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Introduction

1. The proper assessment of the pro-arrhythmic peteat
candidate compounds is a major concern for drugldpment, since
drug-induced arrhythmias, including Torsades detesi(TdP), can
lead to sudden cardiac death. The prediction of TdRlinical
setting is very difficult since the incidence ofugrinduced TdP is
very low (1:100 000), however, drug associated enddardiac
deaths have led to the withdrawal of a number,rotise successful,
compounds in the past. Importantly, current cardiac
electrophysiological safety methods concentratetijnam testing
the hERG blocking and/or ventricular repolarizatipmlonging
effects of candidate compounds and they use mbstijthy tissues
and animals. It is, therefore, not entirely suipgsthat these cardiac
safety tests are not sensitive enough. A large stild growing
number of animal experimental and clinical studiaggest that the
degree of repolarization prolongation does not shawclose
correlation with subsequent ventricular arrhythmévelopment. In
these cases, without marked prolongation of the iQf€rval,
repolarization reserve may be reduced with a careggncrease in
arrhythmia susceptibility. According to the conceptepolarization
reserve, normal cardiac repolarization is contblley different
potassium currents in a redundant way, and corgjemitacquired
(e.g. mild potassium current inhibition by a nomeltavascular drug)
decrease in the function of a single repolarizingrent does not
always lead to marked repolarization prolongatisimce other
currents can compensate for the lost functionhéndase of reduced
repolarization reserve, additional inhibition ofodimer repolarizing
current can result in excessive prolongation oblafization and can
provoke serious ventricular arrhythmias. Evidencginis to a
critically important role for the slow component die delayed
rectifier potassium currentg) in ventricular repolarization reserve,
however, other potassium currents may also signifly contribute
to repolarization reserve. There is considerablgatian in the



expression of key repolarizing potassium channelsdifferent
mammalian species, including dog and rabbit that faequently
used species in pro-arrhythmia models. Thereftis,reasonable to
assume that species specific ion channel expregmiofiles may
result in species dependent alterations in resgoisepotassium
channel blockers. Such differences may signifigaiifluence the
value of data obtained in these models for humamapalation,
however, it is unclear how species specific potamsichannel
expressions translate into differences in arrhyghdgvelopment in
dogs and rabbits.

2. Disturbances in another important aspect of cardia
ventricular repolarization adaptation can also @asignificant role
in the development of serious cardiac arrhythmiasl sudden
cardiac death. Clinical, animal experimental anebtbktical studies
have shown that abrupt changes in heart rate rigsaltprogressive
adaptation of the QT interval measured on the EQE tw short-
term cardiac memory effects. Patients exhibitingtqacted QT
interval heart rate adaptation dynamics have beentified to be at
greater risk of developing cardiac arrhythmias andden cardiac
death. Furthermore, clinical data also suggest that extent of
amiodarone-induced acceleration of QT interval hesie adaptation
could be used as a therapeutic marker of antidrnhigt drug

efficacy. However, despite strong evidence sugggstimimportant
role of short-term cardiac memory in arrhythmog&)eghe

underlying ionic mechanisms are still controversial



Aims

1. It is not clear, how species specific potassiunanciel
expressions translate into differences in arrhy¢hdgvelopment in
dogs and rabbits, two species frequently used oraprhythmia
models. It has been shown previously that repation reserve
impairment by inhibition of Js increased arrhythmia susceptibility
during subsequent,l inhibition in dogs and rabbits in a similar
degree. A possibly important role fog;lhas been suggested in
repolarization reserve. In the first series of eipents we studied
the effects of combined pharmacological inhibitafr; and ks, as
well as k; and k, on ECG parameters and the incidence of TdP in
conscious dogs and anesthetized rabbits. We algestigated
whether TdP development was paralleled by increateat-term
variability of the QT interval, a novel ECG parasresuggested for
more reliable prediction of drug-induced ventricudarhythmias.

2. The aim of the second series of experiments was to
investigate another important aspect of cardiac rivelar
repolarization adaptation: we performed studies the ionic
mechanisms of QT interval heart rate adaptatioreintricular tissue
and their link to proarrhythmic mechanisms. Expetits were
carried out to identify the specific mechanismsoaii¢ transport that
determine QT interval rate adaptation and how atliens in those
mechanisms might lead to arrhythmic events.



Materials and Methods

Ethical issues, experimental animals

All animal experiments were conducted in compliandth
the Guide for the Care and Use of Laboratory Angm@NIH
Publication No. 85-23, Revised 1996), and the mwitowas
approved by the Ethical Committee for the Protectd Animals in
Research of the University of Szeged, Hungary (t28-2007 and
I-74-5-2012) and by the Department of Animal lteaand Food
Control of the Ministry of Agriculture and RurBevelopment
(X111/01031/000/2008 and XI11/1211/2012).

Beagle and mongrel dogs of either sex weighing Q. 0«2,
and male New Zealand white rabbits (2-3 kg), aresthd with
thiopentone (50 mg/kg i.v.), were used for the eixpents.

ECG studies in conscious dogs and anesthetizedtsabb

Following a 20 min equilibration period, baseline
recordings were obtained. In preliminary experiregntwe
determined the Bagldoses used in our studies. The first group of
dogs (n=7) were first administered the inhibitor BaC} (3 mg/kg)
followed by the |, inhibitor dofetilide (25ug/kg) i.v. after a 20 min
equilibration period and in the second group (n#i&@ animals
received theys inhibitor HMR 1556 (1 mg/kg) first, followed by ¢h
Iz inhibitor BaC}, (3 mg/kg) during a 5 min continuous i.v. infusion
after a 20 min equilibration period. In rabbitse tfirst group (n=7)
was administered the,l inhibitor BaC}, (0.3 mg/kg) followed by the
I inhibitor dofetilide (25ug/kg), 20 min after BaGladministration.
The second group (n=7) received the ihhibitor HMR 1556 (0.1
mg/kg) followed by the,; inhibitor BaC} (0.3 mg/kg) i.v. 20 min
after HMR 1556 administration. The obtained elezdrdiogram was
digitized and stored for later analysis using Nadiolnstruments
data acquisition hardware SPEL Advanced Haemosysa®. The
PQ, RR, QT intervals were measured as the averdg&00



consecutive beats (the minimum number of beatsinedjfor the
calculation of beat-to-beat short-term variabilitiyan interval) and
in dogs the frequency corrected QT interval (QT@swvealculated
using a formula recommended for Beagle dogs: QTZT= (0.087
* (RR-1000)), while in rabbits QTc was calculated & formula
specifically suggested for anaesthetized rabbifc © QT — (0.704
* (RR-250)). Temporal instability of beat-to-beaédnt rate and
repolarization was characterized by the beat-td-bg#ort-term
variability (STV) of RR or QT intervals, respectiye The

calculation of STV is based on previous detailedthmmatical
analysis and was calculated as follows: STY|B,.1-Dn| (30x/2)7,

where D is the duration of the QT or RR interval.

Action potential recordings using the conventiongitroelectrode
technique

After intravenous euthanasia with thiopentone degrts
were rapidly removed through right lateral thoracoy and placed
in oxygenated modified Locke’s solution containifiiy mM): NaCl
120, KCI 4, CaGl 1.0, MgC} 1, NaHCQ 22, and glucose 11. The
pH of this solution was set between 7.35 and 7.dnndaturated with
the mixture of 95% @and 5% CQ@ at 37C. Right ventricular
papillary muscles were paced at cycle length ((L)@0 ms until
steady-state through bipolar platinum electrodesan3membrane
potentials were recorded using conventional glagsomlectrodes
filled with 3 M KCL with a tip resistance of 5-20™M Recordings
were made using a high impedance amplifier condetdea dual
beam oscilloscope. Electrophysiological parametegsee measured
applying the Action Potential Evaluation SoftwafPES) and data
for action potentials were evaluated using Evoke®Vaby
measurement of the amplitude of the action potefédP), the
maximum upstroke velocity (M), resting potential and the action
potential duration at 10%, 25%, 50%, 75% and 90polerisation
(APDy,, APD,;, APDss, APD;s and APDRg. After control
measurements, selectivg (30 uM BacCl,), I, (100 nM dofetilide),



and ks (I1uM HMR 1556) blocker drugs were added to the
preparations alone and in combination to reduceolagigation
reserve. The rate adaptation of the action potedtieation at 90%
repolarisation (APR) was evaluated using the following protocol:
pacing at cycle length (CL) of 1000 ms was appligtdil steady
state, then CL was changed stepwise to 600 ms Gomihutes
(acceleration) and back to 1000 ms for an additiob@d min
(deceleration). Two phases of APD adaptation dynamiere
identified: APDy heart rate adaptation following step CL changes
consisted of two phases with time constaptsandtg,,, calculated
from fitting the corresponding portion of APD tinceurse with an
exponential function: f(t) = a + b &". Time constantss aNdTsow
were obtained both after CL increase and decreAs® HR
adaptation was evaluated both in control and in ghesence of
BaCh, HMR 1556, dofetilide, d,. (1M nisoldipin) blocker, and
Inak blocker (600 nM strophantin).

Statistical analysis

The incidence of TdP (%) was compared by usingxthe
test with Yates’ correction. All other data are egsed as means +
SD. Data within groups were compared after analg$§igariance
(repeated measures one-way ANOVA) by Bonferrongstgest and
the groups were compared in pairs by means of Stisd#” test. A
level of p<0.05 was considered to be statisticsiliyificant.



Results and Discussion

Combined inhibition of+1 . and k;+1 s differently affects cardiac
repolarization reserve and arrhythmia susceptipilin dogs and
rabbits

In the first series of experiments we investigateal effects
of repolarization reserve impairment by pharmaciciglock of k;
in combination with {5 and k, on the incidence of the typical drug-
induced arrhythmia, TdP, and different ECG pararmsetdeart rates
were significantly decreased by combingd+ly, block in both
species, while+lxs inhibition reduced heart rate only in rabbits.
Inhibition of Is alone as well ag] alone significantly prolonged the
QTc interval in dogs but did not do so in rabbitscreased QTc
intervals by combined potassium channel inhibitidits not appear
to be informative on subsequent TdP developmeaeitler species.

We found that combined pharmacological inhibitioh o
Ikitlk and ki +lgs led to repolarization reserve impairment and high
incidence of TdP in conscious dogs and anesthetizdabits.
However, dogs and rabbits exhibited markedly d#fferpatterns of
TdP suggesting that at least some of these currewdg play
different relative roles in repolarization resemehe two species. In
contrast, our laboratory showed in previously mh#id experiments
that both species responded with a high incidericed® paralleled
by significant increases of short-term variability the QT interval
(STVgr) following Ikstlk, inhibitor administration. In this study, a
high TdP incidence was observed following inhibitiof Ix;+lxs in
dogs (67% vs 14% in rabbits). Rabbits exhibitedhérg TdP
incidence afterd;+ly, block (72% vs 14% in dogs). Increased TdP
incidence was associated with significantly lar@Vqr in both
models.

The key role of Js in ventricular repolarization reserve is
well established in animals as well as in humanswéler, some
studies highlighted that due to loweg bensities in human hearts,



repolarization reserve may be reduced in humangaced to dogs.
A small I attributed to low-level beta-subunit minK expression
and increased TdP susceptibility were describedabbits in the
literature, indicating that despite the relativeliell characterized
role of ks in repolarization reserve, the significant diffeces
described iny{s expression and current densities in rabbits args do
make human extrapolation of results difficult. Aerdor I, another
significant repolarizing current, in repolarizatioeserve has been
suggested. Different channel subtypes can be reggerfor the |,
current (alpha-subunits Kir2.1, Kir2.2, Kir2.3, Rid). Significant
species-specific differences in the expressionid?.K proteins have
been reported previously. In rabbit cardiomyocytesheteromeric
assembly of Kir2.1 and Kir2.2 was reported, whitediogs, Kir2.2
and Kir2.4 levels were minimal, and in humans, KranRNA
expression was on a similar level to Kir2.1, and2Ki mRNA
expression was three times higher in dogs comp@arémdiman.The
literature and the present study suggests thatals&onger ; and
Ixs in dogs compared to rabbits and humans, dogs xi@hielarger
repolarization reserve compared to the other tverigs. Therefore,
rabbit pro-arrhythmia models based on pharmacadtigiémpaired
repolarization reserve may present greater arrhigthsusceptibility
and may be more useful than canine models in piedihiuman
electrophysiological responses to drugs affectiagliac ventricular
repolarization. These results also warrant cautexauation of the
potential pro-arrhythmic adverse effects and caralioular safety of
candidate compounds in rabbit and dog models.

lonic mechanisms responsible for adaptation of lepoation
following abrupt heart rate changes

Clinically, the slow adaptation of QT interval tdrapt
changes in heart rate, also termed short term a@anmtiemory, has
been proposed as an indicator of arrhythmic risk sudden cardiac
death. In the second set of experiments, we irgastil the ionic
basis of action potential duration rate adaptatitat 90%



repolarisation; APR), wich is the cellular manifestation of QT heart
rate adaptation dynamics. These studies were patlarger work
utilizing synergistic combination of theoreticab(aputer modeling)
and experimental methods to investigate the iorasish of QT
interval and APD heart rate adaptation and themk lito
proarrhythmic mechanisms. Our results show that\fPB heart rate
adaptation consists of two phases: in dogs a fatsali phase was
observed with a time constanpit 12.95+2.25/15.81+3.87 seconds
and a second slow phase with a time constag, t
176.10+43.41/226.07+51.78 seconds. We investigttedroles of
different important currents in APD heart rate ad#pn by
application of selective pharmacological blockergimy our rate
adaptation protocol: 250 nM HMR 1556 fogs Iblock, 100 nM
dofetilide for k, block, 30uM BaCl, for Ik, block, 1uM nisoldipine
for lca, block, 600 NM strophantin fogdk block.

Our experiments show (confirmed by computer siniite)
that k,. and ks currents determine the fast phase of heart rate
adaptation while Jox dynamics are critical in the slow and final
phase. The results also demonstrate thatihhibition, as it occurs
in myocardial ischemia and heart failure patientssults in
decreased APD adaptation, and might be a pro-d&mhigt risk
factor. Large 4o due to L.« inhibition is associated with an increase
in action potential triangulation and may promaig, Ireactivation,
resulting in an increased risk of delayed afterdemiation
formation. Different outcomes were observed in ¢thse of ks and
lcar- Experiments demonstrate that reducggdis associated with
delayed APD adaptation in the fast phase whilg block correlated
with increased fast phase APD adaptation kineticsould be noted
that experimental results following,l_ block were in conflict with
computer modeling results, highlighting some ergtimperfections
in the human action potential computer model. bggngly, k.
inhibition had no effect on APD heart rate adaptatkinetics and
these results were in agreement with computer sitiom studies.



These results provide new insights into the medcmsi of
ventricular rate adaptation and its connectionraaphythmic risk.
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