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Abstract Electrical restitution (ER) of cardiac cells is an
aggregate of events that rhythmically restore the initial
conditions of electric signal (action potential) genera-
tion. Its analysis represents an important insight into
cardiac arrhythmogenesis. The aim of this work is to
theoretically substantiate and verify a novel approach
allowing for the quantification of the individual ionic
current components of ER. A method of analysis of the
primary, initial conditions-setting restitution processes
(apart from the secondary, test pulse-affected ones) is
proposed. Both processes are described as sums of their
measurable constituents. It is demonstrated that the
optimum parameter of ER is the electric charge that is
transferred through ionic channels and carriers during
the test impulse. The theory was tested by using voltage-
clamped canine ventricular preparations and by com-
puter simulations. The experimental ER curve of canine
ventricular muscle was constructed using action poten-
tial (AP) plateau voltage and half-repolarization time
as parameters. At 30 °C and 0.5 Hz stimulation, the ER
curve peaked, on average, after 400 ms with a 10%
overshoot. Of this plateau elevation, 50% was due to
4-aminopyridine-sensitive transient outward current and
44% was due to verapamil-sensitive current. The
delayed outward current antagonized the overshoot by
about 6%. It was found that the initial conditions
(i.e. the primary restitution processes) tend to strongly
alter the plateau voltage of the premature AP. However,
the final deviation is by about one order less. It is con-
cluded that the voltage-dependent secondary processes
counteract the effect of the primary processes, thereby
suggesting strong negative feedback control of natural
APs.
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Abbreviations and symbols A4P: action potential - APV,
APD: voltage and duration of AP (the subscripts in
APV14, APDs, etc., specify the reading) - 4-AP: 4-am-
inopyridine - ER: electrical restitution - /Ca’" ];: intra-
cellular Ca®>" concentration /K™ ], extracellular K"
concentration - C: linear membrane capacity - Ip,: time-
independent background current - /-: membrane capac-
ity current - I-,: calcium inward current - [;: total ionic
membrane current - Ix: delayed outward current - I,
Ik, rapid and slow components of Ik - [,,,: total mem-
brane current - Iy,: sodium inward current - Iy,c,: Na/
Ca exchange current - I;: slow inward current - ,,: po-
tassium transient outward current - /,,;: 4-AP sensitive
component of I, - I,,,: component of [, activated by
Ca’" - I verapamil-sensitive current - Q,,, Q;: charge
represented by time integrals of I, and /; with negative
sign - O, 0%, ..., Qf: charge transferred by I, /s, ..., [;in
response to rectangular test pulse - AQ”(T), AQ*(T),....
charge represented ER curves (primary and secondary)
AQY,,AQ%, -+ ionic components of AQP(T) -AQY,,
AQy, ---: ionic components of AQ(T) - T: variable test
interval - T, instant of reading APV and upper limit of
current integration - 7,: period of regular stimula-
tion - U: membrane voltage

Introduction

The well-known plasticity of the cardiac action
potential (AP) configuration is an inherent feature of
the physiological control of intracellular calcium and
thereby of a number of vital processes, including
contraction. Moreover, the abnormalities of AP dura-
tion and refractoriness represent a significant
arrhythmogenic terrain (Morgan et al. 1992a; Watan-
abe et al. 1995; Koller et al. 1998; Wu et al. 1999; for
review see Janse and Wit 1989). The prominent



rate- (or interval-) dependent variations of AP con-
figuration reflect the intricately orchestrated recovery
of the ionic transport mechanisms from the preceding
excitation, known as electrical restitution (ER). Indeed,
the duration and plateau height of the premature AP
have become the standard measures of the dynamics of
membrane processes (Bass 1975; linuma and Kato
1979; Elharrar and Surawicz 1983; Robinson et al.
1987; Qi et al. 1997).

ER has been suggested to mirror the recovery of
different time-dependent current components with dif-
ferent kinetics: depolarizing inward calcium current /¢,
(Tseng 1988; Peineau et al. 1992), two types of repo-
larizing potassium transient outward current [,
(Kawano and Hiraoka 1991), delayed outward potassi-
um current I (Zeng et al. 1995), and [Ca® " J;-dependent
current components including Na/Ca exchange current
Inaca (Kobayashi et al. 1992; Janvier et al. 1997;
Szigligeti et al. 1998). Thus, ER may be defined as the
processes of recovery from preceding excitation which
determine the initial conditions of the next excitation.
These processes namely contain the recovery from in-
activation or deactivation of ionic channels and the
equilibration of ionic concentrations in the relevant
compartments. Though transient changes of most of the
quantities involved are not directly measurable, they
determine the initial conditions of measurable ionic
currents developed in response to depolarizing test
pulses.

The usual choice of premature AP as a test pulse with
its duration and plateau height as the parameters char-
acterizing ER is natural and fully justified from the
practical point of view. However, it becomes problem-
atic if ER is analysed in terms of the underlying ionic
currents, i.e. if the current components responsible for
ER are to be identified and quantified. The shortcomings
result from the fact that the above-mentioned ER pa-
rameters cannot be read at the starting point of the test
AP, but only during its later course. Therefore, they are
not only determined by the currents recovering between
the excitations, but also by their modulation during the
running test excitation itself. This drawback is particu-
larly critical when using specific inhibitors to identify the
current components. The second drawback of the
methods to this point is that the usual measures of
current components are non-additive; hence the analysis
cannot be strictly quantitative.

This paper describes a quantitative approach to the
analysis of ER in terms of the underlying ionic current
components. The proposed method eliminates the am-
biguity in the evaluation of the components primarily
responsible for ER: the real restitution processes that
determine the initial conditions of the test AP are
explored separately from the processes occurring during
the test AP up to the time of parameter reading. Fur-
thermore, we demonstrate that the most significant
quantity for evaluating the role of individual restituting
current components is the electric charge transferred
across the membrane.
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Methods

Preparation and experimental arrangement

The reported novel approach to electrical restitution analysis was
derived from experimental data obtained in the long running of our
research of ER. All the details of the experimental arrangement,
including the substantiation of the technique, have been described
elsewhere (Simurda et al. 1976, 1992). In brief, thin trabeculae (less
than 0.7 mm in diameter) without branches and residual Purkyne
fibres were excised from the right ventricles of adult mongrel dogs,
which were under deep urethane anaesthesia. Membrane voltage
was measured by conventional 3 M KCl-filled glass microelec-
trodes (10-30 MQ) connected to a high input-impedance amplifi-
cation system. Membrane currents were recorded employing the
voltage clamp method in a single sucrose gap arrangement. Ini-
tially, all three compartments of the tissue chamber were perfused
with a Tyrode solution gassed with a mixture of 95% O,+5%
CO,. After 40 min of equilibration of the stimulated muscle, the
perfusion of two compartments was changed: in the rear com-
partment by KCl Tyrode; in the middle one by sucrose. The
membrane currents were then recorded using the voltage-clamp
regimen. The temperature of the solutions was maintained at
30+0.2 °C. The experimental data used in the verification of the
proposed method were derived from nine experiments.

Solutions and drugs

The modified Tyrode solution contained the following (in mM):
149.9 Na; 5.4 K; 1.8 Ca; 0.5 Mg; 145.0 Cl; 11.9 HCO3; 0.32 H,POy;
5.0 glucose; pH 7.2-7.4. The isotonic sucrose solution contained
S mM glucose and 0.1 mM CaCl,. In the KCI Tyrode solution,
120 mM Na was substituted by K. The sucrose solution was gassed
with 100% O,. The blocking agents verapamil (10 uM, Isoptin Lek)
and 4-aminopyridine (4-AP) (1-2 mM, Sigma) were added to the
Tyrode solution from concentrated stock solutions. In order to
abolish the possible secondary effect of 4-AP on membrane currents
due to noradrenaline release (Yanagisawa and Taira 1979), the beta
blocking agent pindolol (30 nM, Visken, Sandoz) was applied 1 h
before 4-AP into the perfusion fluid in four preparations.

AP and membrane current recording

The preparations were stimulated at a basal rate of 0.5 Hz by
rectangular pulses (1 ms duration, twice the threshold intensity).
The following AP parameters were measured: voltage achieved
after a constant interval of Tq4=100 ms from the stimulating pulse
(APV o) and duration at a level of 50% repolarization (APDs).
Restitution of AP parameters was determined from the responses
to single test stimuli delivered after every eighth beat at the basal
rate. The test interval (7 in Fig. 1b) was measured from the stim-
ulating pulse of the last steady-state AP. It was progressively
increased from 0.3 to 2 s.

The voltage-clamp stimulation protocol used for the construc-
tion of the ER curve in terms of electric charge (charge-ER curve)
consisted of a sequence of eight rectangular impulses (80 mV from
resting potential for 300 ms) at a rate of 0.5 Hz followed by a test
pulse of identical voltage and duration, but of variable prematurity.
The membrane currents elicited by the test pulse were sampled at
0.5 ms time intervals and stored for further processing.

The transferred charge was calculated as the sum of current
samples multiplied by the sampling interval. The integration was
carried out between 10 and 200 ms from the onset of the clamp
pulse. The lower limit of integration (10 ms) allows the complete
fading out of the fast depolarization current Iv,; the upper limit
(200 ms) corresponds to the average APDs,. In five earlier oscil-
lographic records (Mingograph 34 Elema, bandwidth 0-750 Hz,
+10%) the area under the recorded currents was enlarged, scan-
ned, and evaluated by a specially designed computer program. For
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the sake of comparison between the charge-ER curve and con-
ventional AP restitution, it was expressed in voltage units as the
ratio of charge to linear membrane capacity (C). Estimated from
the exponential responses of membrane current to negative 10 mV
voltage clamp pulses from the resting potential, C ranged between
1.05 and 2.1 pF.

Computer model

The proposed method of ER analysis was verified on a quantitative
model (Nordin 1993) modified by the incorporation of the 4-AP-
sensitive transient inward current /i,;. On the basis of experiments
with canine ventricular fibres (Simurda et al. 1988; Tseng and
Hoffman 1989), we described I, as follows:

Tio1 = Gon (U — Uk) (1

where U is the membrane voltage, Uy is the Nernst reversal voltage
of K*, Gior=0.05 uS, and y, results from the solution of a set of
four differential equations:

dy
d—,l = (o + Byt + Boy2 + ogy4
dy
FrA (By + Br)y2 + 0gp3 o
2
d
ﬁ = B2 — (g +0.058,)y3 + 0.050, 34
d
y4 _ ﬂqyl + 0. Osﬂ,)@ (0050(, + (xq)y4
where:
B 0.395
% =1 e 0mIu09)
B 0.356
by = 1wz
0.076 effg (3)
0.075¢5%"

b= Ty evawrom

The calculations presented in the Results section respect, with only
minor exceptions, Nordin’s original numerical values of constants
that describe the individual current components. For the sake of
simplicity, the calcium-activated currents (K™ current and the non-
specific cation current) were treated as a total and denoted as /;y».
The constants pertaining to Ic, and In,ca, Were set respectively at
op =25 s and kNajca=0.0012. Also the rate constants of Iy, had
to be modified to achieve full spike. Nevertheless, the influence of
In, on the ER course was negligible.

The resultant total set of non-linear differential equations was
solved using the Runge Kutta fourth-order adaptive step algorithm
in Merson’s modification. To ensure numerical accuracy, the
maximum interval of calculation was set to 0.1 ms and the maxi-
mum relative error for all variables in each iteration was 10°%.

Theory

The present quantitative analysis is based on the as-
sumption that the parameters of electrical restitution
meet the following criteria:

1. they separately describe the primary restitution pro-
cesses determining the initial conditions of premature
AP and the secondary ones resulting from the pro-
cesses occurring during the variable test AP;

2. they are expressed as sums of the contributing current
components;

3. the contributions of the individual components are
measurable quantities.

Assuming that, under the given experimental condi-
tions, the membrane voltage U does not depend on
spatial coordinates and is merely a function of time, the
membrane current [, from an external source may be
expressed as a sum of the capacity current Ic = C(dU/d¢),
the ionic membrane current /;, and the transient gating
currents /,:

Im:c%ﬂwg 4)

Though the gating currents appear to participate in the
constitution of the AP configuration, their effect may be
estimated by about two orders less in comparison with
the effect of corresponding ionic current components (see
Discussion). For the sake of simplicity, they are omitted
in the following text. However, they may be reintroduced
if necessary, following the same principles as described
for the ionic currents below.

The current /; is the sum of its n components I,
which represent the currents through the membrane
channels and by the carriers:

L= ili,j
j=1

The integration of Eq. (4) at any time interval <T,
T+ Ty> gives the relation between corresponding
membrane voltages U(T+ Ty) and U(T) (Fig. 1a), both
in current-clamp and in voltage-clamp modes:

(5)

1 T+Ty
U(T—i—Td):U(T)—i—E/ (Im — I;)dt (6)
T
Denoting
T+Ty
Qm(Tv Td) = f [m(t)dt,
T
T+T4 (7)
Qi(T7 Td) = f [i(t) dr
T
then Eq. (6) can be written in the form:
(T, T (T, T
U(T+Td):U(T)+Q(Cd)—Q(C 2) 8)

where Q;(T, T4) represents the total electric charge
transferred by ionic currents across the membrane dur-
ing interval <T, T+ Ty>. It may be written as a sum of
the charges related to individual current components:

T+T4

Z/ (0dt = ZQU(T Ty)

Now On(T, T4) is a measurable quantity. It represents
an integral of the recorded current, i.e. the total charge
supplied by the source of the membrane current under

Oi(T, Ty) = )
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Fig. 1a, b Graphic representation of the quantities employed in the
theoretical analysis of electrical restitution

voltage-clamp or current-clamp conditions. If the free-
running APs are recorded under current-clamp condi-
tions then, as a rule, the charge supplied during a
short supra-threshold stimulation impulse remains
constant.

Definition of the parameters AQP and AQ®

In the following considerations, let us denote AP1 to
be the course of the steady-state AP recorded at reg-
ular driving with a period of T,, and AP2 to be the
course of AP recorded after a single altered interval T
(Fig. 1b). The intervals are measured between the on-
sets of the stimulating pulses. The membrane voltage
U(T) then equals the resting membrane voltage U..
The electrical restitution can be characterized by the
membrane voltage U(T+ Ty) (T4 is a selected constant
interval). In accordance with the numbering of regular
and premature AP, let us denote U(T,+ Tq)=U,q and
U(T+ Ty)= U,y(T). The waveforms of AP recorded in
current-clamp mode can be stored in memory and
then imposed in voltage-clamp mode after varied in-
tervals. Using the above notation, Eq. (8) takes the
form:

Ug = Ur + Gi(T) _ Om1(T)
CQ‘ (7) Z (7) (10)
Un(T) = U + 112C _ mé
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where the subscripts 1 and 2 refer to AP1 and AP2.
As Ty is a constant parameter, the functional depen-
dence of chdrges on T4 is omitted. (For example,
Om1(T) = — J; " In(t)dt denotes a charge obtained
by the integration of the current recorded in response
to the stored AP1 waveform which is voltage clamped
after a premature test interval of 7.) Equations (10)
hold for any 7, particularly for 7T=T,. Consequently
(taking into account that U4 is a constant):

Oii(T) = Gi(To) = Omi(T) — Oma(To) (11)

Let Qg be a constant charge delivered by a short su-
pra-threshold current impulse from an external source
in current clamp mode. Evidently:

Qm,l(To) = Qm‘Z(T) = O« (12)
Putting Eq. (12) into Egs. (10) results in:
Ua=U+ Qulo) _ Ou
0un) 0 13
_ i2(l) O
UZd(T) - Ur + C C

Let us characterize ER by AU(T), a deviation of the
plateau voltage level of premature AP from the reference

AP:
AU(T) = Uy(T) — Uig (14)
Putting Egs. (13) into Eq. (14) and extending to the term

0;.1(D)/C results in:

AU(T) = 0i.1(7) —CQi.,l(To) _ou(T) ;Qi.,z(T)

_ AQZ(T) B AQSC(T) (15)
where:
AQP(T) = 0i1(T) — Oii(T,,) = > [Qlli( ) = Ci1/(To)]
AQN(T) = 01 (T) — s (T) = i[w )~ 0 y(T)]

Jj=1

(16)

Properties and measurements of the parameters
AQP and AQ®

The term AQP(T)/C, which is related exclusively to the
reference test AP1, reflects the effects of variable initial
conditions and hence the restitution processes proper.
The total value of the charge AQP(T) can be experi-
mentally obtained by imposing the stored regular stea-
dy-state AP1 after abbreviated interval T (Fig. 2), as
follows from Egs. (15), (16), (11), and (12):
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Fig. 2 A Experimental protocols used for determining the electri-
cal restitution and its components in terms of charge parameters. a
The configuration of natural steady-state (ss) and premature APs
are stored for subsequent use as control voltage-clamp pulses AP1
and AP2, respectively. T,, basal interval; T, test interval. b AQP is
determined from the response to APl (control steady-state
configuration) applied as both steady-state and premature pulses.
¢ j-th component of AQP is determined by protocol b, but after
pharmacological blockade of the examined membrane current. d j-
th component of AQ® is determined from the response to control
clamp configuration AP1-AP2 (a) after the blockade of the
examined membrane current. Below are the obtained charges
necessary for the calculation of the components according to
Eqgs. (19) and (20). B Calculation of the total ER courses described
by AQP and AQ® C, membrane capacity; Qg, charge of the
stimulation impulse used to trigger the AP

AQP(T) = Qi1(T) — Qi (To)
= Qm,l(T) - Qm,l(To> = Qm,l(T) - Qst

The term AQ®(T)/C reflects the effect of the variability of
the test pulses AP2 under the same initial conditions
(secondary processes).

It follows that Eq. (15) describes the primary and
secondary restitution processes separately, thus satisfy-
ing the first condition stated above.

By virtue of Egs. (16), the ER curves take the form of
the sum of the contributions of individual current
components represented by charges transferred by ionic
currents across the membrane during interval Ty. Thus,
the ““charge representation” also complies with the sec-
ond condition.

The individual components of ionic current contrib-
uting to parameters AQP and AQ® as defined in Egs. (15)

(17)

and (16) are experimentally separable with specific
blocking agents. Let us denote by QOn; ;(T) and
Om2, ;/(T) the charges supplied from the external source
in response to voltage-clamped action potentials API
and AP2 after blocking the j-th current component.
Equations (10) apply both before and after the exposure
of the cell to any drug. Consequently:

Qi,l,j(T) = Qm,l(T) - Qmﬁlﬁj(T)a
0i2j(T) = Om2(T) = Ompj(T)

Putting Egs. (18) into Egs. (16) under the consideration
of Eq. (12) results in:

(18)

AQP(T) :Z": [011/(T) = 051 ,4(To)]

Jj=1

_Z le

AQN(T) :Z [011/(T) = 0i2,4(T)]

Jj=1
—Z le

Only those components of AQP(T) which correspond
to the currents primarily affected by variable initial
conditions are different from zero. The share of com-
ponent j on the ER described by AQP may be estimated
by the triple application of reference standard AP1
which has been stored under control conditions
(Fig. 2A, a). First, after abbreviated test interval T at
control conditions; second and third, after premature
(T) and regular (7,) intervals under the drug effect (b and
c in Fig. 2A). The charges may be obtained by the in-
tegration of the recorded currents. The contributions of
individual components may also be ascertained by the
additive application of the respective blocking agents (as
illustrated in Results). AQ*(T) can be dissociated into its
components in a similar way. In this case, however, both
premature and regular APs must be stored for clamping
under the effect of the drugs (Fig. 2A, d). Since AQP and
AQ® are expressed by Egs. (19) and (20) as sums of
measurable components, the above third condition is
also met.

Qm,lyj( )"'le,j( ) Qst}( )

Qm 1 ]( )"’Qm,ZJ(T) - Qst] (20)

ER tested by imposed pulses different from the AP

ER itself is sufficiently defined by AQP. In order to
specify AQP(T) and its components, it is unnecessary to
choose the recommended form of the conditioning and
test pulses, i.e. the natural course of the steady-state AP
stored in the computer memory. The rectangular (or
other) clamp pulses, approximating the voltage and
duration of the AP at the given frequency and temper-
ature, can offer satisfactory results of analysis compa-
rable to those obtained with AP clamp pulses (see
Fig. 13c, below).



If the test pulse differs from AP, the simplifying
condition of Eq. (12) is not applicable and instead of
Eq. (19) the separation of the j-th component of total
charge restitution has to be performed using the more
general form:

AQP(T) :Qi(T) _Qi(TO) :Qm(T) _Qm(TO)

= [On(1) = On (1) + QT O(T)] 2V

Introducing the notation:

0 (T) = O (T) = Om (T), AQ}(T)
=0;(T)—Q}(To)

we finally obtain:

2. 05(T),
j=1
3-A0/(D
j=

(22)

Qm(T) =
(23)
AQ(T) =

An example of the experimental protocol used to assess
the charges necessary for calculating the components of
AQP(T) is illustrated in Fig. 3.

Results
ER represented by parameters of AP

The ER curves were first reconstructed from two cus-
tomary parameters characterizing the time course of
premature APs (Fig. 4): the membrane voltage achieved
at 100 ms after the onset of the stimulating pulse
(APV (), or the time to 50% repolarization (APDs5). At
the given frequency (0.5 Hz) and temperature (30 °C),
both parameters constantly exhibited an early over-
shoot, peaking at 0.4s on average. The overshoot

SS SS
Qm(To) Qm(T) Qm.J(To) Qm.j(T)
T, T T, T
——— > >
j - bloc

Fig. 3 Experimental protocols composed of rectangular pulses for
determining the primary components of charge-ER. T,, basal
interval; 7, test interval. Below are the obtained charges necessary
for calculation according to Eq. (21). AQP(T) is determined from
the response to the steady state and the premature test pulse (lef?).
The j-th component of AQP(T) is determined by applying the same
protocol after the pharmacological blockade of the examined
membrane current
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exceeded the steady-state values (i.e. at 2 s intervals) by
about 10%.

First, we tried to assess the role of the individual
current components of the AP restitution overshoot with
their selective blockade. However, it became evident that
the ER tested by APs was determined not only by the
recovery processes which took place during the rest
period, but that it was also contaminated by the pro-
cesses occurring during the variable test AP until the
moment of parameter reading. We termed the former
events as primary and the latter, also comprising time-
independent current components, as secondary.

This perplexity is illustrated in Fig. 5. It shows the
steady-state APs and the ensuing premature APs (at test
intervals of 300 ms) recorded at control conditions and
after the application of two selective blocking agents:
4-aminopyridine (4-AP) and verapamil. It is obvious
that owing to the dramatic effects of the drugs, all cur-
rent components contributing to the configuration of the
premature test APs must have changed substantially.
This also holds true for the time-independent currents,
which by definition do not undergo restitution. Thus,
identification and quantification of the current compo-
nents underlying the primary restitution events require
experimental protocols consisting of uniform voltage-
clamped pulses instead of free-running APs. In this case,

-
N

relative APV

e e o ©°
® N ® © =

N

w ©

relative APDs,

© e o 9
o N

200 400 600 800 1000 1200 1400 1600 1800 2000

o

test interval (ms)

Fig. 4 Electrical restitution represented by AP parameters. Upper
panel: original records of constant steady-state AP and the APs
following variable test (coupling) intervals. Middle and lower
panels: ER curve represented, respectively, by membrane voltage
100 ms after the onset of the stimulation impulse (APV o) and AP
duration at 50% level of repolarization (APDsp). The mean values
of six experiments = SEM, normalized to a basal stimulation rate of
0.5 Hz. Dog trabeculae; temperature 30 °C
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—

Fig. 5 Original records from a representative experiment of the
steady state (SS) and premature (P) AP before (¢) and after the
administration of 2 mM 4-aminopyridine, 10 pM verapamil, and
both drugs together. Dog ventricular trabecula; basal rate 0.5 Hz;
coupling interval 300 ms

a selective block of one current component leaves the
voltage-dependent gating of the others unaffected.

ER represented by instantaneous values
of ionic currents

To obtain a principal idea about ER-determining ionic
currents, the last control and the successive premature
test APs were substituted by rectangular voltage-clamp
pulses (300 ms duration to plateau level) approximately
imitating the AP configuration (Fig. 6). The ER curve

Fig. 6 The comparison of the
ER curve expressed in terms of
APDs (left) and of slow inward
current recovery (right). The
upper panels illustrate the

conspicuously matched the recovery of the slow inward
current (I;) that had been earlier identified with the
calcium inward current (Ic,). However, as revealed by
later research, I, conventionally measured as the dif-
ference between the peak inward current and the level
attained after 300 ms, is quite complex. It may be
strongly affected by a current component carried by
electrogenic Na/Ca exchange (Inaca) and particularly by
two components of the transient outward current /,,: the
voltage-controlled 4-AP-sensitive current (/,;) and the
current activated by actual intracellular Ca’" (1,,).

We restricted our analysis to the dissociation of total
ionic current response (after the elimination of the initial
brief Iy,) into the following components (Fig. 7): the
verapamil-sensitive component I, the 4-AP-sensitive
component /,, the delayed outward current /i, and the
time-independent background current /... In dog
ventricular cells, the transient outward current cannot be
assessed from the total current trace at control condi-
tions since it is masked by the prevailing /-, (Fig. 7,
trace a). This is fully revealed by the I, block (Fig. 7,
trace b). However, verapamil does not inhibit only /c,.
The secondary decay of [Ca® " ]; also affects the other Ca-
dependent currents: In,ca and Ii;. In this representative
experiment, 4-AP abolished [, (trace c). The time
course of I, and I, (presumably composed of Ic,, 1io,
and Ina.ca) may be reconstructed as the differences b—c
and a-b, respectively. The residual current is then easily
dissociable into the time-dependent /i and time-inde-
pendent .

In spite of the striking similarity between the ER
curves represented by APDs, and I; (Fig. 6), even the
instantaneous values of currents measured in response
to uniform test pulses cannot be regarded as adequate
parameters for quantitative characterization of APD or
APV restitution. It is the velocity of change (time
derivative) of the membrane voltage at a given instant
that is determined by the total ionic current (see Dis-

experimental protocols and
parameters measured. 7, test APDsg Lsi
interval (ms) 27y (hA)
: .
J s
200 \\
e -4 4
1004
2
T T T T T T
0 500 1000 1500 0 500 1000 1500
test interval (T)  (ms) test interval (T) (ms)



cussion, Eq. 24), while both AP-derived parameters are
determined by the previous time course of the ionic
current.

ER represented by transferred charges
Primary events

As indicated in Theory, the electric charge transferred by
the ionic current across the membrane in response to a
uniform depolarizing impulse is the proper parameter,
which can yield reasonable estimates of the share of
current components on the variations of APV (and, as a
rule, also on APD) during ER. Figure 7 illustrates the
charges as areas delimited by current traces in control
and under the effects of drugs (left panel), and the results
of the dissociation of the total charge into its components
(right panel). The above arithmetic applies to both cur-
rents and the respective charges. For the sake of easy
comparison with the usual ER curves, the charges are
defined and plotted with reversed signs (see Eqs. 7and 9).

Figure 8 presents a charge-interval plot from another
representative experiment (the sequence of blocking

[ [mI

B0 mV

- 100 ms

A
®
]
=

Fig. 7 Dissociation of the total ionic current into its major
components in voltage-clamped dog trabecula. Current responses
to 300 ms, 80 mV pulses from holding voltage = resting voltage in
normal Tyrode solution (), under the effect of verapamil (), and
verapamil +4-AP (c). I;,; was reconstructed as b—c; Iys as a-b. I,
and Ix were evaluated from ¢ as the initial step and the time-
dependent increase of current, respectively. The recorded currents
were integrated between 10 and 200 ms from the onset of
depolarization. The integrals corresponding to the charges trans-
ferred by the respective current components are shown by shaded
areas. Note their sign in accord with their definition (Eqgs. 7)
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agents is reversed with respect to Fig. 7). Electric
charges were obtained in the described procedure as
integrals of the total recorded current. Because of the
inaccurate measurement of Iy, under the given experi-
mental conditions, this current was eliminated by start-
ing the integration with a 10 ms delay. The missing I,
and consequently O, shifted all the curves in Fig. 8 to
more negative values, which remained constant for all
intervals beyond 380 ms. In the case of shorter intervals,
the slope of the early rising phase of ER is slightly un-
derestimated owing to the incomplete recovery of Ina
from inactivation.

The initial steady state was achieved by a train of
clamp pulses (300 ms, 80 mV) at 0.5 Hz. The regular and
test pulses were identical. The evaluation of the total
charge was performed under control conditions (Fig. 8a),
after blocking [, (Fig. 8b), and eventually after the
additional suppression of I, and Ca” " -sensitive currents
(Fig. 8c). The straight line (Fig. 8d) represents the charge
Qgg transferred by the time-independent component /.
The charge-ER curve shows an overshoot under control
conditions, its depression after /,; inhibition (with ref-
erence to the end-point), and complete abolition under
the simultaneous inhibition of /,,; and I,,. In line with the
analysis shown in Fig. 7 and Egs. (21), (22), and (23),
curves a, b, and c¢ in Fig. 8 respectively represent
charges O (T) — OX, = Ob, + Ob, + OF + Qgg (Eq. 23),
Oma-ar(T) — OR, = OP + Ok + QEg, and  Om4-AP4vs

As line d in Fig. 8 corresponds to charge Qgg, the
differences a—b, b—c, and c—d enable direct resolution of
the charge-ER curve, as measured under control con-
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o1} l')ﬂ 4-AP ]
-0.15 1
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-0.25 >
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C - verapamil + 4-AP 1
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300 900 1100 1300

Fig. 8 ER curves represented by transferred charges during
depolarization clamp pulses (80 mV from the resting level). Plotted
are the charges obtained by the integration of ionic membrane
currents in the interval 10-200 ms from the onset of the pulse. a
Charge-ER curve at control conditions; b after 2 mM 4-AP; and ¢
under the combined effect of 4-AP and 10 uM verapamil. d The
charge carried by the time-independent current component
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ditions (Fig. 8, curve a), into its respective components

P s Ob, OF, and QEg. Their development during res-
titution is shown in Fig. 9. Curve OP, comprising
verapamil-sensitive current components, is biphasic with
an overshoot. Curve QF, characterizes the recovery
from inactivation of current I,,;. Charge Q%, which is
transferred by the delayed outward current, is aug-
mented at the shortest test intervals, since its channels
are still activated. During ER, the absolute value of Q%
exponentially declines with a time constant corre-
sponding to Ik deactivation.

The term AQP(T), constructed in accord with
Egs. (21), (22), and (23), makes it possible to assess the
role of individual current components in making up the
ER curve. AQP and its components (Fig. 10) are the
deviations of the transferred charges from their steady-
state values. The arrows indicate the values of the charge
components at the test interval of maximum overshoot
(450 ms). AQP, is responsible for 50% of the overshoot.
The rest is accounted for by the modulation of the
[Ca®"];-sensitive current components AQP,. The devia-
tion of the test charge AQ} from that at a steady state
has a tendency to suppress the overshoot. In the given
example its share is rather small. It counteracts the
overshoot-generating currents by about 6%.

Resolution of primary and secondary events
The next objective was to separate the ER curve mod-
ulation due to the events which take place exclusively

prior to the test pulse (primary factors, net restitution)
from those generated by the variation of the test pulse
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Fig. 9 Dissociation of charge restitution (a in Fig. 8) into
components: 4-AP-sensitive OF |, verapamil-sensitive OF,, delayed
rectifier Q% , and background Qﬁg, The dissociation was carried out

from the differences of charge-ER curves from Fig. 8: O | as a-b,
Py as b—c, Oy as c—d, and Op, as d

(secondary factors). The measure of the former is the
difference between the charges tested by a standardized
pulse (stored steady-state AP) inserted after an abbre-
viated test interval and after a regular test interval
(AQP). The measure of the latter is the difference
between the charges tested by standardized and free-
running APs of identical prematurity (AQ®).

The above analysis was performed on a quantitative
model defined by a system of non-linear differential
equations. Essentially it is a version of a system pro-
posed by Nordin (1993), modified in that it is supple-
mented by a quantitative description of /i,;. The model
is specified in Methods. In contrast to biological exper-
iments, the computer simulations yield the time courses
of all the components of membrane ionic current under
both voltage- and current-clamp regimens, therefore
representing an ideal tool for the verification of theo-
retical deductions.

Figure 11 illustrates the primary and secondary
components of the charge-ER curve plotted in voltage
units (charge over membrane capacity) in the middle
panel. Their time course reveals an overshoot similar to
their difference (lower panel), which characterizes the
ER curve by APVs, (AU). However, the quantities AQP/
C and AQ®/C are approximately 14 times larger than AU.
This fact is in agreement with the hypothesis that the
incomplete recovery of some current components may
affect the ensuing AP configuration in a negative feed-
back manner (in the given example, feedback with
14-fold amplification). The nature of this feedback
control is the voltage dependence of the plateau-deter-
mining currents.

0.2F v T T T T T T T

0.15¢ ° 4

0.1 d\x

AQP

tol

p
vs
P

AQr AR

0.05f x

AQ

charge (uC)

-0.15 E
D

-0.2 ! ' I} ] I ]
300 500 700 900 1100 1300 1500

test interval (ms)

1 !
1700 1900

Fig. 10 The quantitative evaluation of the contribution to the
charge-ER curve (AQP) of the individual components shown in
Fig. 9. Plotted are the charges transferred by time-dependent
current components versus the test interval 7T after the subtraction
of the respective steady state values (at 7=T,), i.e. curves from
Fig. 9 shifted to a common end-point. AQP is the charge-ER curve
(the shifted curve a from Fig. 8); and AQP,, AQY |, and AQ% are the
components of AQP. The values were measured at the peak of AQP
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Fig. 11a, b Charge restitution curves obtained by computer
simulations. The upper panel illustrates the course of two successive
calculated steady-state APs (T,=1s) and of a premature AP
(T=0.2 s). a The ER curves of primary (AQP) and secondary (AQ®)
processes calculated at T3=150 ms. The charges were divided by
membrane capacity and thus recalculated to voltage units. b The
difference between both curves shown in a gives the ER curve
represented by AU (a deviation of APV, from the steady-state
value)

Figure 12 shows the individual contributions of
charge-represented ionic currents to AQP(T) and AQ*(T).
The charges were obtained on the basis of computer
simulations using Egs. (16). Simulations based on
Eqgs. (19) and (20) were also done to verify the formulae
proposed for the experimental analysis. The main pri-
mary components in the given model (components of
AQP) are AQY |, AQP,, and AQX,.,. The principal
components which tend to compensate for the primary
changes (components of AQ®) are AQ¢., and AQY,,- The
other components, including AQ%, play little role.

The results of the dissociation of AQP and AQ® is
demonstrated in Fig. 13 for the test interval T of the
maximum overshoot of the ER curve. Provided that the
sum of the absolute values of all components of AQP (or
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AQ®) is considered to be 100%, then in the tested model
60% of the primary augmentation of AP is accounted
for by Iio1, 25% by Ic,, and 5.6% by Ii>. Inaca and Ix
suppress the overshoot by 7.6% and 2%, respectively
(Fig. 13a). The resulting elevated plateau generates sec-
ondary, counteracting changes of currents, predomi-
nantly Ic, and Inaca With respective shares of 78% and
12.5% (Fig. 13b). The secondary events include the
time-independent (and hence missing among the pri-
mary events) I, However, its share in AQ® is rather
small owing to the relatively short period of integration
of T4=50 ms.

To quantify the influence of the reference impulse on
the assessment of the primary current components, we
alternately wused either a rectangular pulse mode
(Fig. 13c) or an AP mode, applying the waveform
recorded at maximum restitution overshoot (Fig. 13d).
These simulations gave an estimate of the spread of
values obtained with various test impulses. With an
appropriate magnitude of the rectangular test pulse,
virtually identical results may be obtained, as with nat-
ural AP clamping. The employment of rectangular
impulses as described in the previous section is thus
justified.

Discussion
Action potential- and current-derived parameters

Each cardiac membrane excitation is followed by pro-
cesses of gradual recovery which determine the genera-
tion and configuration of the forthcoming AP. These
processes are summarily denoted as electrical restitution
(Bass 1975), in analogy to mechanical restitution, i.e. the
recovery of contractility during the interbeat interval
(Braveny and Kruta 1958).

The mechanisms underlying ER have been widely
studied experimentally in multicellular preparations
(Iinuma and Kato 1979; Simurda and Simurdova 1991;
Kobayashi et al. 1992; Qi et al. 1997; Szigligeti et al.
1998) and in the single cardiomyocytes (Hiraoka and
Kawano 1987; Tseng 1988; Szigligeti et al. 1998) of
various species, including humans (Nanasi et al. 1996;
Banyasz et al. 1997); owing to obvious implications, they
have also been studied clinically (Franz et al. 1988;
Endresen and Amlie 1989; Morgan et al. 1992b). Re-
cently, the clinical aspects of ER have been analysed by
means of mathematical models as well (Kogan et al.
1997; Qu et al. 1999). In addition to the significant tissue
and species differences of ER, striking ischemic altera-
tions have been ascertained (Dilly and Lab 1988; Kurz
et al. 1994; Taggart et al. 1996). In these studies, the
most frequently used quantitative parameters of ER
have been the membrane voltage attained at a given time
after the onset of AP (APV) and the duration of AP at a
given level of repolarization (APD).

It has been found that the ER curve represents a
monotonic, sometimes biphasic, or even more complex
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Fig. 12 Dissociation of AQP (nC)
and AQ® (dashed lines) into their e
constituents corresponding to 0.1 4 AQPior!
individual currents (full lines). % “AQP(T)
The components that
contribute to the total by less :
than 2% were omitted
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function of the stimulus coupling interval. In a fre-
quently observed biphasic form, APD and APV tran-
siently increase to a maximum (overshoot) and then
gradually decrease to a steady-state value with further
prolongation of the premature interval. The various
courses of ER can be explained by the species or tissue
differences, including the heterogeneity within the ven-
tricular wall (Litovsky and Antzelevitch 1989; for review
see Antzelevitch et al. 1991). Different experimental
conditions may also play a role, e.g. temperature
(Bjornstad et al. 1993), basal cycle length (Boyett and
Jewell 1978; Elharrar and Surawitz 1983), and stretching
(Horner et al. 1994). The accumulation and depletion of
ions in narrow intercellular clefts necessarily affect ionic
currents and consequently ER. The same characteristic
species differences of ER were however observed both in
multicellular preparations and in isolated myocytes
(Szigligeti et al. 1998). Based on a study of canine ven-
tricular cells, Robinson et al. (1987) concluded that the
restitution processes underlying APD are not markedly
dependent on the presence or absence of restricted
extracellular spaces.

The individual current components responsible for
the ER course have been evaluated from AP parameters
or directly from voltage-clamp experiments utilizing
pharmacological interventions that suppress individual
AP-generating ionic currents. It is generally assumed
that the shape of the ER curve, particularly the occur-
rence of the overshoot (supernormal AP), depends on
the interplay of species-specific time constants of the
recovery of characteristic current components. For
example, it has been suggested that the deactivation of
two components of Ix (I, and Ig) plays a primary role
in the initial fast phase of the ER curve in guinea pig

06 08 1 0 o2 04 06 08 i
(s) test interval (T)  (s)

ventricular cells (Zeng et al. 1995). On the contrary, the
recovery from inactivation of L-type I, seems to be the
decisive factor in dogs (Simurda and Simurdova 1991)
and in humans (Banyasz et al. 1997). The later course of
ER is apparently affected mainly by /I, Inaca, Ik, and
Ic, in association with the recoveries of voltage-gated
systems and of ionic concentrations (particularly [Ca®*];
and [K™].). The substantial role of these components
has been proved recently by Janvier et al. (1997) in a
detailed study (combined current-clamp and voltage-
clamp experiments) in ferret ventricular cells. These
authors emphasize that the evaluation of the current
components from the differences between APD restitu-
tion curves before and after pharmacological interven-
tion is only approximate. The reason is that the altered
course of the test AP simultaneously changes the time
course of all currents involved in the AP configuration.
To our knowledge, a quantitative analysis of ER with
regard to these components has so far not been per-
formed.

Electric charge: the due parameter

The advantage of evaluating electrical restitution by
APD or APV is that it demonstrates the result of resti-
tution by an uncomplicated, generally understandable
parameter. However, the analysis of ER based on
pharmacologically induced variations of AP can hardly
provide unambiguous conclusions concerning the un-
derlying ionic current components. The elimination of
any current component significantly alters the AP con-
figuration and hence the course of other voltage-de-
pendent components.
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Fig. 13a—d Relative contributions of the main components to the
charge-ER curve at maximum overshoot (see Fig. 12). a Compo-
nents of AQP(T) tested by the imposed steady-state AP (API:
primary events). b Components of AQ*(T) tested by the imposed
steady state, and premature APs (AP1, AP2: secondary events).
¢, d Comparison of the data of a (full columns) with the data
obtained by rectangular pulses to +15.4 mV (c, shaded columns),
and by maximum, supernormal AP (d, hatched columns)

The records of membrane currents obtained in
response to uniform clamp pulses are near the authentic
restitution process, provided the protocol approximates
the natural holding and action potentials. The initial
conditions of the pharmacologically unaffected compo-
nents, as well as the secondary events during the uniform
test pulse, remain constant. The question is how to
quantitatively evaluate the contribution of individual
current components to ER and at the same time to ob-
serve APD and APV as the commonly used parameters.

According to Eq. (4) in Theory (considering that
I,,=0 when the stimulus is over), the magnitude of the
ionic current at a given time of AP corresponds to the
velocity of change of the membrane voltage:

(24)

but not to the usual parameters, voltage U (i.e. APV) or
the time of repolarization (i.e. APD). However, the same
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equation implies that the charge transferred by 7; is lin-
early related to U. The variation of APV in the course of
ER is directly proportional to the sum of electric charges
related to individual ionic current components [Egs. (15)
and (16)]. While AQ*(T) represents the secondary events
caused by the changes of the test pulse, the term AQP(T)
(i.e. the difference in charge transferred by ionic currents
across the membrane during premature and regular
pulses of equal size) meets the criteria for a parameter of
net (primary) restitution. It is the sum of individual
current contributions, which can be separated according
to Eq. (19) (generally Eq. 21) and quantitatively defined
during the whole course of ER (see Figs. 10, 11, 12, 13).

The computer simulations show that the primary and
secondary terms in Eq. (15) differ from each other only
slightly, although their charge components are clearly
dissimilar (Fig. 12). In Fig. 11a they are expressed in
voltage units as AQP(T)/C and AQ*(T)/C. They follow a
time course similar to their difference AU that is, how-
ever, much smaller (Fig. 11b). This conclusion is
supported by the experimental results. In all six experi-
ments presented in Fig. 4, the maximum overshoot of
APV oo (expressed in voltage units) was constantly
reproducible, but at least six times less than the over-
shoot on the charge restitution curve (see AQP in
Fig. 10), recalculated to voltage units as AQP/C.

If the first term, AQP, in Eq. (15) defines the initial
conditions, then the features of the second term, AQ?,
may be interpreted as strong negative feedback which
equilibrates the positive and negative current compo-
nents and minimizes the possible excessive change of AP
configuration. In other words, owing to their voltage
dependence, the primary changes of these components
induce secondary changes, which keep the total ionic
current low enough to prevent large deviations of
plateau voltage. In this sense, the resulting change of
plateau level AU may be considered a deviation of the
controlled quantity.

Of course, it is not the only feedback mechanism
controlling AP configuration. For instance, excessive
diversity of APD is prevented by the feedback control of
Ix (Surawicz 1992). It is possible to speculate that the
early after-depolarizations reflect an instability of these
highly non-linear feedback systems.

Limitations of the analysis

A prerequisite of the described analysis is the possibility
to block the single components of ionic current without
interference with other components. It is assumed that a
uniform steady state and test pulses will secure constant
conditions for all currents except the blocked one.
However, some interventions may alter the ionic con-
centrations, namely [Ca’’]; and [K']., thereby
indirectly modifying the unblocked calcium- or potassi-
um-sensitive currents. This was the reason why we did
not attempt to further resolve the verapamil-sensitive
current Iy.
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Other complicating factors are the limited specificity
and the use-dependency of most blocking agents
(Hondeghem and Katzung 1984). Owing to these fac-
tors, the blockade of membrane channels need not be
complete in the whole range of test intervals.

The time integrals of gating currents (charge
movements) appear to be negligible in comparison with
the integrals of the respective ionic currents, though the
peak values of the currents may be comparable. The
reason is the short duration of the gating currents. For
example, the records from guinea pig ventricular myo-
cytes (Hadley and Lederer 1991) give an estimate of
bound charge movement of less than 2% of the of
charge transferred by L-type Ic,.

As the analysis is based on voltage-clamp measure-
ments, the possible error due to the cable properties
depends on the accuracy of the voltage-clamp mea-
surement. The voltage-clamp method itself requires a
fairly small size of preparation (or their tested parts)
with respect to the space constant for the effect of the
cable properties to be negligible.

The accumulation and depletion of ions in intercel-
lular clefts does not represent any limitation of the
method above either. It is aimed at establishing the
contribution of current components to the changes of
AP configuration irrespective of their mechanism. Nat-
urally, the quantitative assessment of the role of ion
concentrations in ER formation would be significantly
upgraded through comparison of the data (in terms of
electrical charges) obtained in a multicellular prepara-
tion and in an isolated myocyte of the same animal.

The form of the test pulse does not affect the identi-
fication of the current components that constitute the
primary restitution process. Their relative share is
retained with reasonable accuracy (Fig. 13c, d).

Supernormal premature action potential

As mentioned above, the overshoot of restitution is
obviously due to several current components of different
magnitude and kinetics. Their relative contributions
depend on too many factors and generally valid con-
clusions are impossible to draw.

The described approach to the analysis of ER was
applied to our experimental data from canine ventricular
muscles (verification on isolated guinea pig and rat
myocytes using the AP clamp technique will be the
subject of our next study). We demonstrated in all
experiments that the overshoot observed in AP param-
eters (APV g0, APD5y) was also present on the charge-
ER curve. Its analysis (Fig. 10) indicates that the
overshoot is primarily due to 4-AP-sensitive I;,; and
verapamil-sensitive /5. The latter may comprise not only
I, but also the current of the electrogenic Na/Ca system
Inacas the [Ca’"]i-dependent transient outward current
I;»»>, and possibly other minor components modulated
by [Ca®"];. On the other hand, the overshoot is partly
diminished by /.

Analogous results were obtained with a modified
computer model, which had originally been developed
for guinea pig cardiomyocytes (Nordin 1993). However,
the prerequisite of the appearance of a marked over-
shoot was the introduction of I;,;. The overshoot was
augmented by I, and slightly by 7,,,. On the other hand,
it was diminished by In.ca, Which is directly related to
intracellular Ca®" release and represents an inward-go-
ing current parallel to mechanical restitution (Simurda
et al. 1992). Therefore, it enhances APV, prolongs APD,
and levels off the restitution in its later course.

Action potential- and charge-restitution

Resolution (Eq. 15) into primary and secondary charge
components holds exactly for the expression of ER by
means of APV. The question is whether it is applicable
also in the analysis of ER described by APD. As a rule,
the courses of ER curves described by APD and APV
differ (see Fig. 4). APV is usually read during the early
plateau phase (time Tjg), i.e. well before the time of
reading the commonly used APDs, or APDy,. These
differences may be minimized if APVy4 is measured
after a longer interval Ty corresponding to control APD
(e.g. APDsy). The relation between ER curves con-
structed in these two modes can be described in terms of
the differences between the measured and the reference
(steady state) values of APD and APV (AAPD and
AAPV):

AAPD = CIj mean A APV (25)
where [, yean 1S the mean value of the ionic current in
the interval between the steady state and the actual
value of APD. If [; ne.n remains constant during ER,
the normalized AAPD and AAPV restitution curves are
identical. This condition (disputable in the presence of
large Ix) can be best evaluated from AP time deriva-
tives during restitution. In this respect, the computer
simulations based on APDs, produced the same
courses of normalized AAPD and AAPV restitution
curves.

In conclusion, the present approach to the analysis of
ER makes it possible to separate the two modes of its
current components: those which actually describe the
proper recovery events and those which are secondarily
modified by inherent variations of the test action
potential.

In contrast to the methods employed so far (which
offer qualitative or semiquantitative, i.e. rather approx-
imate, data), the present method is rigorously
quantitative. The ER curve is expressed as a sum of the
contributions of individual current components repre-
sented as the charge.

Although the charge-ER curves were derived from
the voltage-restitution curves, they correspond reason-
ably well with the curves constructed from the time
dimension of the action potential.
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