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INTRODUCTION

Principles of generation of the cardiac AP

The electric integrity of the heart is an essénteguirement for its
synchronized activity and its adaptation to variessernal conditions. A crucial
point of the beat-to-beat regulation of the hearthe fine-tuning of the APD,
achieved primarily by a strict control of the reqating K currents. In the past
decades and also recently, a number of studies idewvevidence that
physiological regulation of the repolarization pees, as well as the corresponding
ionic currents, is a complex mechanism and may uiestantially modulated by
Ccd" signaling pathways. Considering that thé'@gcle of the heart is also subject
to large variations under different conditions .(fleequency changes, adrenergic
modulation, a number of severe cardiac diseasegynamic interrelationship
should exist between intracellular Céandling and AP, which may substantially
influence the normal cardiac adaptation or in éertzonditions may lead to
arrhytmia propensity. Therefore, a detailed analysi this relationship may
significantly improve our currently limited undeastding on the mechanisms of
physiological and pathological alterations of cacdirepolarization, as well as
substantially facilitates the development of newrpiacological strategies.

Underlying ionic currents of the AP

The cardiac AP reflects coordinated activity of tipleé ion channels that
open, close and/or inactivate with different kinsti Upon activation
cardiomyocytes are depolarized by a rapid inflowNaef ions generating a large
and fast inward Nacurrent (k). Ina N0t only defines the rapid upstroke of the AP
(phase 0) but has also primary role in definingwacity of impulse propagation
through the heart. The initial depolarization o tAP is followed by a transient
repolarization (phase 1) mainly governed by thadient outward current,{). In
this section of the AP the &aactivated Clcurrent (kicay OF lop) is also suggested
to contribute to the transient repolarization. Tapid upstroke of the AP activates
the L-type C&' current (k) and also several crucial’kurrents involved in the
repolarization: i.e. the rapid and slow compongigs and ks) of the delayed
rectifier K" current and the inward rectifier'kcurrent (k;). During a period of
time Ic, opposes the outward repolarizing currents, estdhlis a nearly
isoelectric plateau phase (phase 2) of the AP.dlination of the plateau phase has
important role in controlling the amount of the’Cinflux. The C&" influx has
crucial role in initializing the intracellular &acycle leading to contraction of the
cell. When C& channels begin to close the outward currents gifydavercame
lca, €nabling fast repolarization of the AP (phase (®)yerned by cooperative
function of ks, I, and k;. The terminal repolarization (phase 4) of the A®well
as the resting membrane potential is primarily adlgd by the ;. Several
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electrogenic ionic pumps and exchangers may alsstantially contribute to
shaping of the AP. The electrogenic'M& ATPase (NKE) has a pivotal role in
setting the uneven distribution of Nand K ions between the intra- and
extracellular spaces, thus enabling the excitgbiit the cardiomyocytes. The
Na'/Ca* exchanger (NCX), which is also electrogenic, misp @ontribute to the
AP. Since the equilibrium potential of the NCX lies the range of AP, both
inward and outward currents can be generated. Hextbe exact role of the NCX
during an AP is not yet fully elucidated.

Significance of the cardiac repolarization reserve

The concept and terminology of thepolarization reservewas introduced
by Roden in 1998, based merely on clinical obs@wat The principle of the
repolarization reserve is a redundancy of the wapmation process, i.e. loss of one
repolarizing current may not lead to excessive ARAgthening, since other
unimpaired K channels may provide sufficient repolarizing catyad herefore, it
has critical importance in stabilizing the APD,regforiness and conduction of the
electric impulses. Furthermore, it restricts exaes#AP lengthening caused by
impaired channel function, e.g. in LQT’s, extremeadycardia, hypokalaemia,
hypotiroidism, diabetes mellitus, drug exposure, €he repolarization reserve has
also important role in decreasing the transmurspetision of the repolarization,
thus preventing cardiac arrhythmias. The key pkpérthe reserve arg,) Iks, k1,
and presumably,l These repolarizing currents play a critical rade normal
myocardial function, furthermore, the majority dethreatening arrhythmias are
known to derive from repolarization abnormaliti€serefore, better understanding
of the pathomechanisms leading to AP abnormalitees] the developmentf
novel strategies to treat arrhythmias require muohe detailed knowledge of the
repolarization mechanisms, including all its detieants (e.g.: [CH])).

Intracellular Ca?* homeostasis of the heart

The purpose of the excitation-contraction (ECC)ptimg of the heart is to
provide effective and in the same time adaptiveliearoutput by activation of the
myofilaments. The ECC is governed by a highly carphechanism initiated by
depolarization of the sarcolemma and finalizedh®ydontraction-relaxation cycle.
C&" has a central role in ECC: the primary point is @& influx through the
L-type C&" channels which open by depolarization. Thé*@aflux triggers a
substantially largeCa’* releasefrom the sarcoplasmic reticulum (SR) which is
called C&" induced C&' release. This transient [€h increase €&* transient,
CaT) is terminated by both Gareuptake to the SRia the activity of the SR G
pump, SERCA2a), and &aextrusion (efflux) from the celprimarily via the
forward mode activity of the NCX).



Since cardiac myocytes consist of several intratallcompartments, the
rise in [C&T; is highly inhomogeneous. From this point three dntgnt
compartments can be distinguished: (i) theadic space(fuzzy space), located
between the terminal cistern of the SR and innge sif the sarcolemma (ii) the
submembrane areaa narrow region under the sarcolemma, (iii) ahe kulk
cytosolwhich is the largest compartment of the intradatlspace, located around
the contractile proteins. It is important to ndiattduring the CaT the [€% in the
dyadic space reaches considerably larger magnitumde declines much faster
compared to that in the bulk cytosol. Consequerttg ion channels and
transporters are located in the plasma membraeeswdiject to markedly larger
(and faster) beat-to-beat dluctuations, than can be measured in the cytbgol
the conventional fluorometric technique.

Cardiac C& handling is tightly regulated by both intrinsicdaextrinsic
mechanisms. Intrinsic regulation is thatoregulationof [Ca?'];, achieved by a
simple negative and/or positive feed-back of{Gaon C&" influx and efflux,
respectively. This mechanism always sets stabléJCavel by fine tuning the
Cd" content of the SRia balancing the G4 influx and efflux at the same time.
The extrinsic regulating mechanism is achieved tyy meurohormonal system,
which adjusts the activity of heart to meet theursgments of the body in various
physiological or pathological situations (e.g. ghgkactivity, stress, pregnancy, or
several diseases etc.).

Interactions between AP repolarization and C&" handling

Cardiac contraction is achieved by large elevationCa"];, therefore
sarcolemmal K channels sense the beat-to-beat fluctuations fii iBaels. The
magnitude of the CaT shows large variability evanphysiological conditions
(during exercise, or emotional stress due to theradgic activation), furthermore
in a variety of heart diseases (e.g.: heart failisehaemia/reperfusion injury, long-
QT syndrome), where &alevels are also considerably influenced (increased
decreased). Therefore, it seems feasible that sddemmal C&' levels are able to
modulate cardiac Kcurrents, thus could provide a further major medma to
improve AP adaptation under various conditions.

Theoretically, [C&]i-dependent modulation of a*Kon channel can be
established either directly or indirectly, via #6e’*-dependent calmodulin (CaM),
or the calmodulin-dependent protein kinase Il (CdNIKNonetheless, the entire
mechanism is probably more complicated, since shiftC&" levels are often the
consequence of the activation of adrenergic patBwaising PKA and/or PKC.
Since PKA and PKC may exert various effects (atibvaor inhibition) on K
currents, one may speculate that the actual effiect given K channel might be
the result of multiple, simultaneously activateahtrolling pathways. In theory, the
regulation of the repolarization process by 'Gagnaling may have important role
considering the following points:
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i. Under normal conditions and heart rates, & d¢hannel may be
dynamically modulated by alterations in subsarcaeinC&*, thus contributing to
fine tuning repolarization and APD.

i. In large mammals, APD and [ER show parallel changes upon
frequency adaptation, therefore the increase orredse in [CE], may
substantially promotthe prompt frequency adaptation of APD

ii. [C&"]; mismanagement, frequently observed in cardiacadi® may
significantly influence K channel function.

Aims of the study

The primary goal of the present study was to ehteica few aspects of the
possible modulatory effect of changes in {aon repolarization and to elucidate
its functional consequences.

» First, we investigated the possible physiologicalote of the small
conductance C&' activated K' channels (SK-channels) in the
repolarization process in rat, canine and human mycardium,

« Second, we attempted to elucidate the effect of [E% rise on ;.
The possible consequences of this relationship orhet cardiac
repolarization reserve were also investigated.

RESULTS
Functional analysis of the cardiac SK channels

Expression of SK2 channel protein in canine and ratentricular myocardium

The SK2 channel protein was abundantly expressédtim canine and rat
ventricular tissues. Results of the semiquantiéatigsay revealed approximately
similar levels of SK2 protein expression in bothedps. To exclude the
contribution of SK2 proteins derived from vess#l&gstern-blot analysis was also
performed in isolated rat and canine ventriculdisceSK2 protein was clearly
detectable at 60 kDa in both species, with singlatein levels.

For further confirmation, the distribution of SKZhannel protein was
detected directly in isolated myocytes. Confocalcroscopic images of
immunostained cardiomyocytes also revealed compmmrface distribution of
SK2 channel protein in both canine and rat venaicecells.



Measurements of intracellular CaTs

Since both the investigation of SK-channels gadréquires the presence of
CaTs in the cardiac preparations, prior to thetedpbysiological experiments, we
also demonstrated the presence of normal CaTs lticellular papillary muscles.
The shape of the recorded CaTs was close to thHatséned from single isolated
cardiomyocytes. The effects of [ER modulation on CaTs (systolic and diastolic
levels) were also evaluated. Elevation of {qato 4 mM resulted in 35 + 11 %
increase in the amplitude of the CaT. In contrds, elevation in diastolic value
was below the experimental variance. These resld@rly demonstrate that the
multicellular AP measurement technique is suitafie investigation of C&
induced alterations in the AP.

Effect of apamin on APs recorded from canine, ratand human multicellular
cardiac preparations

The effect of 100 nM apamin on the kinetics of ABswested using the
conventional microelectrode technique in right vieodar papillary muscles and
left atrial trabeculae excised from canine, rat andiseased human hearts. None
of the preparations responded to apamin exposuhealterations in APD.

Since activation of the SK channels is tightly degent on elevation of the
cytosolic free CH, the effect of 100 nM apamin on the AP configumativas also
evaluated in canine and rat right ventricular gapil muscles paced with varying
frequencies. Representative AP pairs recorded fiteensame preparation before
and after exposure to apamin, indicate that the ARB not modulated by apamin
at any pacing frequency. Average canine APBalues were 215+5.@ersus
219+4.0 ms at 0.3 Hz, 207+3v@rsus209.5+3.5 ms at 1 Hz, and 188.0+3€rsus
188.5+3.5 ms at 3 Hz, respectively, before and @&jpamin (n=5). The respective
values in rat preparations were 83.8+Veksus83.2+8.1 ms at 0.3 Hz, 73.0£3.5
versus72.6+2.5 ms at 1 Hz, and 71.2+2&rsus72.6+3.4 ms at 3 Hz (n=5).

Representative CaTs were recorded from right vaulat tissues of dogs
and rats, paced at 0.3, 1, and 3 Hz. The highezt][Galues were observed at
3 Hz in canine myocytes, while the lowest at 0.3ikithe case of rat ventricular
tissues, following the predictions of the positaued negative staircase phenomena,
respectively, known to be characteristic of cardnd rat ventricular myocardium.
In spite of the elevated [€% values seen at these frequencies no effect ofiapam
on AP duration was observed.

In order to exclude the possibility that a stroegalarization reserve may
fully compensate for any apamin-induced APD lengihg, prior to the
application of apamin we also blocked the majorolafzing currents. These
interventions are known to augment changes in ARliéed by the blockade of
other outward currents. In canine papillary musdlgsvas blocked by 300 nM
dofetilide, in rat preparations 5 uM AVE0118 wagdigo inhibit the ) plus k-
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While a substantial attenuation of the repolar@atieserve was obtained in the
presence of these drugs, apamin exposure failedtéo APD even under these
circumstances. In canine papillary muscles APWas increased by 300 nM
dofetilide from 211+3.0 to 245+5.7 ms (p<0.05, n=%nd 247+6.0 ms was
measured when 100 nM apamin was superfused inrdsemce of dofetilide. The
respective values in the case of rat preparatioese:w70.8+5.2 ms in control,
148.2+7.3 ms in the presence of 5 uM AVE0400 (pSOr&5), and 148.4+7.0 ms
following further exposure to 100 nM apamin.

The NCX current was measured in dog, rabbit andveatricular cardiac
myocytes. In all species the selective NCX inhibi&EA0400 (1 pM) markedly
reduced NCX current. In spite of these resultsMLSEA0400 failed to influence
the AP kinetics in all species, obtained from ibfaapillary muscles.

Effect of apamin on ion currents in single canine rad rat ventricular cells

Under whole cell conditions, the free aoncentration in the pipette
solution was set to 900 nM in order to induce maliactivation of SK channels.
Test depolarizations, arising from the holding ptité of -50 mV, were applied to
membrane potentials ranging from -120 to +60 mV160 ms. The "steady-state"
current-voltage relations, obtained before andrafte exposure to 100 nM
apamin, were fully identical in both canine andwantricular cells indicating that
apamin failed to activate any ion current in theggcytes throughout the entire
voltage range tested.

Under perforated patch clamp conditions the cytagat prevented from
dialysis. The cells were loaded with the fluoresadye fluo 4AM to monitor the
C&* release simultaneously to membrane current memsmts. The membrane
was initially depolarized from a holding potenta@l -50 mV to +40 mV, then it
was hyperpolarized to -100 mV (at a rate of 175 shMJpon depolarization CaTs
could be clearly observed indicating normal funuibC&" homeostasis in these
cells. However, the steady-state membrane curedledfagain in either species to
alter following the administration of 100 nM apamin

The effect of increased [C&]; on Ik

The effect of [C&"], on AP characteristics

APs from canine were determined under normal (2 f®4§], or elevated
(4 mM) [C&"], conditions. Under normal conditions the kineticsAdfs was as
expected (APR; 202.38+3.48 ms; APf 154.25+3.47 ms; APR
118+3.57 ms). Elevated [€% caused significant AP shortening without
interfering the resting membrane potential (ARD185.2+8.18 ms; APE:
121.841.93 ms; APER): 76.2+5.85 ms). Furthermore, in the presence ohM
[C&®"), the velocity of the terminal repolarization wascincreased.
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The effect of 10 uM BaC} on the AP

A selective §; blocker (10 uM BaG) was used to evaluate the effects of
[Ca®"], modulation on the current. At normal g and pacing at 1 Hz Bagl
lengthened both APf (202.38£3.48 ms  vs 222.88+2.8 ms;
A10.84+0.84%;p<0.05) and AREX154.25+3.47 mgs 162.88+3.39 ms) however,
APD,s was statistically unaffected (118+3.57 ns121.75+3.39 ms). The resting
membrane potential also remained unchanged?‘[Case following [C&'],
elevation to 4 mM increased significantly the effef 10 uM BaCJ on APDy
(185.248.18 ms vs 231.20+13.14 ms; A=19.6+1.9%;p<0.05) and ARPp
(121.84£1.93 mys 141.8+3.99 ms) compared to normal settings, bditndit affect
resting membrane potential.

The effect of [C&], elevation on ; inhibition was also analyzed in paired
experiments: following the first application of u®1 BaClL under normal
conditions BaGlwas completely washed out, [€g was raised up to 4 mM and
BaCl, was reapplied. The effect of selectiyg inhibition on APLQ, lengthening
was clearly augmented.

[Ca®"]; dependent effect of }, on repolarization reserve

If 1<, was really increased by elevation of f{Ga(and consequently [E8;),
contribution of k; to the repolarization reserve should also be assd under
these conditions. This implicates that the lengtigreffect of suppression of
another K current is expected to be smaller in high thatowm [C&’"],. Indeed, as
shown in, 0.3 pM dofetilide, known to fully block;| caused significantly smaller
lengthening of APk, when the preparation was exposed to dofetilidethim
presence of 4 mM instead of 2 mM fJa. The finding that dofetilide induced
APD lengthening was attenuated at high{Qas crucially important, since it also
indicates that the high [3.,-induced AP shortening cannot be related to faster
activation of k. due to the elevated plateau potential.

[Ca*]; dependent modulation of steady-statech

The possible effect of [G§; on k, was investigated by comparing the
effect of low (~160 nM) and high (~900 nM) [€R directly on k, current by
applying an appropriate mixture of CaGind Ca' chelator BAPTA. The Ca
levels in the pipette solution were verified by a’Csensitive electrode. The
steady-state current was determined asB#fé sensitive current at the end of 300
ms long rectangular voltage pulses ranging betw&@rand -30 mV arising from a
holding potential of -80 mV. The amplitude @f Was significantly augmented by
high [C&]; between -70 and -40 mV (p<0.05).
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Determination of the instantaneous ; current during an AP

In this set of experiments the instantaneousclurrent was determined
during an AP used as command potential.was again dissected from the total
current by applying 1M BaCl. Applying high [C&’]; in the pipette solution
significantly increased the peak current, while dleévation kinetics of the current
remained unchanged. Furthermore, the I-V curve slagghtly shifted toward
positive direction when elevated [€awas applied in the pipette solution (from -
65+1.1 to -57+1.3; p<0.05).

Effect of dynamic increase of [C4]; on steady state |,

Finally we tested the hypothesis that dynamic iaseein [C4T;, i.e. when
CaTs were evoked during each cycle, may augmenith&he currents dissected
by 10 uM BaCl, were compared in the presence and absence of dyr@gii
elevation. The voltage protocol started with a for0 ms long prepulse from
-80 mV to 0 mV in order to trigger CaT before cuntractivation.

In the presence of abuffering neither CaT nor current activation cobil
observed. In contrast, when dynamic®Calevation was allowedy{ increased
markedly. When [CE]; was low, the |-V curve ofch was moderate, however,
when EGTA was omitted from the pipette, the magltataf the current was, again,
considerably augmented between -70 to -30 mV (0.0

DISCUSSION

Novel findings

In this thesis several aspects of the interactidoetween cardiac
repolarization and intracellular €a handling are summarized. In the
corresponding studies we attempted to collect naviekrmation on the level of
modulation of the cardiac AP by changes in {Gaprimarily focusing at the
repolarization process. Two well known “Gdependent K currents were
investigated in details: 1) the small conductane&” @ctivated K current(l ),
and 2). the inward rectifier Kcurrent(l«,). The results of the first study led us to
the conclusion that thed has no apparent role in the physiological reppédion
process. Nonetheless, the potential contributionthi§ current to accelerated
repolarization in certain pathological conditiorennot be ruled out. In the other
study we conclude that the magnitude ef is significantly enhanced, when
[Ca®], (and consequently [EF)) is largely elevated.

Are there functioning SK channels in mammalian myoardium?

Based on their high Ghasensitivity and relatively weak voltage-
dependence, one could expect that SK channelsdeam important functional
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direct link between C& handling and the electrical events of the surface
membrane. Thus, these channels might modify APigorgtion by responding to
beat-to-beat alterations of [€h.

Previous results

In a previous study Xu et al. found that SK charbietkade by apamin (50
pM) significantly lengthened the APD in murine atrand ventricular myocytes
and also in human atrial cells. Implications ofseobservations may be very
important, since the reported apamin-sensitive ketalengthening of the APD
suggests a crucial involvement of the SK channeis the physiological
repolarization process. In addition, based on theewvation that the APD is
lengthened by its inhibition, modulation ofsxl may represent a novel
antiarrhythmic mechanism, which could initiate nopbarmacological strategies.
Furthermore, SK channels can be expected to sulabancontribute to the
repolarization reserve, especially during?Caverload. Based on data from
genetically altered mouse models, SK channels raag functional importance in
development of atrial fibrillation and in the kiret of the AV node APs.

Has any role SK current in cardiac repolarization?

Based on classical molecular biologic techniques, also verified the
expression and mostly plasmamembrane locationeoS#2 channels, however, in
contrast to findings by Xu et al, we failed to itiBnany apamin induced alteration
either in ventricular or in atrial AP, as well asthe corresponding ion currents, in
either species, studied. The major discrepancy detwiheir and our results may
either derive from interspecies differences, onmfrpartially different experimental
conditions. Perhaps the most important differene@ ©e found in the AP
measurements. The AP measurements by Xu et al varged out in single
isolated cardiomyocytes, while ours were perforimenhulticellular cardiac tissue
using the conventional microelectrode techniquecoRd#ing APs from single
isolated cells is a widely used/accepted technitposyever, it may not be fully
suitable for detection of small changes in APDgsithe enzymatic dissociation
process may result in compromised repolarizatisemee. During isolation, a
varying portion of K channels are impaired, resulting in suppressédufrents,
quite similar to nonspecific Kchannel inhibition. This may lead to AP instalilit
unexpected time dependent changes and attenudtiba effect of an ion channel
blocker.

An alternative explanation for the found discrepamoay be that the
physiologically achieved [G4; level increase is not sufficient to activate large
enough SK current, which could overcome the stn@mplarizing capacity of the
ventricular muscle. To clarify this possibility wattenuated the repolarizing
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reserve by inhibiting major repolarizing currenitg {n the dog, . plus L, in the
rat) prior to apamin administration. As expectdiese interventions markedly
lengthened the APD in both species, however, sulesgly applied apamin still
failed to induce any further APD prolongation, segiing negligible role for
apamin-sensitive SK-current in cardiac ventricugoolarization.

The negligible contribution of NCX current to the®PB may rule out the
possibility that the NCX current further complicatfee evaluation of the SK-
current.

A set of measurements were also performed in awstudy the possible
modulatory role of [CA]; alterations on the apamin effect. Our fluorometric
measurements revealed that in canine cardiomyodfiesighest [CH]; levels
could be reached at 3 Hz, while in rat ventricutarocytes at 0.3 Hz stimulation
rate. No frequency-dependent differences in AP tldeefollowing apamin
administration could be observed, suggesting thahdhe highest physiological
[Ca®]; levels might still be too low to activate the SKaanels.

In a set of further experiments we attempted tedtly identify the apamin
sensitive current in voltage clamped single canara rat cardiomyocytes.
However, application of 100 nM apamin failed to many shift of the control |-V
curve in either species, again suggesting thedadknctional apamin-sensitive'K
channels in ventricular myocardium. The lack ofeeffof apamin in our patch
clamp experiments was unexpected, since Xu eepbrted rather large apamin-
sensitive current (4 pA/pF) in the membrane potémtinge corresponding to the
AP plateau.

The perforated patch clamp technique allows thesgmation of the
intracellular milieu of the cell, while CaTs andliceontraction are evoked.
Therefore, this setting allows to investigate, vleetthe SK current only responds
to dynamic [C&]]; changes. However, 100 nM apamin failed again teseany
shift in the I-V curve.

What may be the message of our results?

In contrast to previous reports, our data seenoturadict the significance
of the previous observations made in mice and imdny and the reason of this
discrepancy is not clear. We must conclude thatB#hnels play only negligible -
if any - role in cardiac repolarization under ploysgical conditions. However, the
possibility that these channels may activate uraldew special circumstances
(such as C& overload, heart failure, or conditions of ischefngiperfusion) cannot
be ruled out. Our data may also have important igapbns regarding
pharmacological speculations and future drug dewvent. Further experiments
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are required to investigate the putative role o 8K channels in diseased
myocardium, before its pharmacological modulatioald be utilized.

Ca** dependence ofd;

Ix1 is activated in the final phase of the repolai@aprocess and sets and
stabilizes the resting membrane potential. The ettirrshows strong inward
rectification, thus enables significantly largemward than outward current. In
outward direction, the current reduces close tm zr potentials positive than
-30 mV, then quickly reopens when membrane potemtproximates more
negative values. This feature is due to?M@gnd polyamines (spermine and
spermidine) induced channel block upon depolaomatil; beyond being an
important component of the repolarization reser@isp opposes any kind of
arrhythmogenic depolarization occurring in reskelithe C&" overload induced
transient inward current. Hence, any impairment tbis current may be
arrhythmogenic, since positive resting membraneemal shifts facilitate
extrasystoles. Furthermore, decreasedléngthens APD and may increase the
dispersion of repolarization, providing substrate feentries. Although partial
blockade of {; by 10 uM BaC] substantially inhibits the current (about 70%) it
only causes marginal APD lengthening. Thereforgeumhysiological conditions
Ix1 can be more considered as a component of theveetfesn possessing major
repolarizing role. Nevertheless, when repolarizatieserve was attenuated, the
effect of k; inhibition was found to be largely enhanced, iatling that in this
circumstances can be a key player of the repolarization reserve.

Ik, mediated [C&]; effects on AP morphology

We investigated the putative €alependence ofJ under multicellular, as
well as single cell conditions. In the AP measuretsieve attempted to raise
[Ca®"); as selectively as possible. To avoid activatioP KA and PKC, we did not
use adrenergic agonists, thus the multiple effeftprotein kinases may have
averted. Instead, we increased {0 4 mM, thus enhancing the “driving force”
for C&" ions through thecl,. As expected, enhanced fJamarkedly shortened
APDy,. Furthermore, the maximal velocity of the termingbolarization was also
found to be faster. This effect may be a consequericdecreased inward and
increased outward currents. Enhanced inactivatibricg during high [C&';
conditions is a widely accepted mechanism undeglyfre AP shortening, however
in the potential range of the terminal repolarizatic, is already inactivated.

Increased repolarizing currents(l lxs, lk1) were also suggested to
contribute to enhanced terminal repolarizationgesgdly when APD shortening is
paralleled by elevated plateau potential. Therefome tested the putative role of
the delayed rectifiers (I and ks in high [C&"]; induced APD shortening.
Interestingly, selective inhibition ofl by dofetilide did not result in increased
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APD lengthening when [G§, was elevated. In contrast, the effect of dofetilide
was significantly reduced. Following selective tmtion of Ixs by HMR-1556 no
effect could be observed. This results exclude ssipte k enhancement by
elevated [C&];, however, the reduced effect of dofetilide mayabeesult of the
shortened APE) caused by high [G4;. APD abbreviation is able to reduce the
effect of k, inhibition, however, it may only partially explawur findings, since
under the same conditions the effect @f ihhibition was largely enhanced. An
alternative explanation can be based on the corafehte repolarization reserve:
i.e. the reduced effect of,linhibition could also be the consequence of ineeda
outward currents (e.g.4l), which is able to partially compensate fgrihhibition.

In contrast to the negative results @f &nd ks inhibition, the effect of 4;
inhibition was considerably increased by enhand@e], in canine papillary
muscles.

The effect of [C&"]; on I, current

Since |k, is permanently active during the late repolar@aphase and the
entire diastolic period, if¢y was C&'-dependent, both systolic and diastolic{a
would affect the magnitude of the current. In thesperiments Ca dependency
of lx; was compared between the high and low?{F@roups and three sets of
measurements were performed. In the first set gtetade currents were measured
at the end of each voltage steps, in the secontheenstantaneous currents were
determined. Finally, in the third set the effectdyhamically increased [€5; on
the steady-state current was investigated. In afle® of experimentsqal was
defined aghe Ba®* sensitive current.

Independent of the protocol used, following {Garise the B&™-sensitive
current was substantially increased between -78GanV.

Has Ix; multiple regulation?

Several studies reported that beyond being regllage[C&"];, I« is also
sensitive to alterations in the phosphorylationfaegphorylation state of the
channel proteins caused by a variety of proteiradé@s. Several studies reported
that PKA, PKC and CaMKII may have distinct modutgteffects on ;. During
adrenerg stimulation PKA and PKC may reduce the litude of I, while
CaMKIl may augment the current. Indeed, it seemasifde that distinct
modulatory pathways (PKA, PKC, CaMKIl, [€&) concomitantly target the
corresponding channels and jointly fine-tune thel@nde of k; to improve the
adaptation of the current to varying external ctads. Our results support that
under high [C&]; conditions k; is enhanced by CaMKIIl. Sympathetic stimulation
activates the PKA and PKC pathways both exertingiat role in controlling the
shape of the APvia modulating a few ionic currents likesal, lks, and k.
Nonetheless, their inhibiting effect op;Ican be seriously arrhythmogenita
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reducing the repolarization reserve and compromidine resting membrane
potential. Therefore, simultaneous CaMKIl activatiand [C&"]; increase may

counteract and limit the PKA/PKC induceg; Ireduction, and thus prevent
arrhythmia generation. Consequently, substantiatlifferent experimental

conditions may cause the loss of the balance betweese two counteracting
pathways resulting in reduced | amplitude. This explanation may help in
understanding the contradicting results oA*@ensitivity of ;.

What may be the message of our results?

Overall, our data suggest that increased ?ficamay activate an
autoregulative J; augmentation. Under conditions investigated, thieaacement
in lIx; seems to be confined to the systolic period of dhediac cycle. During
diastole the resting membrane potential is praltyicat affected. Increased [E%
is a principal component of the cardiac adaptaficocess, however, it may also
lead to increased probability of arrhythmogeneSikerefore, when [Cd); is
elevated, a compensatory feed-back increasg, ishiould have antiarrhytmic role
via enhancing the repolarization reserve. Consideriigpagate results in the
literature, we could not rule out any direct entiagceffect of [CA"]; on k.
Another possible mechanism for the fGainduced k, increase isvia distinct
activation of the CaMKIl. Our results also suggésat elevated [Cd; may
markedly influence the efficacy of class Il antlathmic drugs, counteracting
their AP prolonging action.

CONCLUSIONS AND FURTHER PERSPECTIVES

Our results support the presence of &'Cactivated K current in the
membrane potential range of the terminal repoltidma However, we had to
conclude that this current may not be the SK-cayreather the J;, which thus
could improve the instantaneous adaptation of ABrt@xternal challenge. Since
Ix1 cannot be related to one particular channel tygther to a complex mixture of
Ba’* sensitive channels (primarily Kir2.x), active dugiterminal repolarization,
we cannot exactly identify the primary Caensitive ion channel(s).

We could not demonstrate an apamin sensitiVe cirrent in cardiac
ventricular muscle, and it is rather difficult txpain the obvious discrepancy
between our results and data in the literature. él@w considering the growing
body of evidence on functional Eaactivated K currents in the heart, and the
relatively wide range of ion channels, which areitited by B&", we cannot rule
out the possibility that théclassical” C&* activated K current and theCa&*
sensitive k1, at least partially, overlap regarding the resgmasion channel(s).
This hypothesis, however, requires further expentadenork.
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