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ACRONYMS AND ABREVIATIONS

AP: action potential

APD: action potential duration

APDg, APD7s, APDso, APD,s: action potential durations at 90%, 75%, 50% abéo 2of
repolarization

ATP: adenosine-triphosphate

ATX-Il: anemone toxin

AU: arbitrary unit

CICR: C&" induced C&' release

CaT: C&" transient

dVv/dtmax: maximum rate of depolarization

DAD: delayed afterdepolarisation

DD: diastolic depolarization

DMSO: dimethyl sulfoxide

EAD: early afterdepolarisation

ECC: excitation-contraction coupling

FSK: forskolin

[Ca®*li: intracellular C&

ls: pacemaker or “funny” current

lcar: L-type C&" current

lcat: T-type C&" current

l1: inward rectifier K current

lk: rapid component of the delayed rectifier ¢urrent
lks: Slow component of the delayed rectifiet darrent
Ina: N@™ current

InaL: Late Nd current

lp: Na'/K™ pump current

Ina peak PEAK N4 current

lo: transient outward Kcurrent

M cells: midmyocardial cells

MDP: maximum diastolic potential

NCX: Na'/C&* exchanger

PLB: phospholamban

PMCA : sarcolemmal G4ATPase

Plateayo: plateau potential at 50% repolarization time
RyR: ryanodine receptor

SA node, SAN: sinoatrial node

SERCAZ2a: myocardial sarcoplasmic reticulunf ‘s Pase
SR: sarcoplasmic reticulum

Vmax: maximum rate of depolarization



SUMMARY

The cardiac sodium-calcium exchanger (NCX) has wotai role in the C&

homeostasis as well as in several types of arrhgdintherefore the potential therapeutic

application of its modification was intensively died in the past decade. However, the

inotropic and antiarrhythmic effect of its inhilaiti has not yet been fully clarified due to the

lack of appropriately selective inhibitor. The rettg developed novel selective NCX
inhibitors, ORM-10103 and especially ORM-10962, yided new insights in the
understanding of NCX physiology as well as the fidsgherapeutic implications of these

new potential drugs as novel antiarrhythmic agents.

1)

2)

3)

4)

This thesis summarizes:

The pharmacological profile of the novel NCX inldyi ORM-10962, compared its
selectivity with that of the previously describezhtpound, ORM-10103. ORM-10962
proved to be even more selective and exerts impre¥iectiveness on NCX current
having EGo values in the nanomolar range, without any inflgeoa k4 or other
currents.

In contrast to previous inhibitors like SEA0400 @RM-10103, we found marginal
positive inotropic effect of the ORM-10962 withontajor influence on the action
potential under normal condition.

Marginal but statistically significant reduction YRM-10962 in the spontaneous
firing rate of the atrial and Purkinje AP may inalie important role of NCX in the
spontaneous pacemaker mechanism, which is inribenlith the previously described
coupled clock hypothesis.

We suggest that NCX inhibition could equally leadpbsitive and negative inotropy,
depending on the actual value of NCX reversal g@krSelective NCX inhibition
may have negative inotropic effect wherfaad is coupled with marked increase of
intracellular Na facilitating the reverse mode activity. This hyipegis was tested in
dog Purkinje fibres, where digoxin induced DADs é&itnge and incidence were
significantly reduced by ORM-10962.



1. INTRODUCTION

1.1. The cardiac action potential and its underlyig currents

The normal mechanical (pump) function of the manmamaheart depends on proper
electrical function, as reflected in the successaaivation of cells in specialized,
"pacemaker" regions of the heart and the propagadioactivity through the ventricles.
Myocardial electrical activity is attributed to ttgeneration of action potentials (AP) in
individual cardiac cells, and the normal coordidagéectrical functioning of the whole heart
is readily detected in surface electrocardiogradys The generation of myocardial APs
reflects the consecutive activation and inactivatid ion channels that conduct depolarizing,
inward (Nd& and C&"), and repolarizing, outward { currents. The waveforms of APs in
different regions of the heart show some variameéiecting to differences in the expression
and/or the properties of the underlying ion chasindlhese differences contribute to the
normal unidirectional propagation of excitationabgh the myocardium and to the generation
of normal cardiac rhythms (2, 3). The cardiac eieat cycle has been divided into five
“phases”, four of them describing the AP contoud ane the diastolic intervaFigure 1)).
The initial phase ghase 0 refers to the fast depolarization of the AP sufgib by the
activation of fast inward Nachannels. However, this currentdl has relatively short-lived
characteristic (activation time of the fast currenino longer than 2-3 ms), provides large
enough charge influx to membrane depolarizatioryoRd activating other currents of the AP
(e.g.: C&*-current, K-currents) this phase is responsible for the rapidulse propagation.
The phase 1lreflects a transient repolarization, mainly supgerby transient outward
potassium current{). The kinetics of this current is similar to thg, lit is quickly activated
and inactivated during depolarization. The magmtud this phase has important role in
shaping the spike-and-dome configuration of the Sihce the expression level of ion
channel(s) carryingJexerts marked differences across the ventriculdr (and therefore the
amplitude of § as well) (4) the spike-and-dome configuration banconsidered a specific
“marker” in identifying the ventricular origin ohe cell. Thephase 2also named “plateau
phase”, which is a characteristic feature of thelie@ AP. During this phase the inward and
outward currents transiently balance each otheawiging a long-lasting isoelectric phase,
which has crucial role in cell contraction. Thygg lis an important player not only in shaping
the action potential, but in initiation of intraiéar C&* cycle (see details in chapter 1.2).

When kq. slowly decays, the outward “Kurrents overcome the charge influx, allowing



repolarization ghase 3 During the initial section of phase 3, the rapidl slow components
of delayed rectifiers ¢} and ks) support large outward *Kcurrent having crucial role in
repolarization, while in the terminal phase of &, the inward rectifier Kcurrent (k;) has
primary function in the complete repolarization efihase 4represents the resting membrane
potential during diastole. Mainly4 and perhaps the RK* pump has important role in
maintaining the stable resting membrane potentialentricular cells. In atrial and Purkinje
cells, where the expression level @f Is significantly smaller (5, 6), the resting meaute
potential is unstable, and a slow depolarizatiom loa observable (diastolic depolarization),
which has important role in the pacemaker function.

Phase 1 Phase 2

Phase 0 Phase 3

Phase 4
J—

Transmembrane current Channel

Navl.5, Navl.7, Nav2.1,

Cavl.2, Cavl.3

|
@ Kv1.4, Kvl.7, Kv3.4, Kv4.2, Kv4.3,
o KCHIP2

.—A

(H)ERG, MIRP2 + MIRP3

KvLQT1 + MinK + MIRP2 + MIRP3
Kir 2.1, Kir2.2, Kir2.3,
k  mm A Kir2.4, TWIK1, TASK2

NCX

Na/K ATP-ase

Figure 1. The ventricular action potential and coresponding ion currents.The upper
panel shows a representative ventricular AP andspkeaof the AP kinetics. The underlying
ionic currents are shown in the left side of thevéo panel in time-match with the AP. The
inward currents are depicted as downward defletioNote that the amplitudes of the
currents are not proportional with each other. T¢teannel proteins carrying the current are
marked at right side of the lower panel (modifiezhf (7))

1.1.1. The concept and role of the repolarization reserve
The concept of the repolarization reserve was dhiced by Roden, based on clinical

observations (8). The phase 3 of the AP is commoby a precise cooperation of several



potassium currents including;} Ixs and ki and |, currents (9, 10). Based on clinical (8) and
experimental observation (9-11) it was concludeat th the mammalian (human, dog and
rabbit) ventricular muscle, inhibition of one tymé potassium channels does not cause
excessive APD lengthening. This is probably dug¢hto capability of the various potassium
channels which are able to substitute and/or supgi¢ each other. Human, dog and rabbit
ventricular myocytes seem to repolarize with a regresafety margin (“repolarization
reserve”). This repolarization capacity has impartele in decreasing the transmural APD
dispersion, thus in preventing life-treating artingias. When this normal repolarization
reserve is attenuated due to drug exposures (cam@ non-cardiac drugs as well),
remodelling caused by diseases (heart failure, etib mellitus, hypothyroidism, etc),
increased sympathetic activity, extreme bradycatdypokalaemia or genetic disorders (long
QT syndromes, Brugada, etc), the otherwise minimial moderate potassium current
inhibition can result in excessive and potentiglgarrhythmic prolongation of the ventricular
action potential duration. Multiple Kchannel block can result in excessive repolacrati
lengthening by eliminating the repolarization reseand therefore it can be associated with

increased proarrhythmic risk.

1.1.2. Transmural heterogeneity in the ventricular myocardium

Studies described important electrophysiologicad goharmacological regional
differences of ventricular myocardium in mammaliagart (4). We can distinguish four
functional cell types in the ventricles: epicardialidmyocardial, endocardial and Purkinje
cells. Epicardial and endocardial cells have shoA® than midmyocardial cells. In
epicardium the{ and ks are more abundantly expressed than in other laigdsmyocardial
cells (M cells) have intermediate electrophysiotadjifeatures compared with Purkinje cells
and its pharmacological responses are differenm frthose of either epicardium or
endocardium. Compared with the epicardium and emdoen, the M cells can be
characterized by lowestksl and highest \,. expression levels, pronounced frequency
dependence of the APD, and marked effect of patass$nhibitions on repolarization (12,
13). The M cells are well coupled electrically withe epicardium and endocardium to
stabilize and compensate for the extreme APD lemgiiy. The d,, Ik and ki are similar in
the cardiac layers, but sodium/calcium exchangeEXNmay exhibit the most abundant

expression level in M cells (14).
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1.2. Structure and function of the sodium/calcium xchanger in the heart

Mammalian N&C&* exchangers (NCX) are members of a large®"/Ca
superfamily, whose primary role is to control trawesnbrane Ca-fluxes. Three isoforms of
NCX exist (NCX1, NCX2, NXC3), but NCX1 is the onlgoform expressed in the heart.
NCX1 is a plasma membrane protein, having 10 traénsbmane segments (TMS) and
assembled as a dimer (15, 16). Between the TM®sl B as a large cytoplasmic loop playing
regulatory role. This loop contains two ainding domains, CBD1 and CBD2. When
extracellular C& is high, C4" binds to the CBD domains and increases the chamutieity

via allosteric activation. In cardiac myocytes, NCXdsated mostly at the T-tubules (17-19).

1.2.1. Physiological role of NCX in ventricular myocardium
NCX is an important contributor to the £&omeostasis in the myocardium, having a
crucial role in C& extrusion from the cell. The NCX is tightly regwdt by the

transmembrane Nand C4&" gradients and by the actual level of the membpanential.

Figure 2. Schematic presentation of two modes of NCcurrent under action potential.
The reverse mode of the NCX (labelled with gregmniy present in the early phase of the
AP, when NCX extrudes 3 Ntom the cell and moving ainto the cell making an outward
current. The forward mode NCX operates during nobsthe AP (labelled with orange), when
Ca’* extrusion is coupled with 3 Ni@on entering to the cell, making an inward current

NCX can operate in a bidirectional fashidaigure 2.). In the forward mode NCX
extrudes 1 C4 from the cell which is coupled with 3 Nions entering the cell. Thus, the
forward mode generates inward current, which ealytadlepolarizes the cell membrane. The

reverse mode of the NCX is activated when the dsopic N4 level is increased and the
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C&* concentration is low and/or the membrane potensiadepolarized. In this mode the
NCX extrudes 3 Nafrom the cell and moving 1 €ainto the cell, and it can generate
repolarizing net current. Under physiologic corah8, NCX operates mainly in forward
mode and removes the same amount &f @&t entered the cell througkul maintaining the
beat-to-beat G4 balance. In the same time,“Calimination leads to Nanflux (20).

Figure 3 summarizes the €& handling in the cardiac myocardial cell. In the
excitation-contraction coupling (ECC), €dons enter the cell from the extracellular space
(C&*-influx) mainly via lca. These channels are primarily present at sarcolmm
sarcoplasmatic reticulum (SR) junctions, in theinitg of ryanodine receptors (RyRs). The
C&” influx increases the Gaconcentrations near the RyRs, which triggers’ @alease from
the sarcoplasmic reticulum (SR). This mechanisntdied ‘C&*-induced C&' release’
(CICR), which leads more €&ato be released into the cytosol, resulting in &' @ansient
(CaT). In cardiac muscle CaTs can be observedsasnanary of spatio-temporally restricted
Cd* sparks, which can be monitored by optical (fluortiog techniques. The free
intracellular C&" binds to the myofilaments and triggers contractisiter the contraction the
released [C4]; is eliminated by both Gareuptake to the SRia the activity of the SR CGa
pump (SERCAZ2a), and &zextrusion (efflux) from the cell (primarily by tHferward mode
activity of the NCX) (21-23).

Sequestration of the released’Cand stabilization of the diastolic [€3 between
contractions is crucial in the regulation of theat®-beat C& balance under varying
conditions. The majority of the released*Cis reuptake by SERCA2a. A much smaller
amount of [C4]; is extruded from the cell, primarilyia the forward mode activity of the
NCX. An ATP-dependent Gatransporter, the Gapump of the plasma membrane (PMCA)
may also extrudes €a however its contribution to maintaining T#alance is much less
important, and its role is suggested to be prima®ltricted to fine tuning of the diastolic
Cd*level (24). In steady state, during each cycle,rtleased and reuptake’Cas well as
the entered and extruded“Caust be equal.

In the past two decades, several NCX inhibitorsewdeveloped having different
potency and selectivity. The KB-R7943 markedly sepped the NCX current however
exerted poor selectivity (25). The SEA0400 is aelgdused, potent NCX inhibitor which
considerably improved our knowledge about the NGixction however a ~ 20% inhibition of
lca. made the data interpretation difficult (25). Th&®10103 (10) and ORM-10962 (26)
are recently synthesised, novel NCX inhibitors hgvan appropriate selectivity profile to

investigate the NCX function (for details see thater 1.3).
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Sarcolemma

T-tubule

200 ms

Figure 3. Intracellular Ca?* homeostasis of the cardiac cellThe upper panel shows the
main routes of the G4 movements of the cell, the inset shows the timesemf an action
potential, C&* transient and contraction. NCX; NdC&"* exchange; ATP, ATPase; PLB,
phospholamban; RyR, ryanodine receptors; SR, s#asapc reticulum (21).

Theoretically (27, 28), the inhibition of NCX magdd to net gain of the intracellular
Cd" and causes positive inotropy. This effect may haveortant clinical implication since
during heart failure (HF), the &=ontent of the cells is decreased thus the pumgtitmis
reduced. However, the possible positive inotroffiect of selective NCX inhibition remained
controversial in the literature. Studies perfornoedrat myocytes and Langendorff perfused
heart experiments (29, 30) reported clear positnaropic effect of SEA-0400 however
SEA0400 and ORM-10103 failed to influence thé'@ansients in dog ventricular cells (28,
31, 32). The controversial results may be causethdyncomplete selectivity of the applied
drugs and/or interspecies differences, especialtiré kinetics of the action potentials and the

intracellular ion levels of the cells.

1.2.2. Possiblerole of NCX in the pacemaker tissue

The sinoatrial node (SA node) is the primary pademan the heart generating
regular, spontaneous APs, to initiate the normaldiaa cycle. Pacemaker potentials are often
referred as "slow response" action potentials sstgyg relatively low kinetics of thecdr
(transient or T-type G4 current) andda. during depolarization. The upstroke of the AP is
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preceded by a slow diastolic depolarization (DDhick slowly depolarizes the membrane
potential to reach the excitation threshold. SAlaloAP can be divided into three phases
(Figure 4. top). Phase 4is the DD, which triggers the AP, when membranteipital reaches
the threshold (between -30 and -40 mV). Initiatarrent is the hyperpolarization activated, so
called “funny current” ¢), which carries slow inward Nacurrent. When the membrane
potential reaches ~ -50 mVeak is activated and the €ainflux mediated additional
depolarization activatesd.. Phase Ois the depolarization phase of the AP and primaril
caused by increased €aonductance (gG§ through ta. channels. This is followed by
phase 2repolarization, by outward Kcurrents. While the conductance (g) of the calcium
channels decreasing by inactivation gf | the gK is increasing and hyperpolarizes the cell
membrane. 4 is not expressed or it is very small in some sgean these regions, so the
maximum diastolic potential (MDP) in is about -65m¥hich is higher than the resting
potential, ~ -90mV in ventricular myocytes. Any iagd which changes the slope of DD will
have an effect on cycle length and heart frequekinyder sympathetic stimulus and in
hypokalaemia the slope of DD is increasing and eoés the automaticity, however, under
increased vagal tone the slope of DD is decreasiagsing reduced spontaneous AP firing
rate. Recent works in the atrioventricular node Badkinje cells suggest that the mechanisms
governing sino-atrial node automaticity are likedybe similar in all pacemaking tissues (33,
34).

During spontaneous pacemaking, several ion char{helkar, lcan Ik) with finely
tuned kinetics cooperate during an AP waveforns, toilective behaviour has been termed as
“the membrane clock” (M clock). Dynamic time- andltage-dependent interaction of the
above membrane-limited electrogenic ion channe&deDD from MDP to threshold
potential. M clock interacting with the intracebnl C&" cycling transport mechanism
establishes the “Gaclock”. The main phenomenon is the spontaneousipgier local
subsarcolemmal Ghrelease (LCRs) from SR during DD in pacemaker cdllese 1-5Hz
LCRs activate NCX forward mode, and “Caextrusion due to Nainflux making a
depolarizing current. This current may accelerdie DD and contribute to spontaneous
pacemaking. The two clocks may work synergisticdlyming a coupled-clock system
(Figure 4. bottom) (35-37).
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Figure 4. Schematic figure of the pacemaker mechasm of sinoatrial node.Red trace in
the top, represents a typical AP of spontaneousbtibg nodal cells. The numbers indicate
the different phases of the AP. Components of thembrane clock” are depicted in the
middle, components of the “€aclock” are shown in the bottom. (MDP, maximum thés
potential; DD, diastolic depolarizationchr, T-type voltage-dependent €aurrent; keay, L-
type voltage-dependent €acurrent; lcx sodium-calcium exchange currenk, Idelayed
rectifier potassium currentg,Ifunny current; SERCA, sarcoplasmic reticulum AJ&?d CRs,
local Ca’” releases (38).

Previous studies suggested the pivotal role ofN&X in normal automaticity. The
low-sodium containing bath solution inhibited spmorgous AP firing in guinea-pig SA node
cells via suppressing normal function of NCX (39jher study reported that depletion of SR
store by application of ryanodine markedly distuklbee normal pacemaker activity in rabbit
SA node cells (40). However, these interventiony imave effects on; land &, directly,
which makes the interpretation difficult. Mouse gBn models revealed that partial atrial
NCX1 knock out (~ 90%) caused severe bradycardiadiner rhythm disorders (41), while
complete atrial NCX knock-out completely suppressied atrial depolarization exerting
ventricular escape rhythm on the ECG (42). Theiepipbn of KB-R7943, a non-selective
NCX inhibitor, also suppressed spontaneous beatinguinea-pig SA node cells (39);

however, it has also effect on the*Ceurrents. The supposed crucial role of NCX in the
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normal pacemaker function of SA node cells coultdb®directly challenged experimentally

so far, by the lack of selective NCX inhibitor.

1.2.3. Pathophysiological role of NCX in Na* induced Ca?*load

The actual function of the NCX is tightly regulatby the intracellular levels of the
Na" and C&'ions. Therefore, any disturbances, which shiftrtbemal balance of NAC&*
handling, will influence the NCX function. The ake function of NCX may lead to
membrane potential instability and developmenteddged afterdepolarizations (DADS).

Several diseases which increase the level of iglitdar N& by reduction of the
activity of Na/K* pump function (hypoxic conditions or digitalis @xication, Figure 5) or
by increasing theyl. (long QT Syndrome 3 — LQT3) can lead to marked/aton of reverse
mode NCX function, which accounts for the concomiit&&* accumulation and the
subsequent abnormal automaticity (43). It is suggkshat selective NCX inhibition by
suppressing either the reverse or the forward moaehave antiarrhythmic effect during Na
induced C4' load.

Enhanced Enhanced

K+ reverse mode forward mode

4 4 b

Na*/K* pump

Na* | Ca?*| Na* |

Figure 5. Schematic figure about the mechanism oflevated Na induced triggered
arrhythmias. During Na'/K* inhibition the N4 level is increased, which accumulates’Ca
ions by stimulation of reverse mode NCX. This ecbdnC&" is able to evoke DAD
formation, through increased forward NCX.

The antiarrhythmic effect of selective NCX inhibiti is controversial in the literature
(43). NCX inhibitors have shown antiarrhythmic et&in hearth rhythm disturbances evoked
by ischemia/reperfusion injumn vivo (44), in Langendorff perfused hearts (45-51), and
pharmacologically simulated ischemia/reperfusiordei® (52-56). The SEA0400 decreased
the incidence (56), and reduced the developmerEAiDs (57), it failed to suppress the

aconitine induced arrhythmias (58). In Langendpdffused rat hearts SEA0400 even
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enhanced the arrhythmia incidence and duration (B8 related studies from our laboratory
are also contradictory. SEA0400 did not decrease &fer dofetilide administration, and
failed to prevent the development of Torsades dent€® tachyarrhythmias (TdPs) in
Langendorff-perfused rabbit hearts (30, 32), whil@nother study it effectively reduced the
amplitudes of EADs, without influencing APD (56n kontrast, Milberg et al reported
considerable APD shortening effect of SEA0400,Henmnore, sotalol or veratridine induced
TdPs were also suppressed (57, 60). Recently dadt €10) claimed that ORM-10103, a
novel NCX inhibitor with improved selectivity de@sed pharmacologically induced DADs

and EADs, confirming previous results performedwv8EA0400 (56).

1.3. Summary of NCX inhibitors

Benzyloxyphenyl derivative inhibitors like KB-R794%EA0400, SN-6 were used
successfully in several NCX studies (43). Thesepmmds inhibit NCX from the external
side. KB-R7943 was the first as a prototype in MiGSX inhibitor family, which preferentially
inhibits the reverse mode operation of NCX (61,.4R) cardiac cells the reverse mode
blocking effect was larger compared with the fomvarode (EGy= 0.3 UM on reverses 17
UM on forward mode). SEA0400 is a much more poDK blocker, EGy=111 nM on the
reversevs 108 nM on the forward mode, (63, 64), but both-RB943 and SEA0400 were
shown to exert substantial nonspecific effects emerml ion channelsid, lca, Ika and
delayed rectifier K currents. SN-6 was developed from KB-R7943 (6%, ib also more
potently inhibits outward, than inward NCX currg@Csg= 1.9 uMvs 2.3 uM) and also
significantly suppresses other currents, (Ica., Ikr, lks, lk1), causing AP shortening. The
exchanger inhibitory protein (XIP) was developed\&3X inhibitor protein, interacting with
the Nd regulatory domain of the NCX and suppresses batisport modes (66). However,
the XIP fails to penetrate through the sarcolemsaait can be used only intracellularly in
patch clamp experiments (67, 68).

Recently, novel promising NCX inhibitors, ORM-10188d ORM-10962 have been
developed. The ORM-10103 inhibited both modes ef MMCX, and successfully suppressed
in vitro the pharmacologically induced EADs and DADs (10¥log heart preparations. With
the exception of a 25.4% inhibition of thg,Ilthe ORM-10103 did not influence the major
ionic currents. More recently, a novel compoun& @RM-10962 was synthesized exerting

considerably lower E&g levels with promising selectivity and antiarrhyticrprofile (26).
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1.4. Aims of the study

Since our knowledge about the role of NCX in thed@& repolarization and in
pacemaker activity is not fully clarified becauddlee lack of selective inhibitors, the aims of

the present study were:

1) To analyse the effects of the newly synthesized N@BXkers ORM-10103 and
ORM-10962 on the NCX current

2) To investigate the selectivity of ORM-10962 on mmajtansmembrane ionic

currents comparing with the results of ORM-10103

3) To study the effect of selective NCX inhibition @ardiac ventricular action

potentials and on calcium transients

4) To investigate the role of NCX in the cardiac paaker function

5) To examine the effect of NCX inhibition @m vitro triggered arrhythmias
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2. MATERIALS AND METHODS

2.1. Animals and ethical considerations

Adult mongrel dogs of either sex weighing 8 to 1 Mew Zealand rabbits 2.5 to 3 kg
and guinea-pigs 250-300 g obtained from a licensepplier were used for the study.
Following anticoagulation by sodium-heparin andlazine (1 mg/kgj.v.) or thiopental (30
mg/kg i.v.) induced anaesthesia, each heart was rapidly redndiwrough a right lateral
thoracotomy and immediately rinsed in oxygenatedlifreml Locke’s solution containing
(in mM): NaCl 120, KCI 4, CaGl1, MgCh 1, NaHCQ 22, and glucose 11. The pH of this
solution was set between 7.35 and 7.4 when satuwith the mixture of 95% ©and 5%
CO, at 37 °C.

All experiments were conducted in compliance wité Guide for the Care and Use of
Laboratory Animals (USA NIH publication No 85-23svised 1996) and conformed to
Directive 2010/63/EU of the European Parliamente Tgrotocols were approved by the
Review Board of the Department of Animal Health @wwbd Control of the Ministry of
Agriculture and Rural Development, Hungary (XI1R211/2012). The ARRIVE guidelines
were adhered to during the study (NC3Rs Reportingl€ines Working Group, 2010).

2.2. Cell preparations

2.2.1. Isolation of canine ventricular myocytes

Ventricular myocytes were enzymatically dissocidtedn canine hearts. For isolation
of the single myocytes isolation solution was useth the following composition (mM)
NaCl 135, KCI 4.7, KHPO, 1.2, MgSQ 1.2, HEPES 10, NaHCO4.4, Glucose 10,
CaCh 1.8, (pH 7.2 with NaOH). A portion of the left wesular wall containing an arterial
branch was cannulated and perfused in a modifiethémdorff apparatus at a pressure of
60 cmHO, with solutions in the following sequenca:igolation solution supplemented with
CaChb (2 mM) and sodium-heparin (0.5 ml) for 5-10 minwash out the blood from the
tissue; {{) C&" free isolation solution for 10 min:iii) isolation solution (150 mL)
supplemented with collagenase (type I, 250U/ml;ribiagton) and 33 uM Cagfor 15 min.
Protease (type XIV, 0.04 mg-mL-1; Sigma Chemicadswadded at the £5minute of the
third section of isolation and further 15-20 mindifestion was allowed. Portions of the left
ventricular wall from the midmyocardial part wengt into small pieces in isolation solution

supplemented with Cag&(1 mM) for 15 min in 37°C. These tissue samplesewben gently
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agitated in a small beaker to dislodge single migxyfrom the extracellular matrix.
Throughout the entire isolation procedure, solgiarere gassed with 100%;,Qvhile their

temperature was maintained at 37°C. Myocytes whosved to settle to the bottom of the
beaker for 10 min, and then half of the supernatea replaced with fresh solution. This
procedure was repeated three times. Myocytes placsdlation solution supplemented with

CaCb (1 mM) were maintained at 12—-14°C before the drpant.

2.2.2. I solation of rabbit sino-atrial node myocytes

For measuring;Ipacemaker current, we isolated single cells froem$AN region of
rabbit heart by enzymatic dissociation. Untreatenviealand white rabbits (body weights
1.5-2 kg) of either sex were used for the studye Bmimals were sacrificed by cervical
dislocation after receiving 400 IU/kg heparin inmeaously. The chest was opened and the
heart was quickly removed and placed into cold J4%¥0lution with the following
composition (mM): NaCl 135, KCI 4.7, KIRO, 1.2, MgSQ 1.2, HEPES 10, NaHC{!1.4,
Glucose 10, Cagll1.8, (pH 7.2 with NaOH). The heart was mountedaamodified, 60 cm
high Langendorff column and perfused with oxygedatnd warmed (37°C) solution
mentioned above. After washing out of blood (3-B)nii was perfused with nominally €a
free solution until the heart stopped beating (appbd minutes). The digestion was performed
by perfusion with the same solution supplementeith Wi8 mg/ml (260 U/ml) collagenase
(Type II, Worthington). After 10-12 minutes the heaas removed from the cannula. Right
atrium was cut and the crista terminalis and SAbiae were excised and cut into small
strips. Strips were placed into enzyme free satutiontaining 1mM CaGland equilibrated at
37°C for 10 minutes. After 10 minutes with gentlgtation, the cells were separated by
filtering through nylon mesh. Sedimentation wasduf® harvesting cells. The supernatant
was removed and replaced by HEPES buffered Tyrosidigtion. The cells were stored at
room temperature in the Tyrode’s solution.

2.3. Voltage-clamp measurements

One drop of cell suspension was placed in a traespaecording chamber mounted
on the stage of an inverted microscope (Olympusl)X®okyo, Japan), and individual
myocytes were allowed to settle and adhere to tamber bottom for at least 5-10 min
before superfusion was initiated and maintainedytayity. Only rod-shaped cells with clear

striations were used. HEPES-buffered Tyrode’s smiu{composition in mM: NaCl 144,
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NaH,PO, 0.4, KCI 4.0, CaGl 1.8, MgSQ 0.53, glucose 5.5 and HEPES 5.0, at pH of 7.4)
was used as the normal superfusate.

Micropipettes were fabricated from borosilicate sglecapillaries (Science Products
GmbH, Hofheim, Germany), using a P-97 Flaming/Bromitropipette puller (Sutter Co,
Novato, CA, USA), and had a resistance of 1.5-2dhiM when filled with pipette solution.
The membrane currents were recorded with Axopa@fB2amplifiers (Molecular Devices,
Sunnyvale, CA, USA) by applying the whole-cell agnfation of the patch-clamp technique.
The membrane currents were digitized with 250 khial@gue to digital converters (Digidata
1440A, Molecular Devices, Sunnyvale, CA, USA) undeftware control (pClamp 8 and
pClamp 10, Molecular Devices, Sunnyvale, CA, USA).

2.3.1. Measurement of NCX current

For the measurement of the NCX current from sirgleine left ventricular myocytes
the method of (69) was adapted and applied. Acnghdi the NCX current is defined as?Ni
sensitive current and measured in a specialrée solution (composition in mM: NaCl 135,
CsCl 10, CaGl1, MgCk 1, BaC} 0.2, NaHPO, 0.33, TEACI 10, HEPES 10, glucose 10 and
ouabain 2QuM, nisoldipine 1uM, and lidocaine 5QuM, at pH 7.4) after the formation of the
whole cell configuration in HEPES-buffered Tyrodswlution at 37°C. The pipette solution
used for recording NCX is contained: (in mM) CsOHMO1 aspartic acid 75, TEACI 20,
MgATP 5, HEPES 10, NaCl 20, EGTA 20 and Caf®, pH was adjusted to 7.2 with CsOH.
The [C&"] in the pipette was 160 nM by applying an appragerimixture of CaGland EGTA
as calculated by the WinMaxC software (70). Aftecarding of control current, the test
compounds ORM-10103 or ORM-10962 were applied 4edr teffect were recorded, and
finally 10 mM NiCk was administrated to estimate the total NCX curr@herefore, the
inhibited fraction was calculated as a subtractedent: the trace recorded in the presence of
10 mM NiCk was subtracted from that measured in the absdmdeCt,. The current-voltage
(I-V) relationship of NCX was measured through tise of ramp pulses at 20 s intervals. The
ramp pulse initially led to depolarization from thelding potential of -40 mV to 60 mV with
a rate of 100 mV/s, then was hyperpolarized to +1®8) and depolarized back to the holding
potential. The descending limb of the ramp wasazetil to plot the I-V curve.

2.3.2. Measurement of L-type calcium current
The L-type calcium currentdl,) was recorded from canine left ventricular myosyte
in HEPES-buffered Tyrode’s solution at 37°C supmated with 3 mM 4-aminopyridine, to
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block potassium currents. A special solution wasdus fill the micropipettes (composition in
mM: KOH 40, KCI 110, TEACI 20, MgATP 5, EGTA 10, HEES 10 and GTP 0.25, pH was
adjusted to 7.2 by KOH).c4. was evoked by 400 ms long depolarizing voltagesgrilto
various test potentials ranging from -35 mV to +40. The holding potential was -80 mV. A
short prepulse to -40 mV was used to inactivateifagard N&d current. The amplitude ofd.
was defined as the difference between the peakréchaarent at the beginning of the pulse
and the current at the end of the pulse.

2.3.3. Measurement of potassium currents

The inward rectifier {;), transient outward ), rapid (k;) and slow (k) delayed
rectifier potassium currents were recorded in HEBHfered Tyrode’'s solution from
isolated canine left ventricular myocytes at 37T@e composition of the pipette solution (in
mM) was the following: KOH 110, KCI 40, JATP 5, MgC} 5, EGTA 5, HEPES 10 and
GTP 0.1 (pH was adjusted to 7.2 by aspartic adid)M nisoldipine was added to the bath
solution to block d,.. When k, was recordedgl was inhibited by using the selectivg |
blocker HMR 1556 (0.5 pM). Duringdd measurementsy,lwas blocked by 0.5 uM dofetilide
and the bath solution contained 0.1 uM forskolinptevent the run-down of the current. The
currents were activated by applying depolarizintjage pulses.

Since the run-down ofch and ks currents is commonly seen during the
measurements, the current level was monitored guhia initial equilibration period and also
at the end of the measurements when a washoutpafrat least 10 min was applied in order
to draw a distinction between drug effect and romsa of the current. The cells, in which
excessive run-down was observed, were omitted fhenanalysis.

2.3.4. Measurement of Na'/K* pump current

Steady-state current at -30 mV was recorded inrobobnditions and in the presence
of ORM-10962 from single canine left ventricular ocytes at 37°C. After 5-7 min
incubation with ORM-10962 the normal external soluit(composition in mM: NaCl 135,
CsCl 2, KCI 5, Mgd 1, CdC} 0.2, BaC} 2, HEPES 5, glucose 10, pH 7.4 by NaOH) was
replaced by K free solution. The N&™ pump current ¢) was defined as the difference
between currents measured in 5 mM End in 0 mM K containing solutions. The
composition of the pipette solution (in mM) was:GE$ 100, aspartic acid 100, NaCl 30,
MgATP 5, MgC} 2, TEACI 20, EGTA 5, HEPES 10 and glucose 10 (pd$ wdjusted to 7.2
by CsOH).
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2.3.5. Measurement of late sodium current

The late sodium current\d,) is activated by depolarizing voltage pulses t0 A2V
from the holding potential of -120 mV at 37°C imgle left ventricular myocytes isolated
from canine. After 5-7 min incubation with ORM-1@&0 uM TTX was applied to achieve
complete inhibition. The external solution was HEPRUffered Tyrode’'s solution
supplemented with 1 uM nisoldipine, 0.5 uM HMR-15&4@d 0.1 uM dofetilide in order to
block lcal, Iks and k; currents. The composition of the pipette soluionmM) was: KOH
110, KCI 40, KATP 5, MgCL 5, EGTA 5, HEPES 10 and GTP 0.1 (pH was adjusied 2

by aspatrtic acid).

2.3.6. Measurement of the peak sodium current

The peak sodium currentlyea) Was measured in transfected CHO cell line (Clanes
hamster ovary cells, ATCC, Manassas, Virginia, US#idh cDNA clone of the cardiac
sodium channel Nav 1.5 (provided by Prof. Dr. Gyoiganyi (71) from University of
Debrecen, Medical and Health Science Center, BRacaft Medicine Department of
Biophysics and Cell Biology). CHO cells were ong th@fore the transfection cultured in 60
mm diameter culture dishes in F12 medium (Lonzankes, Belgium) supplemented with
10% fetal bovine serum (PAA, Paschling, Austria)3dt °C in CQ incubator (5% Cg).
Transient transfections were carried out by 20 paygthylenimine (25kDa, linear,
Polysciences Inc., PA, USA) and 2ug of the Navdlasmid DNA together with of 1ug GFP
(green fluorescent protein) plasmid DNA combinedljb ml serum-free F12 medium. The
transfection mixture after 30 minutes incubationroom temperature was added to the
washed cells with serum-free F12. After 2 hour bation period in C@incubator at 37 °C,
the medium was changed for fresh growth mediumnsfegted cells were trypsinized and
centrifuged after 48 hours post transfection arduspended in growth medium. Cells were
replaced in the bath and after 10 minutes supetfusth HEPES-buffered Tyrode solution.
The transfected cells were selected by GFP flueresz in inverted fluorescent microscope
(Olympus IX51). Thea peakWas recorded in GFP positive cells at room tentpegg~23°C)
with a following pipette solution (mM): KOH 110, H&O0, K,ATP 5, MgC} 5, EGTA 5,
HEPES 10 and GTP 0.1 (pH was adjusted to 7.2 bgrasgacid). Capacitance of the cells
cancelled and series resistance was compensatéd-80%. Current was elicited by step

pulse into -20 mV from -90 mV holding potential 20 ms.
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2.3.7. Measurement of the pacemaker current

The k pacemaker current was recorded in HEPES-buffeyeddE’s solution at 37°C
while the composition of the pipette solution wias following (in mM): KOH 110, KCI 40,
K,ATP 5, MgC} 5, EGTA 5, HEPES 10 and GTP 0.1 (pH was adjusted.2 by aspartic
acid). For the measurement of thedrrent, the method of Verkerk et al (72) was &eldjand
applied. The current was activated by hyperpolagaroltage pulses to -120 mV from the
holding potential of -30 mV. The Was identified as ivabradine sensitive curren).(73

2.4. Standard microelectrode technique

2.4.1. Action potential measurementsin multicellular preparations

Adult mongrel dogs of either sex weighing 8-16 kg &New Zealand rabbits 2.5-3 kg
were used. Dog papillary muscles preparations frlmeright ventricle were used for action
potential measurements to investigate NCX rolehigppgng action potential and dog Purkinje
fibores were prepared to investigate the effect oCXN inhibition on delayed
afterdepolarizations triggered arrhythmiis vitro. Dog and rabbit free running Purkinje
fibres and rabbit right atrial tissues were analye investigation of NCX role in pacemaker
activity.

The preparations were placed in tissue chambegrfiged with oxygenated Locke’s
solution at 37 °C. Each preparation was stimul@¢8E stimulator type 215/Il), initially at a
constant cycle length of 1000 ms, with rectangularent pulses with 1 ms duration. The
current pulses were isolated from ground and dedd/éhrough bipolar platinum electrodes in
contact with the preparations. At least 1 h waevadld for each preparation to equilibrate
during continuous superfusion with modified Locks@ution, warmed to 37 °C before the
experimental measurements commenced. Transmempaodeetials were recorded with the
use of conventional 5-20 ™ 3 M KClI-filled microelectrodes connected to thmput of a
high-impedance electrometer (Biologic Amplifier VEO2, Claix, France). In each
experiment, the baseline action potential charesties were first determined during
continuous pacing at 1 Hz (on Purkinje fibres, cardus pacing at 2 Hz), and then when the
pacing cycle length was sequentially varied fror 85000 ms. The preparations were next
superfused with the drug for 40-60 min before tlaeipg protocol was repeated and the
parameters were measured again. Efforts were madmaintain the same impalement
throughout each experiment. If impalement becanstodijed, electrode adjustment was
attempted and, if the action potential charactesgsif the re-established impalement deviated

by less than 5% from those of the previous measeménthe experiment was continued.
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When this 5% limit was exceeded, the experiment teasinated and all the data involved

were excluded from the analyses.

2.4.2. Recording of slow response action potentials

Adult guinea-pigs of either sex weighing 250-30@ere anticoagulated with sodium-
heparin and anaesthetized with 30 mg/kg intravertbigpental. The hearts were rapidly
removed through a right lateral thoracotomy and édiately rinsed in ice-cold Krebs-
Henseleit solution (containing in mM: NaCl 118.5CKk4.0, CaCi 2.0, MgSQ 1.0, NaHPO,
1.2, NaHCQ 25.0 and glucose 10.0). The pH of this solutiors wat to 7.35£0.05 when
saturated with a mixture of 95%,@nd 5% CGQ. After excision, the right or left ventricular
papillary muscle preparations were immediately nednn a 40 ml tissue chamber, and
initially perfused with normal Krebs-Henseleit sixdum.

The preparations were stimulated (Experimetria IRW-01, Hungary) by constant
rectangular voltage pulses (1 ms) delivered throaugfair of bipolar platinum electrodes at a
frequency of 1 Hz. Action potentials were recordeth a conventional microelectrode
technique. Sharp microelectrodes, with a tip rasse of 10-20 M when filled with 3 M
KCI, were connected to the amplifier (Biologic Anfigr VF 102, Claix, France). The voltage
output from the amplifier was sampled with an ADveerter (NI 6025, Unisip Ltd, Hungary).
The action potential amplitude and maximum ratedepolarization were obtained with
Evokewave v1.49 software (Unisip Ltd, Hungary). EE@ceparation was allowed for at least
30 min to equilibrate in normal Krebs-Henseleitusioin at 37 °C. Slow response action
potentials were established in modified Locke’s usoh containing 25 mM KCl,
supplemented with 100 uM BaQb inhibit kk; and with 1 uM forskolin to facilitate-}.. The
dVv/dtmax values in the interval of 5-20 V/s, andpditndes of at least 60 mV were accepted;

data from experiments deviating from these ranga® wiscarded.

2.5. C&" transient and cell shortening measurements

Myocytes were loaded with Fluo-4 AM (5 uM) for 13mmat room temperature in
Tyrode’s solution. One drop of the cells was plaoed cell chamber (RC47FSLP, Warner
Instruments, Hamden, CT, USA) and were field stated at 1 Hz with a stimulator (PW-01,
Experimetria Ltd. Hungary). The measurement wagopmed on an inverted microscope
(Olympus IX 71; Olympus, Tokyo, Japan). The fluom# dye was excited at 480 nm and
emitted at 535 nm. Gasignals were recorded by a photon counting pholiipliar module
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(Hamamatsu, model H7828; Hamamatsu Photonics Ddatst GmbH, Herrsching am
Ammersee, Germany) and were digitized and sampled kiHz by using Digidata 1440A
interface (Axon Instruments). The data acquisittond analysis were performed by pClamp
10.0 (Molecular Devices, USA). The transient anujolés were calculated as a difference of
the peak and diastolic fluorescent values. Backgildluorescence levels were used to correct
raw fluorescence data. The*C#ransients were normalized to the diastolic flsosnt level.
The cell shortening was measured by using a vidge €eetector system (VED-105, Crescent
Electronics, Sandy, Utah, USA).

The control transients in physiological NCX conalits were monitored in a normal
HEPES-buffered Tyrode’s solution (containing in mMt4 NaCl, 0.4 NabPO,, 4 KCI, 0.53
MgSQ,, 1.8 CaCl, 5.5 glucose and 5 HEPES; pH was adjusted to Ttd MaOH). To
analyze the CaTs in enhanced NCX reverse modedlmias was switched to modified
Tyrode’s solution containing 70 mM NaCl and 70 mNblin-cloride. The CaTs in enhanced
NCX forward mode was investigated in normal Tyredsdlution supplemented with 600 nM
forskolin. After recording the control transientsthe three groups, 1 uM ORM-10962 were

added to the solution.

2.6. Chemicals

With the exception of ORM-10103 and ORM-10962 (@rfeharma, Espoo, Finland),
HMR-1556 (Tocris Bioscience, Tocris House, BristdK) and nisoldipine (gift from Bayer
AG, Leverkusen, Germany) all chemicals were puretdasrom Sigma-Aldrich Fine
Chemicals (St. Louis, MO, USA). ORM-10103 and ORDIB&2 were dissolved in DMSO to
yield a 1 mM stock solution. This stock solution swdiluted to reach the desired final

concentration (DMSO concentration not exceeding’0) 1n the bath.
2.7. Statistics
All data are expressed as means + SEM. Statistinalysis was performed with

Student’s t-test for paired data. The results waresidered statistically significant when

p was< 0.05.
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3. RESULTS
3.1. Chemical structures of ORM-10103 and ORM-10962

ORM-10103 [5-nitro-2-(2-phenylchroman-6-yloxy) pgine] and ORM-10962 [2-(4-
hydroxypiperidin-1-yl)-N-(6-((2-phenylchroman-6-giy)yridine-3-yl)acetamide] was put at
disposal by Orion Pharma (Espoo, Finland) andtiitscture is depicted iRigure 6.

O N
(Y L
Ao,
ORM-10103
O
ohewies
H

ORM-10962

H

Figure 6. The chemical structures of ORM-10103 an@RM-10962.

3.2. Inhibition of NCX current by ORM-10103 and ORM-10962

NCX current was determined during the voltage rgoofse, after blocking other
currents (N& C&*, K" and N&K* pump) in isolated canine left ventricular cardiaoytes.
After the control records ORM compounds were apjpaad the current was recorded with
the same voltage pulse. Finally, 10 mM Ni@Gfas added to the bath solution for the complete
inhibition of the NCX current and this trace wabtsacted from the control record and from
the ORMSs records resulting in Nisensitive current traces in control conditions anthe
presence of ORMs.

As shown inFigure 7, ORM-10103 applied at 10 uM concentration caused a
comparable, significant inhibition of NCX both inhet reverse as well as in the forward mode
operation (82+9% and 88+6% inhibition, respectiyely6 cell/2 hearts). The estimatedsgC

values for the inward and outward NCX currents w&@ nM, and 960 nM (10), however, a
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small but statistically significant inhibition ohd k. indicated the importance of development
of novel NCX inhibitor compounds with better seiety profile and lower EGy values.
Therefore, we aimed to analyse the recently symtbdsNCX inhibitor compound ORM-
10962.

A +60 mV B
-40 mV — 100 -
2110 mV 4 T |
2- S 80 -
IS
o J
151 Control §
/ z<) 60 -1
o 1- 10 uM ORM10103 S | o o
o “C_) © ©
< 05 _ < 404 |2 2
2 10 mM NiCl, S
— - i (D) ©
E 0 e T N - o 4 5
o 20 { |2 =
5 113 5
3 05 | |x L
n=6
-1 : 0 .
0 1 2 3 4
Time (s)

Figure 7. Effect of NCX inhibition by ORM-10103. Pael A. NCX was determined using
the conventional ramp protocol and defined as & {¥ensitive current. Original
measurement shows the NCX curve before and affgyiag 10 uM ORM-10103. 10mM
NiCl, was used for complete inhibitioRanel B. Bar graphs represent 10 uM ORM-10103
efficiently inhibited NCX in both transport modelstbe exchanger. The inhibition in the
reverse mode was 8219 % measured at +40 mV in faiweas 8816 %, measures at -80 mV.
Values are means standard errors of the means (n=6).

As Figure 8 illustrates, ORM-10962 considerably decreased bwtloutward and the
inward NCX current in a concentration-dependent meanThe effect of the drug at different
concentrations on the outward NCX current (revensele) was calculated at 20 mV and on
the inward current (forward mode) was determined-8& mV. Concentration-response
relations for both reverse and forward modes wigtedfby Hill function. The estimated &£
values of ORM-10962 for the outward and inward N€lXrents were found to be 67 nM, and
55 nM, respectivelyHigure 8.).



28

100 - (5)
Outward NCX current

control
/10 nM ORM-10962

[o]
o
1

[*2]
o
1

S
o
1

Effect (%)

=
o
o
ke
>
N
o
]

ContrOI L} LB B B L} LB B B L} LB B B
100 nM ORM-10962 1E-8 1E-7 1E-6

o

100 -
---------------------- Inward NCX current @
80
| 50 pA
~ 60_
0.5s >
control 1]
1 uM ORM-10962 % 40
EC,,=55nM
_____________________ 20 4 at -80 mv
| 100 pA 0 — T T
1E-8 1E-7 1E-6
05s Concentration (M)

Figure 8. Effect of NCX inhibition by ORM-10962. Left panel shows the concentration-
dependent effect of ORM-10962 on the NCX currdtdch panel presents Nisensitive
NCX current traces before and after superfusion tloé¢ cells with ORM-10962 at
concentrations of 10 nM, 100 nM and 1 uM. In thghtipanel the drug-response curves
presented of ORM-10962 on the outward (top) andardwbottom) NCX currents in canine
ventricular myocytes are given at 20 mV and at A8, respectively. Values are means

+SEM, n=4-9.

3.3. Selectivity of ORM-10962
3.3.1. The effect of ORM-10962 on the L-type inward calcium current

The possible effect of ORM-10962 on thg, | was investigated in single dog
ventricular myocytes. The following protocol wasedsfor patch clamp measurements: the
holding potential was -80 mV and a short preputsel® mV was added to inactivai@.llca.
was activated by 400 ms long depolarizing voltagksgs to different test potentials ranging
from -35 mV to 55 mV. These experiments clearlyeaded that ORM-10962 even at high
(2 uM) concentration did not influence.l (Figure 9.A). Indeed, after the application of
ORM-10962, a small but significant decrease of therent was observed, which was
maintained during the wash out. This slight furtltescrease showed that the marginal
reduction of the current amplitude in the presemic®RM-10962 was a consequence of the

run-down phenomenon of thg,l.
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The effect of ORM-10962 was also studied on slowpo@se action potentials
recorded from guinea-pig papillary muscles.FAgure 9. B shows, ORM-10962 at 1 uM did
not affect the amplitude (control: 73.2+0.7 mV, ORNI962: 72.1+4.9 mV, n = 5, n.s.) or
dVv/dtmax (control: 17.6£0.7 V/s, ORM-10962: 16.620//s, n = 5, n.s.) of the slow response
action potentials, which may support the resultthefdirect ¢, measurements. In the same

preparations for positive control we used a welklelsshed ¢, blocker nisoldipine at

100 nM, which markedly reduced both the amplitudd dV/dtmax of the slow response
action potentials (73.2£0.7 m\Ws 44. 2+1.5 mV and 17.6£0.7 V/gs 5.9+1.5 V/s,
respectively; n=5, p<0.05).
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Figure 9. Lack of effect of 1uM ORM-10962 on thed, . Panel A.The left panel illustrates
original lca traces before and after application of 1 uM ORMME®D in dog ventricular
myocytes. The right panel shows the current-voltegjation of b, in the absence and
presence of 1 uM ORM-10962, as well as after wastobDORM-10962. Values are meatis
standard errors of the means, n= 7, p<0.05. Inskoves the applied voltage protocol.
Panel B.shows the lack of effect of 1luM ORM-10962 on skspaonse action potentials in
guinea-pig ventricular myocytes at 1Hz: originalowl AP recordings under control
conditions, in the presence of 1 uM ORM-10962, &ftet application of 100 nM nisoldipine.
Bar diagrams reveal the lack of effect of 1 uM ORD®62 on the action potential amplitude
and on the maximum rate of depolarization, respebti(n=5, p<0.05).



30

3.3.2. The effect of ORM-10962 on late and peak sodium current, and on Na'/K* pump
currents

The possible effect of ORM-10962 on the late sodaurrent (s ) was also studied
in dog left ventricular myocytes. The current watvated by depolarizing pulses to -20 mV
from a holding potential of -120 mV. Addition of {M ORM-10962 did not decrease the
amplitude of ;. while 20 uM TTX completely blocked the curreriigure 10.A). The
amplitude of the TTX sensitivend. was -0.63+0.13 pA/pF in control conditions and
-0.65+0.14 pA/pF after application ofM ORM-10962 (n =5, n.s.).

A B -20 mV

-90 mv 20 ms [ 1 uM ORM-10962
-20 mV 2000 B 20 M TTX
—_ 100% 1
° 5 \fo 15 20 25 30 E oo ] *
-120 mV/| -2000 E go% |

20 UM TTX
70% A

60%
50%

Current (pA)
g
8

Inhibition of peak Na-curren

control 8000 <4— 1 uM ORM10962 40% 1
1 uM ORM-10962 1 pAlpF 10000 :Zx
100 ms -12000 “«— Control 10%] ns.
-14000 0% -
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(]:.).g: M
0.0+ T N
T
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1.54 0mM K*
R %g_ et ~ —
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Figure 10. Lack of effect of ORM-10962 onpat, Ina pea @and Na/K* pump current. The
onset on the top of the figure shows the applidthge protocol and the original current
traces.Panel A. shows that 1 uM ORM-10962 does not influengg Wwhile 20 uM TTX
blocks the currentPanel B. Iy, peak was not significantly changed after the aggion of 1
UM ORM-10962, however 20 uM TTX markedly decrettse@mplitude of the current. Bar
graphs represent the inhibition ofial peakby 1 M ORM-10962 compared to 20 pM TTX,
(n=5, p<0.05). Panel C.Lack of effect of ORM-10962 on M&" pump current. J was
specified as a steady-state difference current detmcurrents measured in 5 mM Knd in

0 mM K containing solutions. The current traces were rded at a steady potential of -30
mV. Top trace shows that application of 1 uM ORMé&does not influenceg, Ihowever, a
slight gradual decrease of the current was obsended original current record in middle
trace as a time control, indicates a slight gradeatrent decrease (similar to that shown in
top trace), which was also observed without additad ORM-10962. Bottom trace is the
positive control. Application of 10 pM strophantiompletely blocks N&™ pump current.
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The peak sodium curreniyflpea) Was measured in Navl.5 overexpressed CHO cells
at -20 mV depolarizing pulses from a holding patndf -90 mV Eigure 10.B). After
applying 1 pM ORM-10962 the contralal,eaxWas not significantly changed (-806.6+299
PA/pF vs -782.7+257 pAlpF after 1 uM ORM-10962;1.06+0.04 %) however, after 20 uM
TTX the current markedly reduced (152.8+47.9 pA/fpE79.6+0.01 %; n=10, p<0.05).

The N&/K™ pump current {) was measured as a steady-state current at -30iimV.
control conditions g was 0.460.10 pA/pF and it decreased to Gt891 pA/pF (=16.2%,
n=5, p<0.05) at the end of the 5—-7 min incubatiathvi puM ORM-10962. During the
measurements a gradual slight decrease of theyss¢zig current was observdeiqure 10.

C top trace). Therefore, a time control was mada separate set of experiments when the
same protocol was applied with the vehicle of theM310962 (DMSO). Similar small
current decrease was recorded (G20 pA/pF vs. 0.440.06 pA/pF,A=21.5 %, n=3,
Figure 10. Cmiddle trace) in the steady-state current which alzserved in the presence of
the ORM-10962. Therefore, it is concluded that ORB®62 does not influence Ip, the slight
tendency of the current to decrease is not duéheoeffect of ORM-10962. For positive
control 10 uM strophantin was used, which is a aketwn blocker of N&K* pump.
Strophantin effectively suppressed the currentartbequent addition of 0 mM*Ksolution
failed to cause further decrease in thé/Kapump current justifying the complete inhibition

of the current after strophantin applicatidiigure 10. Cbottom trace).

3.3.3. The effect of ORM-10962 on outward potassium currents

The effect of ORM-10962 orxi, lo, Ikr and ks were also investigated. The, Iwas
measured by determining the steady-state currdtagerelationship of the membrane at the
end of 300 ms long pulses clamped to potentialgingnfrom -80 to 0 mV.4 was activated
by 1000 ms long depolarizing voltage pulses arisiog the holding potential of -80 mV to
test potentials gradually increasing up to 50 m¥.ahd ks were determined as tail current
amplitudes at -40 mV after activating these cugdnt 1000 ms {}) or 5000 ms (s) long
depolarizing voltage pulses at various test paaéntianging up to 50 mV. It was found that
neither of these currents was significantly infloed by 1 puM ORM-1096Zgure 11).
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Figure 11. Lack of the effect of ORM-10962 on maimepolarizing potassium currents
Current-voltage curves ofgd, lo, Ikr and ks represent the currents before and after of
applying 1 uM ORM-10963. Insets show the applietage protocols. Values are means

+SEM.

3.3.4. Selectivity of ORM-10962 on the pacemaker current

The effect of ORM-10962 on thewas investigated in rabbit right atrial cells eeld
from the SAN region. For the measurement of théhe method of Verkerk and co-workers
(72) was adapted and applied. The current wasaetivby hyperpolarizing voltage pulses to
-120 mV from the holding potential of -30 mV. Thagemaker current was identified as
ivabradine sensitive current (73). ASigure 12. shows, at negative hyperpolarizing
membrane potential (from -30 mV to -120 mV) an rahne (10 uM) sensitive current could

be measured, which was not altered after applicatid uM ORM-10962.
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Figure 12. Lack of effect of 1JuM ORM-10962 on the gcemaker current in rabbit SAN
myocytes. Panel AQOriginal recording of {current is depicted under control condition, in
the presence of 1 uM ORM-10962 and after applicatb10 uM ivabradine, as a positive
control. The inset shows the applied voltage protda Panel B.bars represents the current
amplitude measured at -120 mV hyperpolarizing mjlbg comparing the current maximum
at the beginning of the pulse, with the mean curnenhe steady-state section of the current.
1 uM ORM-10962 did not alter significantly the cemt, while 10 pM ivabradine exerted
marked effect. Values are mea#sSEM. Panel C. shows representative voltage-current
pulses in control, after application of 1 uM ORMI9B52 and subsequently applied 10 uM
ivabradine, as a positive controt.was elicited by rectangular hyperpolarizing vokasteps
from a holding potential of -30 mV to -120 mV 500 ms.

3.4. Comparison of the effects of ORM-10103 and ORMNI0962 on the major

repolarizing transmembrane potassium currents

The k;: did not show significant change after applicagainer of 10 uM ORM-10103
or 1uM ORM-10926 (control: 2.03+£0.25 pA/ps 10uM ORM-10103: 2.38+0.31 pA/pF,
n=11, n.s.; control: 1.991£0.16 pA/pls 1uM ORM-10962: 2.14+0.21 pA/pF, n=10, n.s) as
illustrated at -60 mVKigure 13.A).
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Figure 13. Comparison of the effect of ORM-10103 ah ORM-10962 on the major
repolarizing transmembrane potassium currentsPanel A B, C, and D represent thexh,

lto, lkr, @nd ks respectively. The only difference was foundkjmlhere 10uM ORM-10103
significantly decreased the current magnitude whijeM ORM-10962 did not change the tail
current. Values are measSEM, n= 6-11, p<0.05.

Similarly, the |, also was not changed by exposure to ORM-compo{kigare 13.B)
(control: 16.60£3.26 pA/pFvs 10 uM ORM-10103: 14.53+2.98 pA/pF n=9, n.s; cohntro
12.26+2.54 pA/pfvs1l pM ORM-10926: 11.34+2.17 pA/pF, n=8, n.s.).

The k, taill was analyzed at 30mV pulsé&igure 13.0). In contrast, 10 uM
ORM-10103 significantly decreased the amplitude (control: 0.37+0.04 pA/p¥s 10 uM
ORM-10103: 0.28+0.04 pA/pRA=25.4 %, n=8, p<0.05), however 1 uM ORM-10962 ditl n
change the current (control: 0.44+0.02 pAA-0.42+0.04 pA/pF after 1uM ORM-10962
n=6, n.s.). Theyktail was also identical after administration of OREMpounds compared
with the control measurementsFigure 13.D, control: 0.53+0.12 pA/pFvs 10uM

ORM-10103: 0.45£0.10 pA/pF, n=10, n.s.; contro#3x0.14 pA/pFvs 1uM ORM-10926:
0.42+0.14 pA/pF, n=6, n.s.).
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3.5. Effect of selective NCX inhibition on C&' transient and action potentials under

normal condition

The calcium transients (CaT) and cell shorteningewaeasured in normal Tyrode’s
solution. After registration of the control, therfussion was switched to 1 uM ORM-10962

containing normal Tyrode’s solutioRigures 14. AandC).

C
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Figure 14. Effect of ORM-10962 on calcium transient cell shortening, and action
potential. Panel A CaTs and cell shortenings were simultaneously aredsin isolated dog
ventricular myocytes under normal conditions. Thadlsc were loaded with Fluo-4AM
fluorescent dye, and were field stimulated at 1 HWzsmall, but statistically significant
increase in the transient and cell shortening magie were measured after application of 1
UM ORM-10962 (red line)Panel B. The APs were measured by using the conventional
microelectrode technique in dog right papillary roes. 1 pM ORM-10962 failed to
influence the action potential characteristitanel C. The effects of ORM-10962 on CaT
amplitude (white column), cell shortening (blackucon) and on APE (gray column) were
compared in bar graph. Values are meanSEM.

The amplitude of CA transients and cell shortening slightly but stidly
significantly increased after the addition of 1 p®RM-10962: 15.03+2.16 AUvs
15.48+2.10* AU A=3.80%1.49%*, n=8, p<0.05; Cell shortening: -2.03D AU vs

-2.35+1.05* AU, A=15.59+3.01%*, n=8, p<0.05. The diastolic ‘Cadid not change
significantly (data not shown) during the experiméerhe characteristic of the AP did not



36

change after application of 1 pM ORM-10962 (ARI®218.4+10.85 mys 222.5+9.66 ms;
A=1.86+1.55 %; n=8, n.sEigure 14. BandC).

3.6. Effect of selective NCX inhibition on endocanal, epicardial tissues and on Purkinje

fibres

We also studied the effect of ORM-10962 on AP iifiedént canine ventricular tissue
preparations, to investigate the role of NCX imsmaural heterogeneity. In subendocardial
multicellular preparation Higure 15) we observed a moderate increase in the APD
parameters after application of luM ORM-10962 (AR218.4+10.8 ms/s 222.5+9.6 ms
APD7s= 203.5£10.6 msys 208.619.2 ms*; APR=175.6+10 msvs 181.6+8.5 ms*; n=8,
p<0.05). In subepicardial preparation the APD iasesl (APQy= 212+5.4 msvs 217.7+5.2
ms*; APD;s=199.5+5 msvs 206.4+5.2 ms*; APBy= 174.6+5.5 msvs 184.4+6 ms*; n=7,
p<0.05).

ENDOCARDIAL TISSUE EPICARDIAL TISSUE PURKINJE FIBRES
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Figure 15. Effect of ORM-10962 on the action poterdl waveforms from different
regional tissue preparations. Original recordings obtained from papillary muscle
(subendocardial) preparation (left), epicardial riagllular preparations (middle) and from
Purkinje fibres (right). The bars represent the APDefore and after application of 1 uM
ORM-10962, p<0.05, n=7-8. Values are meanSEM.

The Purkinje fibre preparations exerted inconsis@md negligible change in the
action potential duration (n=8), where a negatilidt ©f the plateau voltage was observed

without any significant changes in the repolarizatiparameters. Although in certain
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preparations the relatively minor changes in the wdeforms did not reach statistically
significant differences in the averaged parametdéogmking carefully the individual
experiments, minor and variable repolarization gesncould be often noticed. This suggests
that a small NCX current may have some slight arfice on cardiac repolarization depending
on voltage and the actual intracellular'Namd C&" level. In accordance with this observation
baseline AP and intracellular €avaveforms vary experiment by experiment suggestiag

the transmembrane current generated by NCX magcatethis variability.

3.7. Effect of NCX inhibition on the spontaneous a@omaticity

3.7.1. Effect of NCX inhibition on spontaneous automaticity on Purkinje fibres and on

atrial tissue
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Figure 16. Effect of selective NCX inhibition by & and 1 pM ORM-10962 on the cycle
length of spontaneous action potentials recorded dm dog Purkinje fibres (Panel A),
rabbit Purkinje fibres (Panel B) and from rabbit atrial (Panel C) samples.Left panels
show original spontaneous AP waveforms in contmhditions and after application of
ORM-10962. Scatter diagrams (middle) as well as diagrams (right) illustrate the effects
of ORM-10962 in dog Purkinje fibres (A), rabbit Runje fibres (B) and in rabbit atrial (C)
samples. Results of individual experiments are stswn in scatter diagrams (middle). Open
triangles indicate the mean values of cycle lengtbontrol conditions and in the presence of
ORM-10962. Values are meatiSEM, p<0.05.
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The selective NCX inhibition by ORM-10962 was intigated on the spontaneous
automaticity in dog and rabbit right ventricularrioje fibres, as well as in rabbit right atrial
reparations.

In dog Purkinje fibresKigure 16.A) 1 uM ORM-10962 exerted clear lengthening
effect on the cycle length of 8/8 spontaneous actmmtentials (2094.7+£399 mss
3358.7+607 ms*; n=8/8 hearts, p<0.05).

In rabbit Purkinje fibresKigure 16.B) we observed significant cycle lengthening
effect of spontaneous action potentials after appbn of 0.5 pM (554.5+42.4 megs
708.2468.3 ms*; n=5/5 hearts, p<0.05) and 1 pM ORM62 (554.5t42.4 ms/s
795.8496.6 ms*, n=5/5 hearts, p<0.05). In rabbitiahtmeasurementsFigure 16.0),
following application of 1 uM ORM-10962 moderatet Bignificant lengthening effect on the
cycle length was observed (455.1+32 w$s493.0£39 ms*, p<0.05, n=16/16 hearts). The
corresponding time control measurements exerteeffiect after application of the vehicle of
ORM-10962 (DMSO).

3.7.2. Effect of NCX inhibition on spontaneous automaticity after ivabradine treatment

In this set of experiments 3 uM ivabradine was i@plpbn rabbit right atrial tissue
strips to reduce spontaneous frequency. Under aowrwondition the cycle length was
419.1£36.1 ms which increased to 574.9265 ms adigplication of 3 uM ivabradine
(A= 25.9+6.1%*, n=5/5, p<0.05). 1 uM ORM-10962 causadher statistically significant
increase in cycle length: 702.4+92.2 ms=21.2+4.7 %*, n=5/5, p<0.0Figures 17. A-B.
As Figure 17. Csummarizes the ORM-induced increase in the cyrigth after application
of ivabradine was significantly larger comparedwthie ORM application alone (21.2+4.7 %
vs 8.9+3.4%%*). During time control experiments we fdusimilar effect of ivabradine
compared with control (440+49 mss 620£92* ms, n=3, p<0.05), but the subsequently
applied vehicle (DMSO) failed to influence the @&/&ngth (656+110 ms, n=3).



39

>
w

Control 3 uM IVA 3 UM IVA + 1 uM ORM
— Control 1200 1 " " "
— 3 uM Ivabradine @ 1000
— 3 uM Ivabradine + 1 M ORM10962 £ |
20 £ 800
jo2]
g 60
0 2 400 |
3 200 1
=0
8
& O 1uMORM10962
o
g -20 B 3uMIVA + 1 pM ORM10962
8 C
Q
€ 10 = 0% 21,21%
= S .
= 25%
S)
c
-60 3 20%
+ - Q@
% 15% 8,96%
°
80" —— S 10%
0 200 400 600 800 1000 o
i 8 5%
ey
Time (ms) 5
0%

Time control:  440%49 ms vs 620+92* ms vs 656+110 ms n=3, p<0.05
Figure 17. Application of 3 pM ivabradine considerbly increased the ORM-10962
induced reduction in spontaneous action potentialifing in spontaneously beating rabbit
atrial tissue. Panel A.shows original spontaneous AP waveforms in cortpolditions, after
application of 3 uM ivabradine and subsequentlylegbl uM ORM-10962anel B.Scatter
diagram illustrates the individual experiments aalvas the mean values (the open triangles),
n=5, p<0.05.Panel C.Bar diagrams summarize the ORM-induced reductiospontaneous
AP firing frequency alone and with 3 uM ivabradinel pM ORM-10962 administration.
Values are means SEM, n=5, p<0.05. The parallel measured time coinghowed similar
effect of ivabradine, which was previously observiedwever the subsequently applied
vehicle failed to influence the cycle length, n=3.

3.8. The antiarrhythmic effect of selective NCX inkbiton on delayed

afterdepolarizationsin vitro

This experiment was designed to investigate theceféf ORM-10962 on delayed
(DAD) afterdepolarizations in dog cardiac Purkinjdres applying the conventional
microelectrode technique. DAD was evoked by 150 dilgboxin, which is a well-known
Na'/K* pump inhibitor. After 40 stimuli train with a cyellength of 400 ms, several DAD’s
were observed during the stimulation-free peribigre 18. Aleft and mid panels). Further
addition of 1 pM ORM-10962 significantly decreaséide DAD’s amplitude (from
5.3t0.7 mV to 1.50.3 mV; n=8, g0.05;Figure 18. Aright panel).
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In some of these experiments digoxin evoked a rfinexira beats (cellular,
corresponding to the vivo extrasystole) after the termination of the stinsuttain, which
could be successfully abolished by the applicatibhuM ORM-10962 Figure 18. B).
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Figure 18. The effect of 1uM ORM-10962 on the DAD amplitude in canine right
ventricular Purkinje fibres. Panel A. DAD’s were evoked by a 40 stimuli train with a
stimulation cycle length of 400 ms in the preseoic&50 nM digoxin. Trace a) is control
recording, trace b) indicates the induction of DALy 150 nM digoxin, and trace c)
demonstrates that *M ORM-10962 significantly decreases DAD amplitudesthe
continuous presence of digoxin. Diagram depicts dffects of 1M ORM-10962 on the
amplitude of DAD. Bars represent means * SEM, *©80.Panel B. Representative
measurement when spontaneous activity was recoeteat a 40 stimuli train with a
stimulation cycle length of 400 ms in the presesfcE50 nM digoxin (trace b). Application of
1 xM ORM-10962 in the presence of digoxin completélgliahed the spontaneous activity
(trace c).

3.9. Effect of selective NCX inhibition on C4' transient and action potentials when

forward or reverse mode is facilitated

The previous experimenEigure 18) suggests antiarrhythmic effect of selective NCX
inhibition. Theoretically inhibition of both moded NCX could reduce the DAD incidence:
inhibition of reverse mode may reduce the intradatl C&* level while inhibition of forward

mode may decrease the amplitude of DAD’s. Sinceeuhid/K* pump inhibition both mode
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of NCX may be activated by the high [[iaand [C4"] levels we attempted to model this
setting by facilitation of both mode of NCX.

In the first set of experiment extracellular’dancentration was decreased to 70 mM,
while the solution was supplemented with 70 mM oiektloride thus the lower
electrochemical driving force for Nastimulates the reverse mode of NCX. In these
measurements NCX inhibition with 1JuM ORM-10962 ktlg, but significantly lengthened
the repolarization of action potentials (AD184+10.4 ms vs 205+7.3 ms¥
APD;s=171.7¥10.9 msvs 192.7+7.8 ms*, APE= 148+10 ms vs 169+8.3 ms*,
APD,s=104.948.4 msvs 121+10.7 ms*; n=6, p<0.0Figure 19. A). The CaT and cell
shortening increased by the administration of lova'-Nyrode’s (not shown), and
significantly decreased when 1 pM ORM-10962 wasliepp(Figure 19. B) CaTs under
control condition: 8.47+0.83 AU- low Na: 11.53+2.50 AU— 1 uM ORM-10962:
9.46+1.98 AU*; n=5, p<0.05. The transient amplituiierease after ORM-10962 application
was -16.07+5.77%*. The results of cell shorteningasurements were the following: control:
-3.80+1.4 AU— low Na&: -6.61+2.18 AU— 1 pM ORM-10962: -4.01+1.79 AU*; n=5,
p<0.05. The decrease of cell shortening was -38.8625%* after ORM-10962 application.
The diastolic C& significantly decreased after ORM-10962 applicatiws low Na'):
31.8+3.9 AUvs 28.6+2.9 AU*; n=5, p<0.05.

In another set of experiment enhanced NCX forwaaotienwas achieved by 1 uM
forskolin which increases the intracellular ?Cdevel through protein-kinase mediated
phosphorylation of thech. The plateau voltage of the action potential wamicantly
depressed after application of 1uM ORM-10962 (plats 9.7+2.2 mVvs 3.7£2.9 mV*;
n=6, p<0.05 vs forskolin) without consistently changing phase &palarization
(Figure 20. A). Application of 600 nM forskolin in single venttilar dog myocytes increased
the amplitude of transient and cell shortening. ligagpion of 1 uM ORM-10962 increased
further the amplitudes significantlfFigure 20. B). CaTs under control condition: 15.89+1.82
AU — 600 nM forskolin: 13.72+£1.50 AU~ 1 uM ORM-10962: 16.21+£1.80 AU*; n=5,
p<0.05. The increase of transient amplitude wa8+13813%* after ORM-10962 application.
Cell shortening under control condition: -2.56+0419 — 600 nM forskolin: -3.64+0.81 AU
— 1 pM ORM-10962: -5.43+1.14 AU*; n=5, p<0.05. Thecrease of cell shortening
amplitude was 56.47+17.85%* after ORM-10962 appiice The diastolic Cd did not
change significantly during the experiment (datagmwn).
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Enhanced NCX reverse mode
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Figure 19. Effects of NCX inhibition during enhancel NXC reverse mode.
Panel A. AP was recorded from papillary muscles in low"N@0 mM) solution, when the
reverse mode of NCX was facilitated. The stimutatiequency was 1 Hz. The bars represent
APDgo, p<0.05 control vs low [NH o, # =p<0.05 low [N&]out, vs ORM-10962 1uM, n=6.
Panel B. shows representative CaT and cell shortening nreasent when NCX reverse
mode was facilitated by 70 mM [Na.: reduction in dog left ventricular myocytes. 1uM
ORM-10962 significantly decreased the amplitudebh®fCaT and cell shortening (red lines).
The changes are depicted by bar graphs, valuesrna@nst SEM.
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A Enhanced NCX forward mode
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Figure 20. Effect of NCX inhibition during enhanced NCX forward mode.
Panel A.AP was measured from papillary muscle in the preseri 1 uM forskolin, when the
forward mode of NCX was enhanced. The plateau patemas significantly suppressed
without change of AP§3. The stimulation frequency was 1 Hz. The barsasgnt plateau
potential at 50% repolarization time and action @uatial duration at 90% repolarization
time, p<0.05 control vs forskolin, # =p<0.05 fordiko vs 1uM ORM-10962, n=6.
Panel B shows representative CaT and cell shortening oreasents when NCX forward
mode was facilitated by 600 nM forskolin in dod lefntricular myocytes. 1JuM ORM-10962
significantly increased the amplitudes of the Cad aell shortening (red lines). The changes
are depicted by bar graphs, values are mea&&EM.
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4. DISCUSSION

The pivotal role of NCX in the physiological €zandling as well as in several types
of arrhythmias is strongly suggested based on é@rpetal and computation modelling
studies (20, 21, 23, 74-77). Furthermore, the pbsstontribution of NCX to pacemaker
activity was also claimed in several studies (3R-3owever, the lack of appropriate
selectivity of the applied NCX inhibitors has matie data interpretation difficult and some
important points are not fully clarified. The inofric effect of selective NCX inhibition was
expected however many studies reported lack oteffiter selective NCX inhibition (28, 30,
31, 78). Indeed, these compounds influenced Hie ih some extent suggesting some
reduction in the Cd influx which may counterbalance the inotropic effeMany studies
claimed marked antiarrhythmic effect of selectivee)N inhibition however the exact
mechanism of the effect could also not been citithecause of the lack inhibitor without
major influence onda.

Recently we had a possibility to characterize twgeh NCX inhibitors, ORM-10103
and ORM-10962. In this thesis we summarize thaseahsompounds in addition of strong
potency to suppress the NCX current, they exertgaved selectivity, i.e. without influence
on the &g Our results with the novel compound ORM-10962esd®d moderate positive
inotropic effect of selective NCX inhibition andpported the previous hypothesis suggesting
important role of NCX in spontaneous pacemakerviygti Furthermore, our data provide
evidence regarding the role of reverse mode irbibilagainst N& induced C& load
mediated arrhythmias. Therefore, ORM-10962 may ide®a new, appropriate tool for NCX
investigations and selective NCX inhibition coul@ lconsidered as a novel promising

antiarrhythmic strategy.

4.1. ORM-10962 exerted improved efficacy and spemity in comparison with
ORM-10103

Previously, the most successfully used NCX inhigititke KB-R7943 and SEA0400
considerably improved our knowledge about the o6IHCX regarding the electromechanical
coupling and arrhythmogenesis (55, 79-83), but ehiehibitors were not appropriately

selectivei.e. certain amount ofch. and k currents contaminated the results making the data
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interpretation difficult. Therefore, the most imfat requirement for a NCX inhibitor —
beyond potent blocking of NCX — is a minimal infliee on the d,. current. In previous
studies of our laboratory (10, 28, 55, 83, 84), neported that ORM-10103 effectively
(Figure 7.) and selectively inhibits NCX in dog ventriculayatytes without influencing the
lcaL current (figure not shown). Furthermore it waseefive against triggered arrhythmias,
namely it clearly decreased the amplitude of phaotagically induced EAD and reduced the
DAD incidence. However, this compound had 25.4%ckilog effect on |, at close to the
maximal NCX inhibition concentration rang€&igure 13). Therefore, this compound has
some limitations in studying the role of NCX singealso influences the ventricular
repolarization. The improved compound, ORM-10962 ha effect ond,. even in higher
concentration (1 pM)Higure 9.) as well as it does not influence the peak anel $aidium
currents and the K™ pump Figure 10.), and the main repolarizing potassium currents like
Ik1, ko, Ikr @and ks (Figures 11.and 13), at close the maximal NCX inhibition (~80%)
concentration range. Furthermore, it has muchB€3s values (55/67 nM for inward/outward
NCX currents, respectively) at both modes of N@&xg(re 8.). The better selectivity and
improved efficacy of ORM-10962 account for perfongnithe further experiments with ORM-
10962.

4.2. Selective NCX inhibition has a moderate posite inotropic effect without major

influence on the action potential under normal condion

It is widely accepted that the NCX operates pritgam forward mode during a
normal AP (76, 77), therefore, when inhibited, actllular C&" load, and AP shortening is
expected. However, our laboratory and others faitefind any influence of SEA0400 and
ORM-10103 on AP and CaT (28-31, 78, 85). In comtrasee observed a marginal but
significant increase on CaT and cell shorteningraépplication of ORM-10962 in dog
ventricular myocytesHigure 14). Thus, our results support the hypothesis reggrdine
positive inotropic effect of selective NCX inhitwti; however, the relatively small extent of
the effect is unexpected and unclear. A possiblelagation could be the concomitant
inhibition of reverse mode activity, which simuleausly decreases the intracellular’Ca
influx. Further possibility could be the PMCA whichay also contribute to €aextrusion
(86) and therefore it may compensate for the redlIMEX function. Based on our previous
study (28), where the NCX was measured in the paesef intact C& cycle, we proposed

that under normal condition, the inward NCX curréas relatively low amplitude thus the
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inhibition of this small current may be fully commated by the above mentioned
mechanisms.

The effect of ORM-10962 on AP was investigated ultroellular preparations from
different transmural regions and showed tissueipathanges Figure 15). The selective
NCX inhibition marginally increased the ARBDIn epicardial tissue without significant
influence on subendocardial region and in Purkfifjees. In healthy myocardium the cells
are well coupled electrically, and this electroniateraction largely minimizes the
repolarization changes at tissue level, while thaserations could be augmented at cellular
level which may explain the marginal effect in epdial tissue (4). Previous studies (28, 77)
seem to support our suggestion that under normaditon only small net NCX current is
evoked during the AP and the influence of the iitlb of this small current may be
compensated for by the repolarization reserveT(8¢. momentary magnitude of NCX current
under the AP depends on the actual voltage, irtedaeNa and C&' levels. The kinetics of
the APs, CaTs may differ regarding the tissue tfgadendocardial, subepicardial, Purkinje
fibre) and could be different from cell to cell abted from the same heart region. We cannot
rule out the possibility that the net current of tiCX is changing throughout the ventricular

wall: it becomes inward from epi- to endocardiastie.

4.3. Selective NCX inhibition decreases the spontaous pacing rate of SA node and

Purkinje fibres under normal conditions

We found significant negative chronotropic effeElORM-10962 in the SA node and
Purkinje fibres Figure 16). Previous studies showed that two competing mashes may
play a role during the initiation of each heartbeake is the M (membrane voltage) clock (33,
34) claiming pivotal role of;lin determining the actual frequency, and the seéaore is the
Ccd" clock. According to the Gaclock hypothesis, the local Eaelease from the SR causes
local depolarization, which enhances the NCX foowactivity. Forward NCX due to &&
extrusion generate depolarizing Naflux, thus may contribute to the gradual depiaktion
initiated by the d pacemaker current. Our results seem to be inwitlethis hypothesis, since
NCX inhibition by ORM-10962 decreased the spontasefiring rate in both canine and
rabbit Purkinje-fibres as well as in rabbit atiizlsue samples={gure 16).Therefore, NCX
inhibition may suppress the spontaneous diastejobhrization and increase the cycle length

of the pacemaker cells, without directly influergithe } (Figure 12). However, considering
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these marginal but statistically significant effeftORM-10962, we assume that the NCX
may have only a small modulatory role in diastdiepolarization.

The current theory synthesizes the M-clock and IBekamechanisms, claiming &a
clock together with M-clock form a coupled-clocksssm where neither clock is dominant;
instead, together they control the spontaneous Rgffrequency and rhythm in the
pacemaker cells (36, 37). These studies showedudlatadine, however inhibits selectively
the k current, it also indirectly suppresses®Caycling by reducing SR Gaload, without
direct influence on the ion channelg(IRyR) of the C& handling. These results may
indicate that the bradycardia occurred by ivabradsinot only the consequence of the |
blockade alone, but it is rather due to the pedtioln of the crosstalk within the coupled-
clock system (36). The underlying mechanism mayhleereduction in SR load, which leads
to prolonged local CA release period, causing reduced and delayed N@xtién in the
membrane clock. Our results may support this catissheory since the AP firing frequency
of the ivabradine pre-treated spontaneous rabi# ahas further reduced after application of
ORM-10962 Figure 17).

4.4. NCX inhibition is effective against N& induced C&* load mediated delayed
afterdepolarizations

Previous studies with SEA0400 and ORM-10103 suggeiat NCX inhibition could
be effective against Ndnduced C& load mediated DADs (28, 44, 60, 63, 65, 87-90)k Th
afterdepolarizations were evoked by inhibition c’M* pump by glycosides, leading to
accumulation in [N§; and AP shortening (91). The elevated intracelliNal level induces
increased reverse NCX activity causing marked gaintracellular C&" and consequently in
the SR C& level (92). Selective NCX inhibition by applyingRM-10962 completely
abolished the digoxin induced spontaneous autoityaied significantly decreased DADs
amplitude Figure 18). Similar results were observed by application @RM-10103
(20, 27, 28), where not only DAD, but also EAD aiyales reduced significantly after the
ORM-10103 treatment, however this compound is notnmetely selective for NCX
(Figure 13.0.

The underlying mechanism of the effect is not eyaciarified. During Né induced
Cd" load both modes of the NCX is facilitated by thereased level of the Nand Ca&'
ions. Therefore, theoretically inhibition of bothodes could be antiarrhythmic since
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suppression of the reverse mode may decrease tteedhular C4', while inhibition of
forward mode may directly reduce the amplitude imctlence of DAD’s amplitude. In order
to address this question we attempted to selegtifeslilitate the reverseF{gure 19.) and
forward (Figure 20) mode NCX activity.

In the presence of low Nacontaining Tyrode’s solution, clear negative inpic
effect could be observed after application of OR0®E2 suggesting a decrease in {Ga
level. Furthermore, the APD was marginally butistaally significantly lengthened which
may also indicate increased reverse mode activith @nsequently larger outward current
(Figure 19.A). This result may also suggest that during” Maluced C&' load the NCX
operates mainly in reverse mode therefore its itibibresulted in net loss of intracellular
C&* and negative inotropy. Similar results were olgdinvith ORM-10103 in our previous
study (28).

In a separate experiment the forward mode wasititedl by forskolin which
increases the intracellular €devel via adenylate-cyclase activation. Under gggting the
selective NCX inhibition caused net gain in intladar C&#* and positive inotropy as well as
slight depression in the AP plateau potentilgre 20.A). The positive inotropy can be
explained by the shift of the NCX reverse potentialised by increased intracellular’Ca
which may result in shift to the positive potergidacilitating ion transport in the forward
mode. The inhibition of the NCX may reduce the rafethe C&" extrusion with a
concomitant compensatory reduction of tag Kthe C&"influx and efflux must be equal)
achieved by the increased “C#ransient. This shift in current balance may actdat least
partially) for the depressed plateau level of tbigoa potential.

Summarizing these results we suggest that duririgifdeiced C& load both modes
of the NCX is facilitated but the reverse mode nb@ypredominant during this condition.
Inhibition of both modes could be theoreticallyiarrhythmic. However, the inhibition of the
reverse mode may have more importance since théosgtof the intracellular G may
indirectly reduce the forward mode activity apdr sereduces the DAD amplitude and

incidence.
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5. CONLUSIONS AND POTENTIAL SIGNIFICANCE

We have shown that two newly synthesized NCX intbilsi ORM-10103 and ORM-
10962, effectively inhibit both modes of the NCXmant. ORM-10962 is more potent
than the previously described ORM-10103, havingERs, value of the ORM-10962
in the nanomolar range.

ORM-10962 was found a highly selective NCX inhibjtdbecause even a higher
concentration (1uM) did not influence other transrheane ionic currents in the heart
(Ica, INaLs INa peak N@/K™ pump, ki, Iks, ko, lk1, k). However, the ORM-10103 in a
higher concentration (10M) has a moderateg,Iblocking effect.

Selective NCX inhibition by ORM-10962 exerted a giaal positive inotropic effect
as shown by CaT and cell shortening measurememtthel same time, it failed to
influence the ventricular AP under normal condition

In line with previous hypothesis, we have demomstr@xperimentally that NCX has
a role in the pacemaking mechanisms. The NCX itibibisignificantly prolongs the
cycle length of spontaneous APs recorded from dud) rabbit Purkinje fibres and
atrial samples. Moreover, addition of ORM-10962eaftvabradine application a
further reduction in the spontaneous AP firing fregcy was observed which may
support the coupled-clock hypothesis.

NCX inhibition completely abolished the digoxin-umbd automaticity and
significantly decreased the amplitude of DAD’s. Tuederlying mechanism was
addressed by investigating the shifts in the balafahe forward and reverse modes
of NCX. When forward mode was facilitated, NCX ibiion caused a significant
positive inotropic effect without major change i®B, however in those experiments
in which reverse mode was enhanced negative inotreffect was observed, with
APD lengthening. We conclude that under" Naluced C&' load the reverse mode
became predominant therefore the subsequentlyeapNICX inhibition decreases the
C&" transient amplitude. In line with this, we sugg#sat during digoxin-induced
DADs, where also Nainduced C&' load occurred, the inhibition of the facilitated

reverse mode may have more importance in the dewveot of antiarrhythmic effect.
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