518), supplemented with i@ CaC}, 10 mM HEPES, 2.5 g/l
taurine, 0.18 g/l pyruvic acid, and 0.75 g/l ribdpél=7.2). After removing the blood the
perfusate was switched to nominally?G&tee MEM for 10 minutes. Dispersion of cells
was achieved by application of 0.5 g/l collagen&@gma type 1) in the presence of 75 uM
CaCl for 40 minutes. During this isolation procedurdéusons were gassed with oxygen
and the temperature was maintained at 37°C. Finléyleft ventricular wall was minced
and gently agitated. Cardiomyocytes, freshly redddsom the tissue, were stored at room
temperature before use. At least 60% of the cebsewod-shaped and showed clear
striation when the external €avas restored.

New Zealand whiteabbits weighting 2.3-2.9 kg were also used for cardioayye
isolation. A modified Tyrode solution containingy (mM): NaCl 130, HEPES 23, taurin
20, creatine 5, MgGI5, Na-pyruvate 5, KCI 4.5, NaHRQ, glucose 21 was applied. The
pH was adjusted with NaOH to 7.3. In the first g@ctof the isolation additional 2 mM
CaChwas applied to wash out the blood then the perfusias continued using &afree
solution for 5 min. Finally collagenase, proteasd 400 uM CaGClwas applied.

2.3. Recording of APs in multicellular cardiac pre@rations

Adult male Sprague-Dawley rats (weighing 150-200ggult mongrel dogs
(weighing 10-20 kg), and New Zealand rabbits (weigh2.3-2.9 kg) of either sex were
anticoagulated with sodium-heparin and anaesthésizith 30 mg/kg thiopental. The
hearts were rapidly removed through right latehakacotomy and immediately rinsed in
ice-cold Krebs-Henseleit solution or in ice-coldrdge solution (containing in mM: NacCl
144, NaHPO, 0.33, KCI 4, MgC} 1, glucose 5.5, HEPES 5, Ca@; the pH of this
solution was set to 7.4 with NaOH) for 30 sec dejgs on the type of experiment. APs
were recorded from papillary muscle preparationgsexi from the right ventricular wall
of canine, rat, rabbit and human hearts, as welilaas left atrial trabeculae of canine and
rat hearts, at 37 °C. After excision, the preparaiwere immediately mounted in the
tissue chamber, having a volume of 40 ml, and geduwith Krebs-Henseleit or Tyrode
solution. All preparations were continuously stiated with an electrostimulator (Hugo
Sachs Elektronik, model 215/Il) using constant aegtular voltage pulses (1 Hz, 1 ms)

delivered through a pair of bipolar platinum eledes. APs were recorded using the
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conventional microelectrode technique. Sharp mleateodes, having a tip resistance of
10-20 MQ2 when filled with 3 M KCI, were connected to an difigr (Biologic Amplifier,
model VF 102). The voltage outputs from the amglifivere displayed on a dual beam
memory oscilloscope (Tektronix, model 2230), anth@iad at 40 kHz using an analog-to-
digital converter (Real Time Devices Inc, model ABB00). APD measured at 25, 50 and
90% level of repolarization (APIsp99) Was obtained using Evokewave v1.49 software
(Unisip Ltd). The temperature of the superfusates Wapt constant at 37 °C. After
stabilization of the AP parameters control APs weeorded from the surface region of
the tissue samples, then the drug was appliederstiperfusate (apamin: 45, AVE0118:
45, BaC}: 20, dofetilide 60, SEA0400 45 minutes) and thesueements were repeated in
the presence of the drug.

To ensure the physiological conditions of our prapans, control APk values of
200-220 ms for dogs, 170-200 ms for rabbits, an@®ens for rats at 1 Hz were accepted
as exclusion criteria (i.e. preparations with atodnAPDgy out of these ranges were
discarded). Furthermore, AP amplitude had to bédrighan 100 mV in all species.
Attempts were made to maintain the same impalehanng the whole experiment. When
impalement was dislodged, adjustment of the eldetnwas attempted. If the duration of
the AP of the re-established impalement deviatedentban 5 % from the previous

measurement, the experiment was discarded.

2.4. Determination of ionic currents in single mamralian ventricular
cells

A drop of the cell suspension was placed into allahamber mounted on the stage
of an inverted microscope (Olympus, model IX71)] ahleast 10 minutes was allowed for
cardiomyocytes to adhere before starting the supieni. Micropipettes were fabricated
from borosilicate glass capillaries (Clark Electemical Instruments) using a
microprocessor-controlled horizontal puller (P-Satter Instruments). These electrodes
had a resistance of 1.5-2.XMwhen filled with the given pipette solution. Merahe
currents were recorded with an Axopatch 1-D amgliffAxon Instruments) using the
whole-cell or the perforated patch configurationtlod patch clamp technique. Gigaseals
were established with gentle suction and the celinfirane beneath the tip was disrupted
with further suction or by application of short @lécal pulses. The series resistance was

compensated for 80 %. Membrane currents were zigitiusing an analog-to-digital
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converter (Digidata 1440A), under software con{@Clamp 10.0). Membrane currents
were recorded from each cell before and after eatdin of the given drug.

2.4.1. Apamin sensitive current measured by the whe cell patch clamp technique

The apamin sensitive currewas examined in Naand C&" free Tyrode solution,
containing (in mM): N-methyl-glucamine 140, KCIMIgCl, 1, glucose 5, and HEPES 10
(pH=7.4 with HCI). The internal solution appliedrohg this procedure contained (in mM):
K*-gluconate 144, MgGl1.15, BAPTA 5, HEPES 10 (pH=7.2). Free’Cim the pipette
solution was set to 900 nM using an appropriatetumexof CaCl and BAPTA, calculated
with WinMaxC software [17].

2.4.2. Apamin-sensitive current measured by perfoited patch clamp technique

In order to prevent major changes in the intratalmilieu of the cells, the apamin
sensitive current was also investigated using #opated patch clamp technique. The
pipette solution contained (in mM): K-glutamate 1RCI 25, MgCL 1 HEPES 10, EGTA
5, pH 7.4 with KOH. The pipette solution was suppéaited with 200 pg/ml amphotericin
B in order to develop a reasonably good electraxadess to the cell interior. When
amphotericin B penetrated the cell membrane, tltesscresistance was 15-2@2MThe
external solution contained (in mM): NaCl 138, K&IMgCkL 1, CaC} 1.8, NaHPQ0.33,
glucose 10, HEPES 10, pH 7.4 with NaOH. These aeéiee also loaded with a &a

sensitive fluorescent dye, Fluo 4AM (5 uM), and €aere simultaneously recorded.

2.4.3. C&" dependency of k; measured by whole cell patch clamp method

These experiments were carried out in normal Tegredlution, while the pipette
solution contained (in mM): K-aspartate 100, KC| #3ATP 5, MgC} 3.2, HEPES 10.
Depending on the experimental procedure the coratem of EGTA and CaGlwere
adjusted to set the final [E% to 160 nM or 900 nM or when unbuffered interndlion
was applied, both were omitted. The pH of the sofuivas adjusted to 7.2 with KOH.

2.4.4. Determination of the NCX current using the \wole cell patch clamp technique
To evaluate the NCX current, K-free bath solutiomsvapplied containing (in mM):
NaCl 135, CsCl 10, Cagll, MgChk 1, BaC} 0.2, NaHPQ 0.33, TEACI 10, HEPES 10,
glucose 10, pH was adjusted to 7.4 with NaOH. Ehistion was supplemented by 20 uM
oubain to inhibit NKE, 1 uM nisoldipine to block,l, and 50 uM lidocaine to suppress
Ina. The pipette solution contained (in mM): CsOH 148partic acid 75, TEACI 20,
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MgATP 5, HEPES 10, NaCl 20, EGTA 20, Ca@b, the pH was adjusted to 7.2. The
[Ca®"] in the pipette was 160 nM as calculated by tHeM&xC software [17]).

2.5. Recording of CaTs in field-stimulated caninerad rat ventricular
tissues

Canine and rat right ventricular tissue samplessvieaded with 25 uM Fluo 4-AM
(Molecular Probes Inc.) for 50 minutes at room terafure. The samples were mounted in
a low volume Quick Change imaging chamber (RC47ESMarner Instruments) and
paced initially at 1 Hz. Fluorescence measuremeets performed using an Olympus IX
71 type inverted microscope. Optical signals wereorded by a photon counting PMT
module (Hamamatsu, H7828) sampled at 1 kHz. The wige excited at 480 nm, the
emission was detected at 535 nm. Measurements geeerned by using Isosys software
(Experimetria Ltd, Hungary). Frequency-dependeranges in the CaTs were monitored
after establishing steady-state conditions at saatied frequency (0.3, 1, and 3 Hz).

2.6. Molecular biological techniques

2.6.1. Protein isolation and Western blot analysis

Whole cell tissue lysates were purified from ventlar myocardial tissues of adult
hearts (Sprague-Dawley rats, n=6, and mongrel dog8) and also from canine and rat
isolated ventricular myocytes. Briefly, the tisss@mples were cut into small pieces in
Lysis buffer (containing: 50 mM Tris-HCI, 1% nontde-40, 0.5% deoxycholate, 150 mM
NacCl, 10 g/l PMSF, mM leupeptin, 5uM aprotinin, and Jug/l Na-vanadate, and Protease
inhibitor cocktail (Sigma), homogenized with potytrand centrifuged (10000g, 15 min) at
4°C. Supernatants were collected and protein coratémir was measured by Lowry's
method using BSA for standard. SDS-polyacrylamieleetpctrophoresis was performed in
10% acrylamide/bis-acrylamide gels. Fractionatedotgins were transferred to
polyvinylidene difluoride (ImmobiloH"-P membrane, Millipore) in transfer buffer
(containing: 25 mM Tris-HCI, 150 mM glycine, 20%ethanol, pH=8.3). To avoid
nonspecific binding, blots were blocked using TB&1h 10% non-fat milk (BioRad) and
target antigens were labeled overnight with primamtibodies, rabbit polyclonal anti-SK2
(Anti-Kc22.2, Alomone) or murine monoclonat-sarcomeric actin (DAKO) at °€.
Binding of the primary antibody was detected witbrde radish peroxidase conjugated

anti-rabbit or anti-mouse secondary antibodies (AKrespectively, and visualized by
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enhanced chemoluminescence assay (ECL Plus kit,rgh@e Pharmacia Biotech).
Optical densities of protein bands on X-ray filmeres analyzed by using Image J and

Microsoft Excel programs.

2.6.2. Immunohistochemistry and confocal microscopy

Isolated canine and rat ventricular myocytes wiedfby acetone. Before staining
the samples were rehydrated ii“Giree phosphate buffered saline (PBS) and blocked f
120 min at room temperature with PBST (PBS withl@0Tween) containing 1% bovine
serum albumin. Indirect immunofluorescence stainwgs performed using rabbit
polyclonal anti-SK2 (Anti-kks2.2, Alomone) primary antibody in 1:50 dilution ard
fluorescent secondary antibody, Alexa Fluor 448 jugsted goat anti-rabbit 1gG
(Molecular Probes Inc) in 1:1000 dilution. The 60nnperiod of incubation with the
primary antibody at room temperature was followgdurther 60 min incubation with the
secondary antibody. Between and after the incubagieriods samples were washed
thoroughly with PBST. The control samples were anbubated with secondary antibody.
For microscopic examination cells were mounted qu& Poly/Mount (Polysciences Inc).
Fluorescent images of the immunostained samples eagtured by an Olympus FV1000

confocal laser scanning microscope used with stanolErameter settings.

2.7. Drugs

All chemicals were purchased from Sigma exceptretise indicated. Apamin was
dissolved in 50 mM acetic acid yielding a stockusion of 100 uM concentration, which
was stored at -20 °C. Both AVE0118 (gift from AuvenPharma) and dofetilide (gift from
Gedeon Richter Ltd) were dissolved in dimethyl gxidie, resulting drug concentrations of
5mM and 1 mM, respectively. BaClas dissolved in water, in stock solutions of 100
mM. SEA0400 (2-(4-((2,5-difluorophenyl)methoxy)ploary)-5-ethoxy-aniline) has been
synthetized in the Department of Pharmaceuticah@stey, University of Szeged, Szeged,
Hungary, and dissolved in dimethyl sulfoxide. Theck solution was 10 mM. The stock

solutions were stored at 4 °C. All solutions usedenmade freshly prior to the experiment.

2.8 Statistics

Data are expressed as mean values + SEM. Stutlesttfor paired data was used to
compare results. Results were considered signtfiwaen the p value was less than 0.05.
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3. RESULTS

3.1. Functional analysis of the cardiac SK channels

3.1.1. Expression of SK2 channel protein in caninend rat ventricular myocardium

As indicated by the representative Western blotgasy shown in Fig. 3.A/a, SK2
channel protein was abundantly expressed in botfineaand rat ventricular tissues.
Results of the semiquantitative assay revealedoappately similar levels of SK2 protein
expression in both species. To exclude the cortabuof SK2 proteins derived from
vessels, Western-blot analysis was also performedadlated rat and canine ventricular
cells. SK2 protein was clearly detectable at 60 kibdoth species, with similar protein
levels (Fig. 3.A/b).

Dog ventricle Rat ventricle
AR i — - S 02
Dog cell Rat cell
1 2 3 4

Confocal microscopy Transmission microscopy

Dog ventricle -
B
Dog ventricle
C
Rat ventricle
D
Rat ventricle
E

Fig.3. Expression of SK2 channel protein in canine and vantricular myocardium.A:
Representative immunoblots of SK2 protein obtainezhnine (1, 2) and rat (3, 4) left ventricular
myocardium obtained from multicellular tissues (Adad from isolated myocytes (A/b). Proteins
were purified from 6 canine and 6 rat hearts angasated using 10% SDS-PAGE. Protein
expression was detected at a molecular weight okB8. B-E: Confocal (left columns) and
transmission microscopic (right columns) imagestoegd from surface focus plane of isolated
canine B, C) and rat O, E) ventricular myocytes. PanelS and E show immunostained cells,
while in B and D the respective negative controls, stained onlyh witexafluor 488-labeled
secondary antibody, are depicted.
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For further confirmation, the distribution of SKZannel protein was detected
directly in isolated myocytes. Confocal microscopimages of immunostained
cardiomyocytes also revealed comparable surfaddbdison of SK2 channel protein in
both canine (Fig. 3.C) and rat (Fig. 3.E) ventrécuiells. Respective negative controls are

depicted in panels B and D.

3.1.2. Measurements of intracellular CaTs

Since both the investigation of SK-channels aadréquires the presence of CaTs in
the cardiac preparations, prior to the electropilggical experiments, thus we also
demonstrated the presence of normal CaTs in mllliiaepapillary muscles (Fig. 4.). The
shape of the recorded CaTs was close to those nedtafrom single isolated
cardiomyocytes. The effects of [ER modulation on CaTs (systolic and diastolic levels)
were also evaluated. Elevation of ftJa to 4 mM resulted in 35 + 11 % increase in the
amplitude of the CaT (Fig. 4.A and B). In contrabe elevation in diastolic value was
below the experimental variance (Fig. 4.A-B). Thessults clearly demonstrate that the
multicellular AP measurement technique is suitalole investigation of C& induced
alterations in the AP.
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Fig.4. A Effect of [C&"], on CaTs in canine ventricular muscles. CaTs wewnaed in the
presence of 2 mM and 4 mM [€}h, indicated by the open and filled symbols, respebti
Amplitude of [C&']; transients and diastolic [C4];levels determined using the fluorescent{Ta
indicator dye Fluo 4.B Columns and bars represent mean + SEM values woftiin 6
preparations. Asterisks denote significant (p<0.@ifferences between results obtained in the
presence of 2 and 4 mM [€4.
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3.1.3. Effect of apamin on APs recorded from canineat, and human multicellular
cardiac preparations

The effect of 100 nM apamin on the kinetics of ARswested using the conventional
microelectrode technique in right ventricular pkpyt muscles and left atrial trabeculae
excised from canine, rat, and undiseased humarsheédr preparations were paced at a
constant frequency of 1 Hz in Krebs-Henseleit sotut Representative pairs of APSs,
recorded from the same preparations before and48tenin exposure to 100 nM apamin,
are depicted in panels A-E of Fig. 5, while the mamzed results are presented in Fig.
5.F. As shown in Fig. 5, none of the preparatioesponded to apamin exposure with
alterations in APD. These results suggest thaStechannels - in spite of their abundant
expression - fail to mediate significant amount ioh current under physiological
conditions (at least, when studied in multicellumal and ventricular preparations of the

various species).
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Fig.5. Effect of 100 nM apamin on AP configuration in rnoaglfular cardiac preparations
recorded at a stimulation frequency of 1 AzE: Representative pairs of APs, recorded from the
same preparations before and after 45 min exposudd®0 nM apamin. The preparations exposed
to apamin were canine right ventricular papillaryustles (DV), rat right ventricular papillary
muscles (RV), human right ventricular papillary les(HV), canine left atrial trabeculae (DA),
and rat left atrial trabeculae (RA). The averagsuks obtained for AP§ are shown in pandf.
Columns and bars represent mean data + SEM, numipegarentheses denote the number of
preparations tested.

Since activation of the SK channels is tightly degent on elevation of the cytosolic
free C&", the effect of 100 nM apamin on the AP configumtivas also evaluated in

canine and rat right ventricular papillary muscleaced with varying frequencies.
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Representative AP pairs recorded from the sameapagpn before and after exposure to
apamin and presented in Fig. 6.A-C., indicate thatAPD was not modulated by apamin
at any pacing frequency.

Average canine AP§ values were 215+5.0ersus219+4.0 ms at 0.3 Hz, 207+£3.0
versus209.5£3.5 ms at 1 Hz, and 188.0+3:@rsus188.5+3.5 ms at 3 Hz, respectively,
before and after apamin (n=5). The respective aloerat preparations were 83.8+£7.1
versus83.2+8.1 ms at 0.3 Hz, 73.0+3vBrsus72.6£2.5 ms at 1 Hz, and 71.2+2/68rsus
72.6£3.4 ms at 3 Hz (n=5).

Representative CaTs, recorded from right ventrictésues of dogs and rats, paced
at 0.3, 1, and 3 Hz are presented in the rightraokiof Fig.6.D-F. According to these
graphs the highest [€%; values were observed at 3 Hz in canine myocytéslewhe
lowest at 0.3 Hz in the case of rat ventriculasues, following the predictions of the
positive and negative staircase phenomena, resphgtiknown to be characteristic of
canine and rat ventricular myocardium. In spit¢hef elevated [Cd]; values seen at these

frequencies no effect of apamin on AP duration alaserved.
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Fig.6. A-C: Effect of 100 nM apamin on AP configuration in e¢eniand rat ventricular muscles
recorded at pacing frequencies of 0.3, 1 and 3Ré&presentative pairs of APs taken from the same
preparations before after the application of 100 algamin are presentedD-F: Representative
traces of intracellularCaTsrecorded from canine and rat ventricular tissudsttae identical
frequencies (0.3, 1 and 3 Hz).
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In order to exclude the possibility that a stromgalarization reserve may fully
compensate for any apamin-induced APD lengtherprigr to the application of apamin
we also blocked the major repolarizing currentsesehinterventions are known to augment
changes in APD induced by the blockade of otheward currents. In canine papillary
muscles § was blocked by 300 nM dofetilide, in rat prepamas 5 uM AVEO0118 was
used to inhibit thed plus k.. While a substantial attenuation of the repoldiarareserve
was obtained in the presence of these drugs (dsred by a significant lengthening of
APDg in both species, shown in Fig.7.A-B, apamin expedailed to alter APD even
under these circumstances (i.e. when the repotamzeeserve was greatly compromised).
In canine papillary muscles ARBPwas increased by 300 nM dofetilide from 211+3.0 to
24515.7 ms (p<0.05, n=5), and 247+6.0 ms was medswhen 100 nM apamin was
superfused in the presence of dofetilide. The mdspe values in the case of rat
preparations were: 70.845.2 ms in control, 148.2+ds in the presence of 5puM
AVEO0400 (p<0.05, n=5), and 148.4+7.0 ms followingther exposure to 100 nM apamin.

Dog ventricle Rat ventricle
= Control Control
------ 300 nM Dofetilide ] ssee+++ 5 UM AVEO118
A 1] — = 100 nM Apamin B 40 — = 100 nM Apamin
201 201
S 0o z 9
£ -20 £ -207
£ -401 £ -407
> 60! > 601
-801 -80
-100] ' ' ' -1001__ ! ' , X
0 100 200 300 0 100 200 300
Time (ms) Time (ms)

Fig.7. Effect of apamin in preparations with attenuatefalarization reserve due to pretreatment
with dofetilide in canin€¢A) and AVEO0118 in rafB) ventricular myocardium at 1 Hz. Apamin (100
nM) was applied in the presence of 300 nM dofetiidd 5 UM AVEQ118, respectively

3.1.4. Effect of 1 uM SEA0400 on ventricular AP an€CaT

NCX current was measured in dog, rabbit and rataytgs by applying voltage
ramps (100 mV/s with rate of 0.2 Hz) from a holdpawential of -40 mV to +60 mV then
hyperpolarized to -100 mV. The outward NCX currémverse mode activity of NCX)
was determined at +40 mV while the inward currémtward mode) at -80 mV. Following
the control recordings SEA0400 (1 pM) was appl@dS min. 10 mM NiCl was used to
approximate the total NCX currefithe inhibitory effect of SEA0400 was characteribgd
the ratio of the SEA0400-induced NCX current shiftl the Ni*-sensitive current.
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In canine cardiomyocyte$ollowing the application of 1 uM SEA0400 the watd
current was found to be inhibited by 76.6+£3.4% wlihe extent of forward mode block
was 52.8+5.9% (n=8)Contrary to the significant NCX current inhibitiothe APDQg
(measured in multicellular preparations) remainedhanged following the administration
of 1 uM SEA0400 (221+7.4 meersus224.6+4.8 ms, after SEA0400, n=5).

In rabbit cardiomyocytet pM SEA0400 again markedly decreased the NCXeatirr
in both directions: the level of inhibition on tbatward current was 64.1+2.3%, and on the
inward current was 65.4+8.8% (n=7). In rabbit papyl muscles 1 uM SEA0400 caused a
small, statistically insignificant abbreviation tine APDy, (181.5+3.77 myersusl75+8.5
ms, n=5).

In rat cardiomyocyted uM SEA0400 had slightly larger effect on the reeemode
NCX (70.5+10.2%) than on the forward mode (59.3%4).%n=5). However, the AP§adid
not change following SEA0400 administration (63+5varsus68.5+0.5 ms; n=3).
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Fig.8. Effect of 1 uM SEA0400 on the NCX current measimésblated single cells and on the
APs obtained from right ventricular papillary musslfrom dodgA), rabbit (B) and rat(C). In all

three species, in spite of the marked effects enNEX current, APs remained unchanged
following SEA0400 administration.
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3.1.5. Effect of apamin on ion currents in singleamine and rat ventricular cells

To detect any effect of apamin on SK current irgrcardiomyocytes, we applied
both the whole-cell and the perforated patch claeghniques and measured the apamin-
sensitive current in isolated canine and rat veul@ar myocytes. Under whole cell
conditions, the free Gaconcentration in the pipette solution was setd® 8M in order to
induce maximal activation of SK channels. This {Qais close to the values normally
occurring during systole [18]. Test depolarizatioassing from the holding potential of -
50 mV, were applied to membrane potentials ranfjimm -120 to +60 mV for 150 ms.
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Fig.9. The effect of 100 nM apamin on membrane curremtsraed from voltage clamped canine
(A) and rat (B) ventricular myocytes. Steady-state current-voltagiations were obtained by
plotting the end-pulse membrane current as a fonctif the respective membrane potential)(V
Measurements were performed before and after tipdicagtion of 100 nM apamin. Symbols and
bars represent mean data + SEM, the number of ntgeayere 7 in both groups. Error bars are
missing when smaller than symbol size.

Membrane currents recorded at the end of theseepued normalized to cell
capacitance were plotted against the respectiv@tdsntial. Since our external and pipette
solutions were sodium- and €dree, and were also poor in chloride, the recorded
membrane current was carried exclusively by Khese "steady-state" current-voltage
relations, obtained before and after the exposud®0 nM apamin, were fully identical in
both canine and rat ventricular cells (Fig. 9.Ar8spectively, n=7 for each) indicating that
apamin failed to activate any ion current in thesgcytes throughout the entire voltage
range tested. Under perforated patch clamp comditibe cytosol was prevented from
dialysis. The cells were loaded with the fluorescaye fluo 4AM to monitor the Ca

release simultaneously to membrane current measmtem
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Fig.10. Effect of 100 nM apamin on transmembrane curreeterded from canine and raA @nd

B respectively, upper panel) ventricular myocyteslamperforated patch clamp conditions.
Current was obtained using a voltage ramp arisiroT a holding potential of -50 mV to +40 mV,
then hyperpolarizing to -100 mV at a rate of 175/snflower panels). The cells were loaded with
5uM Fluo 4-AM allowing for simultaneous recording 6&Ts A and B, middle panels). The
pipette solution contained 5 mM EGTA to indicatg accidental disruption of the patch. The
effect of apamin was attempted to investigate dsference current, however, no effect of apamin
could be detected

The membrane was initially depolarized from a hagdpotential of -50 mV to +40
mV, then it was hyperpolarized to -100 mV (at a&rat 175 mV/s). Upon depolarization
CaTs could be clearly observed indicating normaicfional C&* homeostasis in these
cells. However, the steady-state membrane cureel@df again in either species to alter
following the administration of 100 nM apamin (Fif).A-B).

3.2. The effect of increased [C&]; on I

3.2.1. The effect of [C4], on AP characteristics

APs from canine were determined under normal (2 f®&§'], or elevated (4 mM)
[Ca®"], conditions (Fig. 11.A). Under normal conditions tkimetics of APs was as
expected (APBy: 202.38+3.48 ms; APdg 154.25+3.47 ms; APL 118+3.57 ms).
Elevated [C&']; caused significant AP shortening (Fig. 11.A andvBhout interfering the
resting membrane potential (ABD 185.2+8.18 ms; AP§: 121.8+1.93 ms; AP
76.2+5.85 ms). Furthermore, in the presence of 4 [@& ], the velocity of the terminal

repolarization was also increased.
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Fig.11. A Effect of [C&'],on AP configuration of canine was recorded in thesgnce of 2 mM
and 4 mM [C&"], indicated by the open and filled symbols, respebti AP duration measured at
90% repolarization (APE).B Maximum rate of terminal repolarization (dV/dt)olGmns and bars
represent mean + SEM values obtained in 6 preparsti Asterisks denote significant (p<0.05)
differences between results obtained in the preseh2 and 4 mM [Cd],

3.2.2. The effect of 10 uM BaGlon the AP

A selective k; blocker (10 pM BaG) [4] was used to evaluate the effects of{Ga
modulation on the current. At normal [€R and pacing at 1 Hz Baglengthened both
APDgy (202.38+£3.48 msvs 222.88+2.8 ms; A10.84+0.84%; p<0.05) and ARP
(154.25+3.47 msvs 162.88+3.39 ms) however, ARD was statistically unaffected
(118+3.57 msvs 121.75£3.39 ms). The resting membrane potentiab alemained
unchanged. [Cd]; rise following [C&'], elevation to 4 mM increased significantly the
effect of 10uM BaGl on APDyo (185.248.18 ms vs 231.20+13.14 ms;
A=19.6£1.9%;p<0.05) and ARP(121.8+1.93 mwys 141.8+3.99 ms) compared to normal
settings (Fig. 12.A and C), but did not affect irggtmembrane potential.

The effect of [C&], elevation on {; inhibiton was also analyzed in paired
experiments: following the first application of @1 BaChk under normal conditions
BaChwas completely washed out, [€rwas raised up to 4 mM and Ba®las reapplied.
The effect of selectivex] inhibition on APD, lengthening was clearly augmented (Fig.
12.B).
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Fig.12. Effect of 10 uM BaGland 0.3 uM dofetilide on APD recorded in caninatsieular
muscles in the presence of 2 mM and 4 mM{Ga A Representative superimposed pairs of APs
recorded before (open symbols) and after (filledhlsgls) superfusion with 10 uM BaCB
Representative records taken from a ventricular almighe preparation was first exposed to 10
UM BaChin the presence of 2 mjMa?‘],, then BaGlwas washed oufCa?'], was elevated to 4
mM and the BaGlexposure was repeate@. Average APIy values obtained in 6 preparations.
Asterisks indicate significant (p<0.05) differendsstween results of 2 and 4 mM fCa. D, E
Representative superimposed pairs of APs recordefdré (open symbols) and after (filled
symbols) superfusion with 0.3 uM dofetilifeAverage AP} values obtained in 5 preparations.
Asterisk indicate significant (p<0.05) differencetieen results obtained in 2 and 4 mM {Qa

3.2.3. [C&"]i dependent effect of k; on repolarization reserve

If 1k. was really increased by elevation of fa (and consequently [G5),
contribution of ki to the repolarization reserve should also be asad under these
conditions. This implicates that the lengtheninigetfof suppression of anothef Kurrent
is expected to be smaller in high than in low{Qa Indeed, as shown in Fig.12.D-F, 0.3
1M dofetilide, known to fully blockd, caused significantly smaller lengthening of ARD
when the preparation was exposed to dofetilidénénpgresence of 4 mM instead of 2 mM
[Ca®],. The finding that dofetilide induced APD lengthemiwas attenuated at high
[Ca®], is crucially important, since it also indicatestttthe high [C&].-induced AP

shortening cannot be related to faster activatidir,adue to the elevated plateau potential.
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3.2.4. [C&"]i dependent modulation of steady-statexh

The possible effect of [¢§; on k. was investigated by comparing the effect of low
(~160 nM) and high (~900 nM) [€%; directly on k; current by applying an appropriate
mixture of CaCJ and C&' chelator BAPTA. The Ca levels in the pipette solution were
verified by a C&' sensitive electrode. The steady-state currentdegermined as thBa®*
sensitive current at the end of 300 ms long rectmgoltage pulses ranging between -80
and -30 mV arising from a holding potential of 80/ (Fig. 13.A-B). The amplitude of
lx; was significantly augmented by high fCJabetween -70 and -40 mV (p<0.05).

300 ms
N
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Fig.13. A-B Dependence of« on [C&']; measured in canine single myocytd3a’*
concentrations were set in the pipette solutioMigMaxC software. Current-voltage relation was
obtained by plotting the steady-state current agaihe membrane potential. Symbols and bars are
means = SEM, asterisks denote significant (p<OdifErences between results of low (n=9) and
high (n=10) [C&"]..

3.2.5. Determination of the instantaneousqh current during an AP

In this set of experiments the instantanegg<lirrent was determined during an AP
used as command potentiad; Wwas again dissected from the total current byyapgl10
uM BaClb. Applying high [C&"]; in the pipette solution significantly increased {eak
current, while the activation kinetics of the cmtreéemained unchanged (Fig. 14.A-C).
Furthermore, the I-V curve was slightly shifted ard positive direction when elevated
[Ca®]; was applied in the pipette solution (from -65+1157+1.3; p<0.05) (Fig. 14.D).
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Fig.14. [Ca¥; dependence ofdmeasured by AP as a command poter{#dl The peak current
was markedly increased when high fQawas appliedB-C). The obtained current was plotted
against the applied voltage command. Symbols and bee means + SEM, asterisks denote
significant (p<0.05) differences between resultdosf (n=9) and high (n=10) [C&];. The C&"
induced k; enhancement was also plotted against the resgeatiembrane potential. Current-
voltage relationship composed by plotting the insiaeousd; current against the corresponding
AP voltages, denoted in pari2l(p<0.05, n=7).

3.2.6. Effect of dynamic increase of [C&]; on steady state };

Finally we tested the hypothesis that dynamic iaseein [C4];, i.e. when CaTs
were evoked during each cycle, may augment theThe currents dissected by LW
BaClL were compared in the presence and absence of dy@atiielevation. The voltage
protocol (Fig. 15.A) started with a brief, 50 msdpprepulse from -80 mV to 0 mV in
order to trigger CaT before current activation.

In the presence of &a buffering neither CaT nor current activation couié
observed. In contrast, when dynamic®Calevation was allowedxd increased markedly
(Fig. 15.B). When [CZ]; was low, the |-V curve ofgh was moderate, however, when
EGTA was omitted from the pipette, the magnitudéhef current was, again, considerably
augmented between -70 to -30 mV (p<0.05) (Fig. 15.C

32



0mv 500 ms

-30 mV

50 ms

|
]
-80 mvV —

-90 mV

B o4 Low [Ca '], | High [Ca 2*],

”J"‘“wwwwm

Current (nA)
o

o
N
Current (nA)
ik N

N

FIF,
1 11

o

Current (pA/pF)
o N

Membrane potential (mV) O Low [Ca?];
W High [Ca?*];

Fig.15. Dependence ofJ on [C&"];. CaTs recorded under high [E3; conditions (no EGTA in
the patch pipette) and low [€§; conditions (nominally Cé-free extracellular fluid and 5 mM
EGTA in the patch pipette) from isolated caninetriemar myocytes. A) The voltage protocol:
To evoke CaT the protocol started with 50 ms lomgpulse from a holding potential of -80 mV to
0 mv. Steady statg;lcurrent-voltage relationship has been determingditseries of 500 ms test
pulses clamped to -90, -70, -50 and -30 mV, resmdyt In order to disseck] the protocol was
repeated in the presence of 10 uM Ba(B) Representative sets ¢f records and relative Fluo 4
fluorescence with (left panel) and without (rigtgnel) 5 mM EGTA in the pipette solutidiT)
Superimposed current-voltage

relationship with (open symbol) and without (fillegmbol) evoked CaTs (* = p < 0.05; n=5).
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4. DISCUSSION

4.1. Novel findings

In this thesis several aspects of the interactlmetsveen cardiac repolarization and
intracellular C&" handling are summarized. In the correspondingissude attempted to
collect novel information on the level of modulatief the cardiac AP by changes in
[Ca®™];, primarily focusing at the repolarization procedso well known C&'-dependent
K* currents were investigated in details: 1) the somiductance CGa activated K current
(1<), and 2). the inward rectifier'Kcurrent(lx1). The results of the first study led us to the
conclusion that thesk has no apparent role in the physiological reppédion process.
Nonetheless, the potential contribution of thisrent to accelerated repolarization in
certain pathological conditions cannot be ruled buthe other study we conclude that the
magnitude of {4, is significantly enhanced, when [€R (and consequently [§) is
largely elevated.

4.2. C&" dependence of AP morphology

A number of recently and formerly published data peovided strong evidence that
under certain circumstances Qg directly or indirectly, exerts an important moatoiry
effect on AP morphology. Ghinduced alterations in the kinetics of the AP nimy
initiated by highly complex mechanisms and may levetbped simultaneously via

multiple effects of [C&]; changes on a wide variety of individual ion chdripees.

4.2.1. Depolarizing currents

The Na' current (Ing) activates and inactivates within a few millisecendowever,
the N4 influx does not vanish completely during the platphase. In the limited range of
membrane potentials where activation and inactwaturves of theyh overlap, a small
persistent Nacurrent could be observed (late sodium curreat).| The slow inactivation
or ‘window current’ may still provide a significaramount of N& ions, which can
modulate C& handling via the reverse activity of NCX. This effanight be enhanced
during heart failure, when AP plateau is prolonged k. is increased. The gating .l
may also be modulated by [ER, however, the exact mechanism (i.e. via direct'Ca
binding to the channel or via the CaM/CaMKII patlyyves not yet fully clarified. Tan et al
[19] reported that CaM slows the inactivation @f MWhile Kim et al [20] found that CaM
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modulates the C-terminus of the channel, minimizing sustained current component
during depolarization, thus preventing arrhythmisigagner et al [21] found that in
CaMKIls overexpressed rabbit heart slowergd ihactivation enhanced the current.
Maltsev [22] reported that all proposed modulatoaghways (Ca/CaM/CaMKIl) might be
responsible for the modulation of the Nzhannel: CaMKII slows the decay afl, while
[Ca™]; shifts the steady-state inactivation level towardse positive potentials.

The L-type Ca®" current (Ica) is known to provide the main current for maintami
the plateau phase of the AP. Furthermore, it semsethe primary entry point for €ato
induce ECC. [11, 23]. The gating of the currentii®ctly controlled by Ca/CaM during
the C&"-dependent inactivation (CDI) [24]. Via limiting €aentry through the channel,
CDI is a major component of the autoregulation rdfacellular C&" handling, through
which the cardiomyocyte controls its [€r, as well as the duration of the plateau phase.
In turn, the Ca/CaM complex indirectly increasgg Via the activation of CaMKII. This
effect can be functionally seen as a positive cige phenomenon: i.ezal amplitude
increases and its inactivation slows down upon tipe stimuli following a resting
interval. This mechanism termed ‘Gaependent facilitation (CDF) [24]. CDF and CDI
functionally coexist in myocytes, however, whileetiEDI operates rapidly (during the
same beat) the CDF develops beat-by-beat [12].mMbdulatory effect of CaMKIl onch.
can also be involved in arrhythmogenesis: increaséidity of CaMKIl enhances the open
probability of ks, consequentlyit increases the probability of triggered activiity EAD
formation [25, 26].

4.2.2. Repolarizing currents

The suggested direct/indirect relationship betw€efi handling and repolarization
raises interesting and important speculationsbét-to-beat alterations in [€Eh may
dynamically modulate the repolarization kineticgl anay also significantly modulate the
interaction between individual repolarizing Kurrents (i.e. the repolarization reserve) (ii)
physiological, frequency-dependent fJachanges may also substantially contribute to
the rate-dependent APD alterations (i) severaytyrbed or impaired [G4; handling,
rather common in cardiac diseases, may disturb alorepolarization (iv) Under high

[Ca®"]; conditions the effect of certain class IlI. antisthmic agents may be modified.

A simple and effectivedirect [C&']i-dependent modulation of the repolarization
kinetics can be establisheda the [C&']; dependent K channels {ca) [27]. Another,
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similarly feasible alternative mechanism might bm@dulatory effect of [C&d]; on several
K™ currents b, lkr, lks, lk1). Although the major kinetic properties and fuooal role of
these repolarizing Kcurrents are well characterized ([3-6] the puali€&'];-sensitive

regulation of the repolarization process is poetlycidated.

4.2.2.1. Direct link between repolarization and C& handling

For several ion channels carrying important repalag currents, the primary signal
for opening is anshift in [C&']/CaM activity. Furthermore, a few [€&-induced
downstream messengers may also contribute to chgatieg. C4" sensitivity and voltage
dependency of these channels were found to beasladly channel type dependent and
largely variable.

Ca**-activated CI' channels (cica) are present in Purkinje cells and ventricular
cardiomyocytes of canine and rabbit hearts [28, Z8F estimated reversal potential for
these channels is about -60 mV, therefore, durhrey AP a small inward current is
followed by an outward current. Since ‘Cactivated, this Clcurrent follows the time
course of the CaT and can be inhibited by blocleither the C# influx or the C&"
release from the SR [30]. The current is suggetieble primarily involved in phase 1
repolarization, thus it is often referred as. IRecent studies found thajak, at least to
some extent, contribute to afterdepolarizationg [31

Ca**-activated K* channels (k(ca) are abundantly expressed in noncardiac tissues,
including brain, peripheral nerves, skeletal musekscular endothelium, liver, kidney,
and were also suggested to be abundantly expresskdbeing active in the heart [32].
These channels are mainly classified by their cgiate conductance: i.e. large (BK), [33]
intermediate (IK), [34] and small conductance ($39] channels have been identified. All
SK channels show high &asensitivity but weak voltage-dependence and varyin
sensitivity to apamin, an inhibitor toxin isolat&#dm bee venom [34, 36]. Based on their
apamin-sensitivity there are three major SK charsuddtypes: SK1 channels are little
affected, SK2 channels are highly sensitive and $Kannels are considered to be
intermediate type [34, 36]. Expression of all thregbtypes of SK channels were
demonstrated in various cardiac preparations imetpdat, murine and human hearts [34,
36], however, their functional role in the cardiepolarization process has not been
extensively studied and, therefore, is poorly ustberd.
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4.2.2.2. Indirect interactions via main repolarizirg currents (lo, lkr, lks)

Depending on species and tissue typeGh&-independent transient outward K'
current (l) has important role in phase 1 repolarization. Redsfs transient nature;|
influences the APD and the plateau potential, floeee it also has an indirect impact on
C&* handling. Tessier et al [37] reported that CaMKlbws the inactivation ofil in
human atrial myocytes, therefore, it may contridoteevelopment of atrial fibrillation. In
HEK-293 cells the inactivation of Kv1.4 channelsswsower following the activation of
CaMKIl [38]. A further study suggests that CaMKlUta directly on Kv4.3 by prolonging
the open state inactivation and accelerating tteeafrecovery from inactivation [39]. The
studies show that CaMKII induced modulation gfhay shorten the APD, furthermore, it
might have an indirect effect on the “C&andlingvia controlling the plateau potential
[40]. PKC increases the inactivation time and sldtes time course of recovery from

inactivation [41].

The rapid component of the delayed rectifier K current (I ) is mediated by the
KCHN2 (HERG: human ether-a-go-go-related gene) wbhrprotein which can be
modulatedvia activation of - and/or a-adrenergic receptors or rising the intracellular
cAMP level. PKA-induced phosphorylation reduces #meplitude of the HERG current
and shifts the activation curve of, Itowards depolarization [42, 43]. Isoproterenol
enhancesk} in guinea-pig and rabbit sinoatrial cells [44, .4Burthermore, in canine
ventricular myocytes the magnitude @f Wwas also found to be enhanced by PKA [46]
showing that modulation ofxl by PKA is species and tissue dependent. The KCNH2
channels are also modulated by P& shifting the activation curve to positive direction
and reducing the current [47h contrast, durin-adrenoreceptor stimulatiorerrar et al.
[48] found PKC-induced increase in the amplitudelgf Direct [C&']i/CaM/CaMKI

mediated ¢ modulation has not been reported, so far.

The slow component of the delayed rectifier K current (Ixs), generated by the
KvLQT1+MinK+MIRP channel complexis enhanced b-adrenoreceptor activation;
adrenerg stimulation, PKC phosphorylation, or iis§Ca];. f-adrenoreceptor activation
increases PKA activity, which enhances the ampditofl ks and causes rate dependent
shortening of APD [49]. PKA phosphorylation of tikhannels markedly enhances the
amplitude of ks by increasing the rate of activation of the chanawed by reducing its rate
of deactivation [50]. Lowering [K, and [C&"], also increaseskd [51]. In contrast,

endothelin-1 reducegsl presumablyia the inhibition of the adenylate-cyclase [52].
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The inward rectifier K* current (Ix1) is a composite current generated by a
complex population of Kir 2.1, 2.2, 2.3 and posgibASK-1 and TWIK-1 channels, and is
primarily responsible for the terminal phase of tegpolarization process. It also has a
pivotal role in stabilizing the resting membrandepdial [53]. Data in the literature are
highly controversial on the nature of its f{(Jadependence, therefore, one of our primary
goals was to investigate the modulatory effect@{]; on ki. The review of previous

studies and the results and conclusions of ourrerpats are discussed in chapter 4.4.

4.3. Are there functioning SK channels in mammaliaimyocardium?

Based on their high G&sensitivity and relatively weak voltage-dependenmee
could expect that SK channels provide an imporfanttional direct link between €a
handling and the electrical events of the surfaeenbrane. Thus, these channels might

modify AP configuration by responding to beat-t@balterations of [Cd];.

4.3.1. Previous results

In a previous study Xu et al. found that SK charirieckade by apamin (50 pM)
significantly lengthened the APD in murine atrialdaventricular myocytes and also in
human atrial cells [36]. Implications of these atvations may be very important, since the
reported apamin-sensitive, marked lengthening @fARD suggests a crucial involvement
of the SK channels in the physiological repolai@atprocess. In addition, based on the
observation that the APD is lengthened by its itilmb, modulation of $x may represent a
novel antiarrhythmic mechanism, which could ingiatovel pharmacological strategies.
Furthermore, SK channels can be expected to sulahamcontribute to the repolarization
reserve, especially during €aoverload. Based on data from genetically alterenise
models, SK channels may have functional importanatevelopment of atrial fibrillation
[54] and in the kinetics of the AV node APs [55]

4.3.2. Has any role SK current in cardiac repolariation?

Based on classical molecular biologic techniquesaiso verified the expression and
mostly plasmamembrane location of the SK2 chanhelsgver, in contrast to findings by
Xu et al [36], we failed to identify any apamin unad alteration either in ventricular or in
atrial AP, as well as in the corresponding ion ents, in either species, studied. The major
discrepancy between their and our results may reiteeve from interspecies differences,

or from partially different experimental conditiorBerhaps the most important difference
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can be found in the AP measurements. The AP measuts by Xu et al [36)vere carried
out in single isolated cardiomyocytes, while ouesr@vperformed in multicellular cardiac
tissue using the conventional microelectrode tepmi Recording APs from single
isolated cells is a widely used/accepted techniqaesever, it may not be fully suitable for
detection of small changes in APD, since the enzigntissociation process may result in
compromised repolarization reserve. During isolatevarying portion of Kchannels are
impaired, resulting in suppressed Kurrents, quite similar to nonspecific’ Kkhannel
inhibition. This may lead to AP instability, unexped time dependent changes and

attenuation of the effect of an ion channel blocker

An alternative explanation for the found discrepamay be that the physiologically
achieved [C3]; level increase is not sufficient to activate lasg®ugh SK current, which
could overcome the strong repolarizing capacityhef ventricular muscle. To clarify this
possibility we attenuated the repolarizing resdayenhibiting major repolarizing currents
(Ikr in the dog, dur plus |y in the rat) prior to apamin administration. As egfed, these
interventions markedly lengthened the APD in bopecses, however, subsequently
applied apamin still failed to induce any furthelPId prolongation, suggesting negligible
role for apamin-sensitive SK-current in cardiactvienlar repolarization [56].

Based on computer modelling studies of the rabdtricular AP [57], NCX should
primarily operate in forward mode (i. e. carrying iaward current) during a plateau-type
AP. Inhibition of this current may lead to APD ponbation. In AP measurements, further
to the repolarization reserve, the NCX currente tlirection of which is opposite to the
SK-current and at the same time it is also’[Gajoverned - may also substantially
complicate the evaluation of the effect of SK-catr@hibition.

Nonetheless, it still remained unclear, whetherdhppression of the NCX current
would influence the APD in the presence of intagtalarization reserve. Despite a marked
impact of SEA0400 — a selective NCX antagonist th@NCX current, the kinetics of the
AP remained practically unaltered in both canine aabbit multicellular preparations.
This fact may indicate a relatively small inward XICurrent in a normal plateau type AP.
In line with these observations, no significanteeff on canine CaT following the
application SEA0400 was observed [58]. Neither Ni@bibition was able to suppress the
incidence of dofetilide-induced torsade de poimesbbit [59].

Interestingly, in rat cardiomyocytes, in spite dfetSEA0400 induced positive

inotropic effect (demonstrated by simultaneous @ad cell shortening measurements [60,

39



61]), the AP, again, did not change, thus sugggstimuch larger impact of NCX activity
on C&" handling than on AP kinetics.

A set of measurements were also performed in dodstudy the possible modulatory
role of [C&"]; alterations on the apamin effect. Our fluorometrieasurements revealed
that in canine cardiomyocytes the highest’[l;devels could be reached at 3 Hz, while in
rat ventricular myocytes at 0.3 Hz stimulation r&Me frequency-dependent differences in
AP kinetics following apamin administration could bbserved, suggesting that even the

highest physiological [G4]; levels might still be too low to activate the Skaonels.

In a set of further experiments we attempted tedtlly identify the apamin sensitive
current in voltage clamped single canine and redicenyocytes. However, application of
100 nM apamin failed to cause any shift of the m@ntV curve in either species, again
suggesting the lack of functional apamin-sensiVechannels in ventricular myocardium.
The lack of effect of apamin in our patch clampexpents was unexpected, since Xu et
al. [36] reported rather large apamin-sensitiveentr(4 pA/pF) in the membrane potential

range corresponding to the AP plateau.

The perforated patch clamp technique allows thesguwation of the intracellular
milieu of the cell, while CaTs and cell contractiane evoked. Therefore, this setting
allows to investigate, whether the SK current ordgponds to dynamic [€% changes.

However, 100 nM apamin failed again to cause aifyisithe I-V curve.

4.3.3. What may be the message of our results?

In contrast to previous reports, our data seemotudradict the significance of the
previous observations made in mice and in humashftareason of this discrepancy is not
clear. We must conclude that SK channels play oelgligible - if any - role in cardiac
repolarization under physiological conditions. Hoee the possibility that these channels
may activate under a few special circumstancesh(siscC4" overload, heart failure, or
conditions of ischemia/reperfusion) cannot be rueat Our data may also have important
implications regarding pharmacological speculatiand future drug development. Further
experiments are required to investigate the pwdatole of the SK channels in diseased

myocardium, before its pharmacological modulatiounld be utilized.
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4.4. C&" dependence ofd;

Ik1 is activated in the final phase of the repolar@aprocess and sets and stabilizes
the resting membrane potential. The current shoresag inward rectification, thus enables
significantly larger inward than outward curremt.dutward direction, the current reduces
close to zero at potentials positive than -30 nmhént quickly reopens when membrane
potential approximates more negative values. Téasufe is due to Mg and polyamines
(spermine and spermidine) induced channel blocknugepolarization [53].«h beyond
being an important component of the repolarizatieserve, also opposes any kind of
arrhythmogenic depolarization occurring in restelthe C4" overload induced transient
inward current [4, 53]. Hence, any impairment afthurrent may be arrhythmogenic,
since positive resting membrane potential shiftslifate extrasystoles [4]. Furthermore,
decreasedki lengthens APD and may increase the dispersioepaflarization, providing
substrate for reentries [60]. Although partial ldade of k; by 10 uM BaC] substantially
inhibits the current (about 70% [4]) it only causearginal APD lengthening. Therefore,
under physiological conditiongil can be more considered as a component of theveeser
than possessing major repolarizing role. Nevert#sglevhen repolarization reserve was
attenuated, the effect afilinhibition was found to be largely enhanced, iatling that in

this circumstancesd can be a key player of the repolarization resgfle

4.4.1. s k; [Ca®"];-sensitive?

Results from studies on Eadependency ofkt are much controversial. Several early
studies concluded that €aions inhibit ki [62-65], while others found a positive
relationship between [¢§; and ki [66-69]. Recently, Zaza et al. [70] have repottieat
the increase in [G4); decreased the magnitude ef though the functional significance of
this effect remained unclarified. In rat myocytesu€onnier et al. [714lso demonstrated
that in heart failure, when diastolic [ER is elevated, & is reduced. Wagner et, §72]
concluded that AP shortening by CaMKII overexpressin rabbit myocytes, is partially
the consequence of CaMKIl induced Increasing. It is known that [€3; is considerably
raised and the AP is shortened during hypoxia [A8Fording to the “classical” theory,
this shortening is due to the activation gffKchannels. However, several studies reported
a substantial contribution ok4l to this APD adaptatiof68, 74-76], while Lopatin et al
[68] found direct relationship between elevated’[@nd k. activation during hypoxia in

isolated mouse cardiomyocytes.
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4.4.2. k1 mediated [C&"]; effects on AP morphology

We investigated the putative €alependence ofd under multicellular, as well, as
single cell conditions. In the AP measurements ttengpted to raise [G§; as selectively
as possible. To avoid activation of PKA and PKC,di@not use adrenergic agonists, thus
the multiple effects of protein kinases may haverted. Instead, we increased fGato 4
mM, thus enhancing the “driving force” for €aions through thech. As expected,
enhanced [Cd]; markedly shortened ARR Furthermore, the maximal velocity of the
terminal repolarization was also found to be fasiéis effect may be a consequence of
decreased inward and increased outward currentsarteed inactivation ofch. during
high [C&"]; conditions is a widely accepted mechanism undeglytiee AP shortening,
however in the potential range of the terminal tappation k,_is already inactivated.

Increased repolarizing currents.(l ks, lk1) were also suggested to contribute to
enhanced terminal repolarization, especially whelRDAshortening is paralleled by
elevated plateau potential. Therefore, we testedptitative role of the delayed rectifiers
(Ikr and ks) in high [C&"]i induced APD shortening. Interestingly, selectiviiliition of
Ik, by dofetilide did not result in increased APD leérening when [C&],was elevated. In
contrast, the effect of dofetilide was significgnteduced. Following selective inhibition
of Ixs by HMR-1556 no effect could be observed. This Itesaxclude a possiblecl
enhancement by elevated f(Ja however, the reduced effect of dofetilide mayabesult
of the shortened APfcaused by high [C4;. APD abbreviation is able to reduce the
effect of k. inhibition [77], however, it may only partially explain our findggsince
under the same conditions the effectgfihhibition was largely enhanced. An alternative
explanation can be based on the concept of thdamgation reserve: i.e. the reduced
effect of k. inhibition could also be the consequence of inedaoutward currents (e.g.:
Ik1), which is able to partially compensate farihhibition.

In contrast to the negative results gfand ks inhibition, the effect ofd; inhibition

was considerably increased by enhanced]gm canine papillary muscles.

4.4.3. The effect of [C&]; on Ix; current

Since k; is permanently active during the late repolar@atphase and the entire
diastolic period, if &1 was C&'-dependent, both systolic and diastolic {Qiavould affect
the magnitude of the current. In these experiméaf$ dependency ofci was compared
between the high and low [€% groups and three sets of measurements were pedorm

In the first set steady-state currents were medsatréhe end of each voltage steps, in the
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second set the instantaneous currents were dettnfimally, in the third set the effect of
dynamically increased [G8; on the steady-state current was investigatedll B sets of
experimentsy; was defined atheBa* sensitive current.

Independent of the protocol used, following fGaise the B&'-sensitive current was
substantially increased between -70 to -40 mV. fEt&ted data seem to support previous
results reporting enhanced following [C& ], rise in Purkinje fibers, and during hypoxia-
induced APD shortening, where Calependentg augmentation may contribute to APD
adaptation. On the other hand, our results searppose findings of studies describing |
amplitude reduction following [C4]; rise in isolated cardiac cells from various speeied
during various conditions. In early studies findirg amplitude reduction the discrepancy
may derive from the conditions applied, which wierefrom the physiological range. Zaza
et al [70] reported Cé induced rectification ofh. i.e. lowering [C&"]; increased the
current. Nonetheless, all these findings could drdyseen in a membrane potential range
corresponding to the plateau phase of the AP, vihdgeterminal repolarization remained
unaltered. Finally in failing rat hearts Fauconrae¢ral. [71] reported reducegd; Icurrent,
contributing to the elevated diastolic.aHowever, in heart failure upregulated NCX and
downregulated SERCA activities were found to resulh substantial decrease in systolic
[C&a®"];. Therefore, it seems feasible that the overalf{Icaensed by the corresponding ion

channels ofd; was indeed, decreased.

4.4.4. Has k; multiple regulation?

Several studies reported that beyond being reglilage[C&'];, Ik: is also sensitive
to alterations in the phosphorylation/dephosphdigtestate of the channel proteins caused
by a variety of protein kinases. Several studipened that PKA, PKC and CaMKIl may
have distinct modulatory effects ogy.| During adrenerg stimulation PKA and PKC may
reduce the amplitude okil, while CaMKIl may augment the current. Indeedseems
feasible that distinct modulatory pathways (PKA,®KCaMKIl, [C&*];) concomitantly
target the corresponding channels and jointly furee the amplitude okl to improve the
adaptation of the current to varying external coads. Our results support the idea first
suggested by Wagner et al [72], that under high*‘]Ceonditions ki is enhanced by
CaMKIl. Sympathetic stimulation activates the PKAdaPKC pathways both exerting
crucial role in controlling the shape of the A& modulating a few ionic currents likeal,

Iks, and k. Nonetheless, their inhibiting effect oa kcan be seriously arrhythmogemwia
reducing the repolarization reserve and compromishe resting membrane potential.
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Therefore, simultaneous CaMKII activation and {;dncrease may counteract and limit
the PKA/PKC induced b reduction, and thus prevent arrhythmia generation.
Consequently, substantially different experimem@ahditions may cause the loss of the
balance between these two counteracting pathwawdtirey in reducedgh amplitude. This

explanation may help in understanding the conttadjaesults on Ca-sensitivity of ki.

4.4.5. What may be the message of our results?

Overall, our data suggest that increased{lcaay activate an autoregulative |
augmentation. Under conditions investigated, tHeaanement ingh seems to be confined
to the systolic period of the cardiac cycle. Durdigstole the resting membrane potential
is practically not affected. Increased fQais a principal component of the cardiac
adaptation process, however, it may also leadaeased probability of arrhythmogenesis.
Therefore, when [C4); is elevated, a compensatory feed-back increake should have
antiarrhytmic rolevia enhancing the repolarization reserve. Considerisgatlate results in
the literature, we could not rule out any direchamcing effect of [C&]; on ki. Another
possible mechanism for the [E€R-induced k; increase isvia distinct activation of the
CaMKIl, as was also demonstrated previously [72]r €sults also suggest that elevated
[Ca®]; may markedly influence the efficacy of class llhtiarrhythmic drugs,

counteracting their AP prolonging action.

44



5. CONCLUSIONS AND FURTHER PERSPECTIVES

Our results support the presence of &'Gativated K current in the membrane
potential range of the terminal repolarization. Heer, we had to conclude that this
current may not be the SK-current, rather the Mhich thus could improve the
instantaneous adaptation of AP to an external ehgdl. Sincexk cannot be related to one
particular channel type, rather to a complex mixtof B&" sensitive channels (primarily
Kir2.x), active during terminal repolarization, wannot exactly identify the primary €a
sensitive ion channel(s).

We could not demonstrate an apamin sensitivecrrent in cardiac ventricular
muscle, and it is rather difficult to explain thievous discrepancy between our results and
data in the literature. However, considering thewgng body of evidence on functional
Ccd* activated K currents in the heart, and the relatively widegeamf ion channels,
which are inhibited by B3, we cannot rule out the possibility that thassical” C&"
activated K current and theCa* sensitive k;, at least partially, overlap regarding the

responsible ion channel(s). This hypothesis, howeeguires further experimental work.
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