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Background and purpose: The aims of the present work were to study the mechanism of the reverse rate dependency of
different interventions prolonging cardiac action potential duration (APD).

Experimental approach: The reverse rate-dependent lengthening effect of APD-prolonging interventions and the possible
involvement of k. (rapid component of the delayed rectifier potassium current) and I, (inward rectifier potassium current) were
studied by using the standard microelectrode and the whole-cell patch-clamp techniques in dog multicellular ventricular
preparations and in myocytes isolated from undiseased human and dog hearts.

Key results: All applied drugs — dofetilide (1 umol-L™"), BaCl, (10 umol-L™"), BAY-K-8644 (1 umol-L™"), veratrine (1 ug-mL™") —
lengthened APD in a reverse rate-dependent manner regardless of their mode of action, suggesting that reverse rate
dependency may not represent a specific mechanism of APD prolongation. The E-4031-sensitive current (k) and the
Ba?*-sensitive current (k) were recorded during repolarizing voltage ramps having various steepness and also during action
potential waveforms with progressively prolonged APD. Gradually delaying repolarization results in smaller magnitude of /. and
I currents at an isochronal phase of the pulses. This represents a positive feedback mechanism, which appears to contribute
to the reverse rate-dependent prolongation of action potentials.

Conclusions and implications: Action potential configuration may influence the reverse rate-dependent APD prolongation
due to the intrinsic properties of Ik and I currents. Drugs lengthening repolarization by decreasing repolarizing outward, or
increasing depolarizing inward, currents are expected to cause reverse rate-dependent APD lengthening with high probability,
regardless of which current they modify.
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Introduction rents. The contribution of each current strictly depends on

the relation between its kinetic properties and the voltage
In cardiac muscle, the course of repolarization is set by the  profile during the electrical cycle, which varies with heart
interplay between different voltage- and time-dependent cur-  rate. Accordingly, repolarization changes caused by blockade
(or enhancement) of individual currents are rate-dependent.
In spite of the widely different properties of currents, repolar-
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potassium currents or increase of inward currents is associated
with RRD and instability of repolarization (induction of early
after-depolarizations) at slow rates (Hohnloser and Woosley,
1994; Varro et al., 2004). In most cases RRD is not explained
by the features of drug—channel interaction (Carmeliet, 1992);
it might be viewed as a general property, the mechanism of
which has not been fully elucidated. RRD is undesirable
because it minimizes drug effects on repolarization during
tachyarrhythmias and enhances their proarrhythmic (torsa-
dogenic) potential at normal or slow rates. The rapid com-
ponent of the delayed rectifier potassium current (Iy) is
considered to have an important role in repolarization.
Results of previous work in guinea-pig myocytes indicate that,
due to its peculiar gating properties (rectification), slower
repolarization causes Iy, to decrease, which in turn, slows
repolarization (Rocchetti et al., 2001). Albeit, through a dif-
ferent molecular mechanism, inward rectification is also a
property of the inward rectifier potassium current (Ix;), which
might thus behave similarly to I. Due to their positive feed-
back interaction with repolarization rate Iy, (and Ix;) may
represent autoregenerative mechanisms in repolarization.
This view might provide clues to the mechanism of RRD and
help to interpret the detrimental effect of Ik blockade on
repolarization stability. Nonetheless, significant differences
exist between guinea-pigs and larger mammals in gating
kinetics and rectification properties of Iy, and of the slow
component of the delayed rectifier potassium current (Ik).
Thus, whether the interpretations suggested from previous
studies can be generalized remains unknown. Moreover,
while most studies were performed in isolated myocytes, ion
changes in the restricted extracellular space may contribute to
RRD occurring in the intact tissue.

The aims of the present study were: (i) to study RRD of
different action potential duration (APD)-prolonging inter-
ventions in multicellular preparations of cardiac muscle from
dogs; and (ii) to test whether the peculiar dependency of I on
repolarization rate holds true for dog and human cardiomyo-
cytes and whether such a feature is shared by I;.

Methods

Human

Cells were prepared from undiseased donor hearts. The
experimental protocol complied with the Declaration of
World Medical Association proclaimed in Helsinki (Cardio-
vascular Research 1997; 35:2-4) and was approved by the
Ethical Review Board of the Albert Szent-Gyorgyi Medical
University (No. 51-57/1997 OEj). Proper consent was
obtained for use of each individual’s tissue for experimenta-
tion. The hearts were obtained from general organ donors;
their valves were utilized for pulmonary and aortic valve
transplantation surgery. Before explantation of the hearts, the
patients did not receive any medication except for dob-
utamine, furosemide and plasma expanders.

Animals
All experiments were carried out in compliance with the
Guide for the Care and Use of Laboratory Animals (USA NIH
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publication NO 85-23, revised 1985). The protocols were
approved by the Review Board of the Committee on Animal
Research of the Albert Szent-Gyorgyi Medical University (54/
1999 Oej).

Conventional microelectrode technique

Adult mongrel dogs (8-14 kg) of either sex were used. Follow-
ing anaesthesia (sodium pentobarbital, 30 mg-kg™' adminis-
tered intravenously), the hearts were rapidly removed and
immediately rinsed in modified Locke’s solution containing
(in mmol-L™"): NaCl 120, KClI 4, CaCl, 1.0, MgCl, 1, NaHCO;
22 and glucose 11. The pH of this solution was 7.35-7.40
when saturated with the mixture of 95% O, and 5% CO, at
37°C. Tips of the papillary muscles obtained from the right
ventricle were individually mounted in a tissue chamber
having a volume of 50 mL. Each preparation was initially
stimulated (HSE stimulator type 215/II, Hugo Sachs Elek-
tronik, March-Hugstetten, Germany) at a basic cycle length of
1000 ms, by using rectangular constant current pulses of 2 ms
in duration. At least 60 min was allowed for each preparation
to equilibrate before the measurements were initiated. Tem-
perature of the superfusate was kept constant at 37°C. Trans-
membrane potentials were recorded by using conventional
microelectrode technique. Microelectrodes filled with
3 mol-L! KCI and having tip resistances of 5-20 MQ were
connected to the input of a high-impedance electrometer
(Experimetria Ltd., Budapest, Hungary). Outputs from the
amplifier were displayed on a dual-beam oscilloscope (Tek-
tronix 2230 100 MHz digital storage oscilloscope, Beaverton,
OR, USA).

The maximum diastolic potential, action potential ampli-
tude and action potential duration at 50 and 90% of depolar-
ization (APDs, and APD,) were automatically measured by
using a software developed in our laboratory (HSE-APES)
running on a 386-microprocessor based, IBM compatible
computer containing an ADA 3300 analogue-to-digital data
acquisition board (Real Time Devices Inc., State College, PA,
USA) with a maximum sampling frequency of 40 kHz. In each
experiment, baseline action potential characteristics were first
determined during continuous pacing at 1 Hz, and then while
pacing cycle length was sequentially varied between 300 and
5000 ms. Twenty-five action potentials were evoked at each
cycle length, and the cycle length was then changed so that
‘quasi’ steady-state frequency response relations could rapidly
be generated. After control measurements the preparations
were superfused for 40 min with saline containing the com-
pound under study, and then the electrophysiological mea-
surements were resumed. Efforts were made to maintain the
same impalement throughout each experiment. If, however,
an impalement became dislodged, adjustment was attempted,
and if the action potential characteristics (action potential
amplitude and APDy) of the re-established impalement devi-
ated by less than 5% from the previous measurement, the
experiment continued.

Whole-cell configuration of the patch-clamp technique
Left ventricular myocytes were enzymatically dissociated
from hearts of mongrel dogs following anaesthesia (sodium
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pentobarbital, 30 mg-kg™, intravenously) as described previ-
ously in detail (Varro et al., 2000). Human left ventricular
myocytes were isolated by an enzymatic dissociation proce-
dure as performed previously (Iost et al., 1998).

One drop of cell suspension was placed within a transpar-
ent recording chamber mounted on the stage of an inverted
microscope (TMS, Nikon, Tokyo, Japan), and the myocytes
were allowed to settle and adhere to the bottom for at least
5 min before superfusion was initiated. Only rod-shaped
cells with clear cross striations were used. HEPES-buffered
Tyrode’s solution served as the normal superfusate. This
solution contained (in mmol-L™"): NaCl 144, NaH,PO, 0.33,
KClI 4.0, CaCl, 1.8, MgCl, 0.53, glucose 5.5 and HEPES 5.0 at
pH of 7.4.

Patch-clamp micropipettes were fabricated from borosili-
cate glass capillaries (Clark, Reading, UK) by using a P-97
Flaming/Brown micropipette puller (Sutter Co, Novato, CA,
USA). These electrodes had resistances between 1.5 and
2.5MQ when filled with pipette solution containing (in
mmol-L™): K-aspartate 100, KCI 25, ATP 5, MgCl, 1, EGTA 10
and HEPES 5. The pH of this solution was adjusted to 7.2 by
KOH. When measuring Ix; and I, currents, 1 umol-L™ nisol-
dipine (gift from Bayer AG, Leverkusen, Germany) was added
to the external solution to eliminate L-type Ca* current (Ic,).
The I, was separated from I, by using the selective I, blocker
L-735 821 (100 nmol-L™, a gift from Merck-Sharpe & Dohme,
West-Point, PA, USA). Membrane currents were recorded with
Axopatch-1D and 200B patch-clamp amplifiers (Axon Instru-
ments, Union City, CA, USA) using the whole-cell configura-
tion of the patch-clamp technique. After establishing a high
(1-10 GQ)-resistance seal by gentle suction, the cell mem-
brane beneath the tip of the electrode was disrupted by
suction or by application of short electrical pulses. The series
resistance was typically 4-8 MQ before compensation (50—
80%, depending on the voltage protocol). The holding poten-
tial was —80 mV. Experiments where the series resistance was
high, or substantially increased during measurement, were
discarded. Membrane currents were digitized by using a
333 kHz analog-to-digital converter (Digidata 1200, Axon
Instruments) under software control (pClamp 8, Axon Instru-
ments). Analyses were performed by using pClamp 8 software
after low-pass filtering at 1 kHz. All data were collected at
37°C.

Results

Rate dependency of APD prolongation by compounds with
different mode of action

The following interventions were tested in dog papillary
muscle preparations: 1 umol-L™ dofetilide (completely blocks
L. at this concentration), 10 umol-L! BaCl, (Ix; blocker),
1 umol-L™" Bay K-8644 (Ic, enhancer), 1 ug-mL™" veratrine (Na*
current activator). Some 10 umol-L™" BaCl, was used for the
blockade of Ix; because we found earlier that at this concen-
tration BaCl, selectively blocks about 60% of Ix; at —60 mV.
Some 1 umol-L™' Bay K-8644 significantly enhanced Ic, (from
369.4 = 50.2 pA to 1473.8 += 233.6 pA at O mV, n=4). The
amplitude of slowly inactivating TTX-sensitive Na" current
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Figure 1 Reverse rate-dependent APD prolongation by /. block

(1 umol-L™" dofetilide), I block (10 umol-L™" BaCl,), Ic, activation
(1 umol-L™" BAY-K 8644) and by I, activation (1 ug-mL™" veratrine) in
dog right ventricular papillary muscle. Note that the most prominent
reverse rate-dependent APD lengthening was elicited by enhance-
ment of Ic, and I\.. Data are expressed as mean = SEM. APD, action
potential duration; Ic,, L-type Ca*" current; I, inward rectifier potas-
sium current; I, rapid component of the delayed rectifier potassium
current; n, number of measurements.

was found to be 176.1 = 39.3 pA (n=4) in the absence and
984.2 = 291.0 pA (n=4) in the presence of 1 ug-mL™" ver-
atrine at —-20 mV.

Rate-dependent modulation of APD by the test interven-
tions is illustrated in Figure 1. APD prolongation was maximal
at long cycle lengths with all agents, suggesting that RRD may
not be characteristic of a specific mechanism of APD prolon-
gation. At short cycle lengths, the extent of APD prolongation
was similar for dofetilide and veratrine, both larger than
observed with BaCl, and Bay K-8644. However, the largest
RRD was caused by enhancement of sustained inward cur-
rents by veratrine or Bay K-8644. The extent of RRD obtained
with I, and Iy blockade was substantially similar in size.
These results indicate that both Iy, and Iy, may contribute
substantially to RRD, as in absence of I, or Ix;, the RRD was
relatively small.

Dependency of Ik and Ix; on repolarization rate

These experiments were carried out by the patch-clamp tech-
nique in single dog ventricular myocytes. From a holding
potential of —-80 mV, currents were activated/rectified by a
depolarizing step to 20 mV (150 ms), followed by a repolariz-
ing ramp of variable rate (Figures 2 and 3). Ik and I« were
defined as difference currents, resulting from subtraction of
the traces recorded in the presence of 1 umol-L™! E-4031 and
10 umol-L! BaCl, respectively from control ones. Peak I,
amplitudes evoked with different repolarization rates did not
differ consistently, but I, increase was faster with steeper
ramps. Thus, current amplitude measured at the same time
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Figure 2 Profile of the E-4031-sensitive current (/) recorded in a dog ventricular myocyte. The current was elicited by applying voltage ramps
having different rates of repolarization (top left) and was dissected as an E-4031-sensitive difference current (bottom left). The vertical line
represents the isochronal phase at the time when the current levels were measured. The magnitude of I, during voltage ramps with gradually
slower repolarization at an isochronal point of the pulses (168 ms) is shown in the right. The magnitude of the current is normalized to the

current level measured during the steepest ramp. Data are expressed as mean = SEM. I, rapid component of the delayed rectifier potassium
current; n, number of measurements.

BaCl, sensitive current: Iy,
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Figure 3 The Ba?*-sensitive current (k) obtained at different rates of repolarization in a dog ventricular myocyte. Transmembrane currents
were elicited by applying voltage ramps with different repolarization rate (top left). I was assessed as a Ba®*-sensitive difference current
(bottom left). The vertical line represents the isochronal phase at the time when the current levels were measured. The magnitude of Ik, during
voltage ramps with gradually slower repolarization at an isochronal point of the pulses (174 ms) is shown in the right. The magnitude of the
current is normalized to the current level measured during the steepest ramp. Data are expressed as mean = SEM. I, inward rectifier
potassium current; n, number of measurements.

during the ramp (isochronal amplitude) was smaller as repo-
larization rate was decreased (Figure 2). Similar results were
obtained when Iy, was measured (Figure 3).

Figures 2 and 3 (right) summarizes the results of isochronal
Ik, and Iy, measurements (at 168 and 174 ms after ramp start
respectively), as a function of repolarization rate at values
encompassing the physiological range. Iy, dependency on
repolarization rate was almost linear over the range tested; Ix;
dependency was steeper at high repolarization rates, to
become shallower at lower ones. These results confirm that in
dog myocytes I expression at a given time during repolariza-

tion is proportional to repolarization rate. Although with
different shape, the same proportionality was observed also
with I|<1.

Dependence of Ik, and Ix; on action potential morphology

Because the currents mediated by I, and Iy, are known to
contribute significantly to ventricular repolarization, their
dependency on the rate of repolarization was studied. In
these experiments, action potential waveforms were used as
the command signal to drive membrane potential of dog

British Journal of Pharmacology (2009) 156 1076-1084
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Figure 4 E-4031-sensitive (k) current recorded during action potentials with gradually longer repolarization phase in dog ventricular
myocytes. Transmembrane currents were elicited by applying action potentials as command pulses (top left) recorded in previous experiments
using conventional microelectrodes at pacing cycle lengths of 400, 700, 1000, 2000, 3000 and 5000 ms. The holding potential was —80 mV.
The E-4031-sensitive current was recorded as difference current (bottom left). The vertical line represents the isochronal phase at the time when
the current levels were measured. The magnitude of I during action potentials with gradually longer repolarization at an isochronal point
of the pulses (160 ms) is shown in the right. The magnitude of the current is normalized to the current level measured during the shortest
action potential. Data are expressed as mean * SEM. I, rapid component of the delayed rectifier potassium current; n, number of

measurements.

ventricular myocytes under voltage-clamp conditions. The
action potential waveforms were previously recorded from
dog papillary muscle by conventional microelectrodes at
stimulation cycle lengths of 400, 700, 1000, 2000, 3000 and
5000 ms, thus representing a wide range of repolarization
rates and APDs. I, and I« evoked by the action potential
waveforms were defined as difference currents, resulting
from subtraction of the traces recorded in the presence of
1 umol-L™" E-4031 or 10 umol-L! BaCl,, respectively, from
the control traces. Peak Iy, amplitudes evoked with different
action potential waveforms did not differ consistently, but
Ik, increase was faster with shorter action potentials. Thus,
current amplitude measured at the same time during the
repolarization phase (isochronal amplitude) was smaller as
repolarization rate was decreased (Figure 4). Similar results
were obtained when Ix; was analysed (Figure 5). Thus, iso-
chronal Ik and Ix; magnitudes (measured at 160 and 171 ms
respectively) decreased as the action potential was pro-
longed (Figures 4 and 5).

Dependence of I, and Ix; on repolarization rate and action
potential configuration in human ventricular myocytes

The measurements described above were repeated in ventricu-
lar myocytes isolated from three undiseased human donor
hearts. As shown by the representative records presented in
Figure 6, Ik, and I, difference currents obtained with the
action potential pulses in the human myocytes were similar
to those recorded previously in dog ventricular myocytes.
This finding suggests that the dependence of Ik, and Ik, cur-
rents on the rate of repolarization in dog and human ven-
tricular cells is largely similar.
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Discussion

In most species, including dog and human, the APD of the
ventricular muscle is dependent on the heart rate. Slower
frequency results in longer repolarization, and faster fre-
quency results in shorter repolarization. The mechanism of
the rate-dependent repolarization changes, which represent
normal behaviour of the cardiac muscle seems to be complex
(Boyett and Jewell, 1978; Hua and Gilmour, 2004) and is not
fully understood. The results of this study indicate that the
increased duration and thereby the decreased rate of repolar-
ization decreases the contribution of Iy, and Ix; currents to the
repolarization process during the time course of the action
potential at slow rates, which in turn produces a further
slowing of repolarization after augmenting plateau inward
current. It means that there is positive feedback between I, or
I and the repolarization rate of action potentials. Generally,
as a negative feedback mechanism tends to stabilize, the posi-
tive feedback mechanisms make any kind of system more
unstable. Accordingly, the negative feedback mechanism
found between the I, and the action potential repolarization
(Varro et al., 2000) stabilizes the repolarization process, and
the positive feedback between I, or Ix; and the repolarization
rate makes the repolarization more unstable, especially when
the repolarization force is weaker due to other reasons, for
instance during slow heart rates. Consequently, diminishing
of repolarization force results in greater APD lengthening at
slow than at faster heart rate. Therefore, this positive feedback
mechanism, decrease of Iy, and Ix; seems to play an important
role in the reverse rate-dependent nature of the drug-
induced prolongation of action potential, as the reverse rate-
dependent nature of repolarization lengthening appears to be
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Figure 5 Ba®"-sensitive (Ikr) current recorded during action potentials with gradually longer repolarization phase in dog ventricular myocytes.
Transmembrane currents were elicited by applying action potentials as command pulses (top left) recorded in previous experiments using
conventional microelectrodes at pacing cycle lengths of 400, 700, 1000, 2000, 3000 and 5000 ms. The Ba%*-sensitive current was recorded
as difference current (bottom left). The vertical line represents the isochronal phase at the time when the current levels were measured. The
magnitude of I, during action potentials with gradually longer repolarization at an isochronal point of the pulses (171 ms) is shown in the
right. The magnitude of the current is normalized to the current level measured during the shortest action potential. Data are expressed as
mean = SEM. I, inward rectifier potassium current; n, number of measurements.

E-4031 sensitive current: |,

50 pA

20 ms

BaCl, sensitive current: |,

20 pA

20 ms

Figure 6 The E-4031-sensitive current (/) and the Ba*"-sensitive current (/) during action potentials with gradually longer repolarization
phase, as recorded in an undiseased human left ventricular myocyte. Transmembrane currents were elicited by applying action potentials as
command pulses (top) recorded in previous experiments using conventional microelectrodes at pacing cycle lengths of 400, 700, 1000, 2000,
3000 and 5000 ms. The E-4031-sensitive (I, left) and the Ba?*-sensitive (I right) currents were recorded as difference currents. I, inward
rectifier potassium current; ., rapid component of the delayed rectifier potassium current.

further amplified by the intrinsic property of cardiac mem-
branes including the rectifying gating kinetics of I, and Ix.
To explain the mechanism of the reverse rate-dependent
lengthening of action potential, several hypotheses were pro-
posed (Figure 7). Jurkiewicz and Sanguinetti (1993), based on
experimental results obtained in guinea-pig ventricular myo-
cytes, suggested that during fast rates the deactivation of I; is
incomplete and significant accumulation of Iy, occurs, which
would greatly attenuate the APD-lengthening influence of
drugs blocking other outward or activating inward currents.

However, the deactivation kinetics of Iy, in dog (Gintant,
1996) and human heart (Virag et al., 2001) is much faster than
that of the guinea-pig and, as such, it is largely over 200 ms
after the beginning of diastole. Therefore, the accumulation
of Iy does not explain the reverse rate-dependent APD pro-
longation in species other than the guinea-pig. Indeed, it was
recently reported that in dog ventricular myocytes, during
fast rates of pulsing, significant Iy, accumulation was not
observed (Stengl et al., 2003) arguing that the Iy, hypothesis
does not explain well the RRD in the dog heart.

British Journal of Pharmacology (2009) 156 1076-1084
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Figure 7 Three different hypotheses put forward earlier and the proposed present hypothesis to explain reverse rate-dependent repolarization
lengthening: (A) Jurkiewicz and Sanguinetti hypothesis (1993), (B) Yang and Roden hypothesis (1996), (C) Modulated receptor hypothesis
(1977) and (D) The hypothesis based on the intrinsic properties of I, and Ik. See detailed explanation in the text. ki, inward rectifier potassium
current; I, rapid component of the delayed rectifier potassium current.

An alternative hypothesis was proposed by Yang and Roden
(1996). In their voltage-clamp experiments performed in AT-1
cell lines expressing hERG current, they found that hERG
current blockade by quinidine and dofetilide was attenuated
by elevating extracellular potassium concentration. Based on
this observation they speculated that, during fast rates, due to
potassium accumulation in the sarcolemmal clefts, the effect
of these drugs on I decreases and consequently, the drug-
induced prolongation of APD also becomes diminished. The
opposite effect could be expected at slow heart rates when the
extracellular potassium concentration in the clefts was lower.
This hypothesis still seems attractive but it has never been
proven properly in experimental settings. Also, it does not
account for the marked reverse rate-dependent nature of APD
prolongation evoked by drugs not affecting I..

As a third proposal, the modulated receptor hypothesis,
involving the sodium channel blockers, was put forward by
Hondeghem and Katzung (1977). According to their sugges-
tion, drug binding and dissociation are strongly dependent
on the state of the ion channel that is dynamically changing
during the action potential and diastole. If one assumes that
potassium channel blockers or sodium and calcium channel
activators were binding preferably during diastole and disso-
ciating during the action potential, indeed a reverse rate-
dependent APD prolongation could be expected. The validity
of this hypothesis cannot be ignored, but it seems too general
and it has never been experimentally proven convincingly for
RRD.
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At variance with the results of the present study, in guinea-
pig ventricular myocytes, a moderate increase of peak I, was
induced by shorter and steeper repolarization (Rocchetti et al.,
2001) but, as in our experiments, the rate of increase of I,
during long and less steep repolarization pulses was also
decreased. In agreement with Gintant’s study (2000) the
present study showed that, in dog ventricular myocytes, the
peak amplitude of Iy, was independent of the rate of repolar-
ization, but the slope of the development of I decreased by
diminishing the steepness of the repolarizing ramp pulses.

In guinea-pig myocytes, Ik, showed a rate dependency sec-
ondary to dependency on repolarization rate (Rocchetti et al.,
2001). The latter was justified by the relation between activa-
tion and inactivation gating, peculiar to that species. I, gating
is reportedly different in canine and human myocytes; there-
fore, it was interesting to test whether Iy dependency on
repolarization rate was preserved in these species. The results
by Hua and Gilmour (2004) showed I rate dependency in
canine myocytes, but with an entirely different mechanism,
that is, incomplete channel deactivation during short dias-
tolic intervals. Dependency of Ik on repolarization rate (or
action potential shape), not systematically addressed in the
study of Hua and Gilmour (2004), is the focus of the present
work. The results obtained confirm that, albeit with potential
differences from guinea-pig, explained by the peculiarity of
channel gating, the course of Iy during repolarization is
strictly driven by the course of membrane potential changes,
also in canine and human myocytes. This leads to the rel-



evant conclusion that, also in man, I, and repolarization rate
may form a positive feedback loop, suitable to support autore-
generative membrane potential changes.

The results indicating that Iy, and Ik densities at given
isochronal time points during the action potential command
pulses depend on the steepness and length of these pulses,
can be related to the kinetic properties of both Iy and I,
channels. These channels show strong inward going rectifica-
tion. In the case of I, this was attributed to the faster time
course of inactivation and recovery from inactivation than
that of activation and deactivation (Shibasaki, 1987; Yang
etal., 1997). In the case of I, the rapid binding of magne-
sium ion and polyamines to the channel was proposed to
occur at less negative membrane potentials, which very
rapidly occludes, and thereby inactivates the channel
(Matsuda et al., 1987; Vandenberg, 1987; Ficker et al., 1994;
Lopatin etal., 1994). Switching to positive potentials Ik,
current slowly activates but the channels rapidly inactivate.
When repolarization proceeds with steeper slope, a larger
amount of recovery from inactivation can occur per unit time
than in the case of a less steep slope. Consequently, this
results in more outward current at steep than at less steep
repolarization, resulting in further acceleration of repolariza-
tion. Deactivation of the channels upon repolarization is a
much slower process and therefore it may influence the devel-
oping current only to a limited extent. In the case of the I,
channels, the fast block, induced by magnesium ion and
polyamines at positive voltages, becomes relieved quickly
upon increasing the slope of repolarization resulting in more
I, current at steeper repolarization rates. Therefore, any factor
decreasing the slope of repolarization, which can be indepen-
dent of K* channel block, such as the enhancement of the late
sodium current after veratrine application observed in our
experiments (Figure 1) or occurring in patients during heart
failure (Maltsev and Undrovinas, 2008) and long QT (LQT)3
syndrome (Schwartz et al., 1995), would further diminish the
repolarization force when comparison is made at the same
time points between short and long action potentials.

Finally, it is important to emphasize that the above-
described behaviour of Ik, and I, currents may not be the only
cause of the reverse rate-dependent repolarization lengthen-
ing, especially at higher frequencies. However, it may contrib-
ute to the RRD as an amplifier by magnifying and accelerating
the consequences of a small drug-induced imbalance of
inward and outward currents during the plateau.

Implications

The results showing that the steepness and duration of repo-
larization determine the reverse rate-dependent APD prolon-
gation due to the intrinsic properties of Iy, and Ix; channels
have important implications. Accordingly, drugs lengthen-
ing repolarization by decreasing the repolarizing outward, or
increasing the depolarizing inward, currents would cause
reverse rate-dependent APD lengthening with high probabil-
ity regardless of the channel type influenced. Combined ion
channel modulators, blocking one type of potassium
channel but activating another type of potassium channel,
or blocking ion channels carrying inward current like Iy, or
Ic, may be of potential interest, as they can restore the
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decreased repolarization force during less steep, and there-
fore longer, repolarization process.

The positive feedback seen between I, or Ix; and repolariza-
tion rate might play a role in the LQT syndrome, especially in
LQT3 where the retarded repolarization due to an enhanced
inward current may result in Ix./Ix, feedback suppression, thus
leading to amplification of reverse rate-dependent APD pro-
longation. In LQT2 and in Anderson syndrome, due primarily
to the mutation of Iy, and Ix; channel genes that results in loss
of function of these channels, however, such an amplification
would be less pronounced than in LQT3 where the mutation
leads to gain of function of the sodium channels. As a con-
sequence, in LQT1 and LQT2 less reverse rate-dependent
repolarization prolongation can be expected than in LQT3. In
accordance with this, larger reverse rate-dependent QT
lengthening was reported in LQT3 patients than in LQT1 or
LQT2 patients (Schwartz et al., 1995). In these channelopa-
thies the development of potassium channel activators may
be of therapeutic value.

In conclusion, it can be suggested that the intrinsic rectify-
ing properties of I, and Ik, in an autogenerative manner
amplify repolarization lengthening in the ventricle, and as
such it may contribute to the reverse rate-dependent nature of
drug-induced prolongation of repolarization. This should be
taken into account in future drug development strategies and
the interpretation of the rate-dependent QT changes observed
in the different forms of LQT syndrome.
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