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Abstract

The present study was designed to test a mathematical model which
quantitatively describes the interval-dependent effects ot clawe |
antiarrhythmic drugs on conduction velocity This mathematical model 1o
developed based on first order recovery from drug effects on [y, or \.’m.m atnd
a linear relationship between Iy, or Omax and the square of conduction
velocity. Both of these assumptions have theoretical and experimental suppor:
We usad non-linear least squares curve fitting techniques to assess inters
dependent changes in QRS duration and intraventricular conduction time ¢ e
by procainamide. The results showed good agreement with the mathematcil
model, which was a better descriptor than (previously appliecd) tirot ordo
analyses. This study confirms the possibility of quantitative analvaia of o
dependent antiarrhythmic drug action on conduction in viwo, and support. n

vitro observations suggesting a proportional relationship hetween the wquang

of conduction velocity and Iy, or V..




RESUME

l.a presente etude a ete realisee afin de tester un modéle mathématique qui

decrit. quantitativement les effets dépendants des intervalles, de drogues

antiarrhymiques de classe I, sur la vitesse de conduction Le modéle

mathemat ique que nous avons developpe est base sur un retablissement de

proemier ordre des effets de la drogur: sur Iy, ou sur V et sur une relation
Na max

Fineaire entre Iy, ou vmax et le carré de la vitesse de conduction Ces
hryoathoe ont pu étre avancees 4 l'aide des supports theoriques et
e permmentant disponibles  Nous nous sommes servis de techniques utilisant les
conrbes non lineairres des moindres carres pour évaluer les changements

dependant . des intervalles, causes par la procainamide, sur la duree du QRS et

wur la conductton intraventriculaire Les resultats obtenus montrent une bonne

correlation avee le modéle mathematique presente et celui-ci décrit mieux 1les

resultats  experimentaux que le modéle precedent (analyse du premier ordre).
tLette etude montre epalement qu'il est possible dfeffectuer des analyses
qruantitatives de l'action de drogues antiarrhymiques dpendante de 1'usage sur

cv conductron in_vive De plus, ce travail confirme les observations in vitro

supperant une relation proportionnelle entre le carre de la vitesse de

mmidue ) o u v
I t1on ot [N.l ou \’m.l:\'
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Introduction

l.Initiation and conduction of cardiac electrical activity

1.1 Anatomical features of the cardiac conducting system

The excitation of the heart is mediated by electrical pulses generated
from the sinus node and spread through the cardiac conducting system. The
cardiac conducting system consists of the sino-atrial (SA) node that generates
electrical pulses spontaneously by a mechanism known as pacemaker activity,
the atrioventricular (AV) node that connects atria and ventricles and conducts
the impulse very slowly to ensure that there is a significant delay between
the excitation of the atria and that of the ventricles, and the bundle of His
that divides into bundle branches, which in turn conduct the impulse to the
surface of the two ventricles where they ramify to Purkinje fibers. The large
cells of the His-Purkinje system conduct very rapidly and ensure that the

relatively large ventricles are excited almost synchronously.

1.2 Characteristics of the cardiac action potential

The basic element of cardiac electrical activity is the cardiac action
potential which is composed of five distinct phases. When the cardiac cell is
stimulated, it depolatrizes rapidly from resting membrane potential until the
cell is  25-40 mV positive inside the cell with respect to the outside (phase
0) Phase 0 depolarization is now known to be due to sodium or calcium inward
current through sodium or calcium channels on the cardiac cell membrane. It is
responsible for cardiac conduction and is also a major site of antiarrhythmic
drug action The maximum rate of rise of phase 0 depolarization (vmax) has
been utilized as an index of sodium inward current (Weidmann, 1955; Hondeghem

& Katzung, 1977). It 1s generally accepted that in cardiac cells (Trautwein,



1950; Weidmann, 1952), as in nerve fibers (Hodgkin & Katz, 1949), dex
contributes directly to determining the cardiac conduction velocity. Phase 0
is followed by repolarization that proceeds relatively fast at first (phase 1)
and reaches a slower plateau phase (phase 2), and the cell is then repolarised
more rapidly (phase 3) until the negative resting membrane potenttal i«
restored (phase 4). The subsequent phase 4 remains quiescent for nonpacemaker

cells , but depolarizes spontaneously to reach the threshold from which the

next action potential is generated for pacemaker cells.

1.3 Detection of cardiac electrical activity

The detection of cardiac electrical activity relies on the fact that the
body in which the heart lies can be considered as a salt solution that
conducts electricity. Therefore, the electrical currents generated during the
heart beat can be detected from the surface of the body a long distance away
from the heart itself by the electrocardiogram (ECG) Each time the heart
beats, the ECG exhibits a small slow wave (P wave) which is followed by a fast
series of changes (QRS complex) followed by another slow wave (T wave). These
waves can be associated with events occurring in the heart itself. The P wave
corresponds to atrial excitation, the QRS complex to ventricular excitation o1
phase 0 depolarization, and the JT interval (the J point 1is the last
deflection point of the QRS complex) to ventricular repolarizatioun QRS
duration has been used extensively as an index of ventricular conduction time
and JT interval as an index of ventricular action potential duration

Ca~diac electrical activity is initiated by a propagating electrical
wavefront which activates cardiac cells according to a given sequence. To
identify such sequences requires a detailed knowledge of the spatial
distribution of membrane activity. To accomplish this, simultaneous recording,

of electrical activity at a large number of points over the heart j=
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necessary . The sequence of cardiac electrical activation can thus be mapped.
The use of intracellular electrodes to record accurately the intracellular
potentials simultaneously from a sufficiently large number of sites has proven
to he impractical because of tissue movement, cell damage, and inaccessibility
(Spach et al, 1972; 1973). Therefore, extracellular potential recordings have
been used. Spach et al. have provided a theoretical rationale and experimental
evidence suggesting good agreement between activation as determined from
extracellular and intracellular recordings in the two-dimensional structure,
Purkinje fibers (Spach et al., 1973), and in multidimensional anisotropic
cardiac muscle (Spach et al., 1979). Extracellular electrodes have been
extensively employed in cardiac mapping to record potential changes at
multiple sites in the heart.

The technique of epicardial mapping in dogs was first reported by
Rothberger et al. in 1913 (Rothberger et al., 1913) and Lewis et al. in 1915
(L.ewis et al., 1915). This technique was then used to record the excitatory
process in the exposed heart of a patient (Barker et al., 1930). This method
has been extensively applied to localize accessory pathways associated with
the Wolff-Parkinson-White syndrome (Gallagher et al., 1978), to study normal
and abnormal atrial activation (Puech et al., 1954; Wellens et al., 1971), to
delineate the course of the atrioventricular (A-V) conduction system (Kaiser
et al , 1970; Dick et al., 1979), and to identify areas of ischemia and
infarction (Durrer et al., 1964 ) so as to further understand the mechanism of
ventricular arrhythmia (Kramer et al., 1985).

Cardiac mapping is a method by which potentials recorded directly from
the heart are spatially depicted as a function of time in an integrated manner
(Gallagher et al., 1978) The recording can be achieved by employing a mesh
sock with an array of electrodes over the heart. Extracellular potentials then

can be recorded at many electrode sites., A unipolar recording from the



epicardial surface gives rise to a positive deflection, followed bv a vapid

intrinsic deflection in the negative direction, with a final retwin to the

baseline (Gallagher et al., 1978). The fast negative deflection, the
"intrinsic deflection”, in the unipolar electrode lead corresponds to
activation at each electrode site (Durrer et al., 1954) Unipolar recordings
are generally recorded at frequencies settings of 0.1-1200 H= The low

frequency response tends to make the unipolar electrogram unstable. One of the
ways to solve this problem is by using two closely spaced unipolar electrodes,
a bipolar electrode, and recording differential voltage between them The
configurations of the two unipolar leads recorded in contiguous areas diffe:
only in the detail of the electrogram recorded at the moment of local
activation (Gallagher et al , 1978). Therefore, if one of the unipolar lecads
is electrically inverted and the two leads are algebraically summated, the two
unipolar electrograms will thus cancel each other except where voltape
differences occur (Gallagher et al., 1978). This voltage difference will
produce a differential spike that 1is coincident in time with the rapid
intrinsic deflection of a unipolar electrogram (Durrer et al , 1954), and i.
referred to as a bipolar electrogram. The bipolar electrogram is recorded af
filter frequencies of 5-1200 Hz and provides a sharp deflection that 1«
readily identifiable. Both the peak amplitude (Durrer et al., 1954, Gallagher
et al., 1978; Kramer et al., 1985) and the slope of the differential «apike
have been wused as indicator of local activation. -

Because of the extensive analysis needed to generate an activation map,
computers are used for data handling All the electrogram signals are
converted into digital form and transferred to a computer system The timing
of elecirogram signals by computer analysis has been shown to corrclate well
with the 1local activation time expressed relative to a standard FRCG

reference (Spach & Dolber, 1986). A continuous scan of simultancously acquired



electrograms can then be performed, showing the local activation time of each
electrode The sequence of surface activation is then depicted as isochrone
lines . Conduction time to each surface electrode site can be calculated as the

difference between the earliest activation time and the activation time at

cach surface site,

1.4 Membrane properties and cardiac conduction

Cardiac conduction depends on the excitation of certain cardiac cells
which in turn excites adjacent areas. Propagation of the action potential
depends on both passive and active membrane properties as they relate to the
resting potential, subthreshold events and the fulfillment of the requirements
for regencrative depolarization. Thus, the passive and active membrane

properties of cardiac cells are all involved in providing a mechanism which

permits conduction,

1.4 1 Passive membrane properties

Passive membrane properties are characterized by a response fr-om the
excitable cardiac membrane that is proportional to the stimulus. These are
controlled by the determinants of the resting potential such as intracellular
and extracellular ionic activities, energy-requiring pumps that maintain the
fonmiec gradients and the cable properties of cardiac fibers. Specifically,
passive electrical properties of excitable cardiac cells are characterized by

membr ane resistance, membrane capacitance and cable properties.

1 4.1.1 Membrane resistance
The membrane of cardiac cell is a thin, lipid bilayer that separates the
aqueous phase inside and outside the cells. The lipid bilayer is a resistive

bartier to the flow of lons and charged species. The potential difference



across the membrane of excitable cardiac cells at rest shows that the cellular
membrane possesses a resistance to current flow. Sperelakis & MacDonald (1974)
showed that in ventricular muscle, the resistivity was much lower
longitudinally than transversely. This provides the basis for the important
feature of more rapid conduction in the direction longitudinal to the fiben
axis than that transverse to it.

Sano et al. (1959) were the first to show that conduction velocity 1u
the direction of myocardial fibers was several times larger than that
transverse to them. They also showed that a number of antiarvhythmic drup.
seem to increase this difference. Drugs exerted greater suppression on
transverse conduction than longitudinal. The same directional difference 1n
conduction velocity was also noted by Kadish et al. (1986) in cantne
ventricular myocardium. However, they observed that procainamide’s depressant
effects on conduction velocity were greater in the longitudinal direction
This discrepancy of direction-dependent antiarrhythmic drupg action on
conduction wvelocity remains unresolved, but other workers (Spach et al, 1987,
Bajaj et al. 1987) have also observed preferential ecffects of sodium channel

blockers in the longitudinal direction.

1.4.1.2 Membrane capacitance

The lipid bilayer of the membrane can be polarized Thus, the cardiac
cell membrane can act as a capacitor or condenser which can store charge If
a current is suddenly applied across the membrane of a cardiac cell, the
transmembrane potential is found to reach its new value with an exponentially
decaying rise (Arnsdorf, 1984) This is of importance since a sufficiently
high capacity may slow conduction velocity. The resistivity of Jarpe
extracellular fluid can be neglected compared to the internal resistivity The

presence of both resistance and capacity of the membrane, and of non zero



internal resistivity makes cardiac cells behave like an electrical cable.

1.4.1.3 Cable properties

The cardiac cell, especially the Purkinje fiber, is more or less
cylindrical and is very long in relation to its diameter. The cardiac cell has
A low-resistance sarcoplasm and is surrounded by extracellular fluid. These
compartments are separated by a relatively resistive and capacitative cell
membrane. These structures resemble a telegraph cable. The classical cable
equations have therefore been applied to cardiac structures. Hodgkin and
Rushton (Hodgkin & Rushton, 1946) first showed that a modified cable equation
fit experimental observations in a nerve axon. Weidmann (1952) applied
onc-dimensional cable theory to cardiac Purkinje fibers and found the
cxperimental data to be well described by cable equations. The mathematical
cquations of one-dimensional cable theory describe the transmembrane current
flow as composcd of two membrane components: a capacitive current through the
membrane capacitor (C ) and an ionic current through the membrane resistor
(rm) The transmembrane ionic flow also equals the amount of current lost due
to membrane leakage as longitudinal current flows through the myoplasm.
Mathematical analysis can be performed based on the cable equations to derive

characterizing terms that can then be assessed experimentally (Arnsdorf,

1984)

1.4 2 Active membrane properties

Active membrane properties are characterized by a response from the
excitable cardiac membrane that is out of proportion to the stimulus. These
include the critical amount of tissue that must be raised above threshold to
overcome the repolarizing effects of adjacent resting tissues and to result in

regencrative depolarization ("liminal length"), and the voltage and time



dependent ionic conductances which are responsible for depolariration and
repolarization.

Lapicque (1907) first recognized in nerves that the current requited to
attain threshold was greater for stimuli of short than for stimuli of lony,
durations. This current strength-duration relationship has been used to
analyze the characteristics of, and drug effects on, excitability Forecard &
Schoenberg (1972) introduced the concept of "liminal length", which is the
length of tissue required to be raised above threshold so that the 1nward
depolarizing current from that region is greater than the repolarising
influence of adjacent tissues. This concept shows that cable propertics e
important in defining the conditions under which regenerative depolarisation

can occur.

1.4.3 Cardiac conduction

Cardiac conduction depends on propagation of the action potential  When
threshold is attained, sodium rushes into the cell down the clectrochemical
gradient, and the resulting intracellular positive charges offset the negative
charges stored on the inside of the membrane. The local transmembrane voltape
is thus more positive than in neighboring parts of the cell so a driving force
for longitudinal current in the cytoplasm is established The circuit i«
completed by a capacitive current flow across the membranc and finually, hy
current flow in the extracellular space. Thus, conduction velocity is strongly

dependent on passive and active membrane properties.

1.4.3.1 Determinants of conduction
As described above, conduction velocity depends on many factors It s
determined by cable properties of the cardiac fiber, by threshold potential

and resting potential, and most importantly by the maximal rate of phase 0




depolarization (V In general, the more positive the threshold is, the

max)

lews ezcitable the membrane will be to a stimulus. Thus, if threshold is
raised to a less negative value, cardiac conduction will be slowed. Raising
the resting membrane to more positive values will also inactivate sodium
channels, leaving fewer sodium channels available for phase 0 depolarization.
As a consequence, cardiac conduction will be slowed. Most changes in
conduction velocity primarily result from changes in phase 0 sodium current,
4 reflected by the rate of depolarization. The maximal rate of phase 0
depolarization indicates the rapidity and electrical strength with which one
repion of the membrane depolarize the adjacent region, in turn determining the
rapidity of cardiac conduction

Arnsdorf & Bigger studied the effect of procainamide (1976) and
lhdocaine (19%5), in concentrations equivalent to clinical antiarrhythmic
plasma levels, on determinants of cardiac conduction. They found that both
drugs shifted the non-normalized strength-duration curve upward, indicating
that the tissue was less excitable. They showed that procainamide did so by
making the threshold less negative while having no effects on resting membrane
poteutial. On the other hand, lidocaine had no effects on threshold but
decteased membrane resistance in the subthreshold range. Both drugs
stgniticantly decreased vmax but neither of them altered C.
1.4 3.2 Relationships between conducticn velocity, vmax and Ina

Active membrane properties can be considered the source or battery which
wsupplies current to neighboring units. The maximal rate of rise of phase 0
depolarization is proportional to phase 0 inward current for a very small unit
of membrane. The relationship between vmax and transmembrane current is less
certain as units combine together, since it is greatly influenced by the state

of neighboring membranes and the characteristics of longitudinal resistance.




One-dimensional a i C at Vv = indicating t
on cable analysis suggests that Vimax™ltotal/Cp+ indicating that
Viax correlates well with the intensity of sodium current if Cp Is constant
and I,...,1, the total ionic current, is equivalent to the sodium cuirent

(Arnsdorf, 1984). The relationship betwecen V and conduction veloctity 1.

max
more complicated. Hunter et al. (1975) gave an approximate solution ot
one-dimensional cable equations, suggesting that conduction velocity wa-
roughly proportional to the square root of vmax

The electrical spread of current first fills the capacitance of adjacent
quiescent units. This results in a slow exponentially rising increase 1n
transmembrane voltage which precedes the rapid depolarization phase and 14
called the "foot"” of the action potential. Solutions of cable equation
suggesting that conduction velocity correlate inversely with the time conatant

of the foot (rg,,.) were confirmed experimentally by Dominpguer & Fo .ard

(1970).

2. Frequency dependent effects of antiarrhythmic drugs

2.1 Origination of the concept of frequency-dependence

Most of the clinically effective antiarrhythmic drugs decrease the
maximum rate of depolarization of the cardiac action potential (Qme) o
slow myocardial conduction These effects arc known to be due to their ability
to inhibit the cardiac sodium or calcium inward current in fast and slow
channel tissues, respectively. The alteration of sodium or calciwm channel
availability by antiarrhythmic drugs is strongly dependent on cardiac rate,
being most evident at fast heart rates, and much less pronocunced or ecven
absent at slow heart rates. This phenomenon has been referred to ae
"frequency-dependent” or "rate-dependent" effects of antiarrhythmic drup.

Other commonly wused terms relating to time-dependent propertiecs of

10



ant.rarrhythmic drugs such as "use-dependent" and "interval-dependent" block
have also been applied to characterize different aspects of their
frequency-dependent effects. "Use-dependent block" refers to drug-induced
reduction of sodium channel availability developing with successive action
potentials. It describes the time-dependent onset of drug action and the
abosence of drug-induced block when tissue 1is completely rested.
"Interval-dependent block" 1is related to time-dependent vrecovery from

anttarrhythme drug-induced sodium channel blockade.

2.2 Work leading to the formation of the modulated receptor hypothesis

2 2.1 Initial observations of frequency dependence

The first observation of frequency-dependent properties of
antiarrhythmie drugs was made by Johnson and McKinnon in 1957. They reported
that quinidine causes only a minimal decrease in vmax of guinea pig
ventiicular action potentials when the driving rate is 0.1 Hz but leads to a
progressive decrease in vnax as the driving rate increases. This important
tinding was later confirmed by Heistracher in 1971. He showed that in
quimidine -treated fibers, there is a clear time course of development of drug
effects on anx vmax ir the first response following a resting period of
veveral minutes 1s not decreased. It then decreases progressively with each
subsequent response until a new steady state value is achieved. The extent .to
which the maximal rate of rise falls at the new steady state increases, and
the time necessary to reach the new steady level decreases, with an increasing
tate of stimulation. Furthermore, he also observed that the effects of
quinidine and quinidine-like drugs (eg. procainamide) are reversible even in

the presence of these drugs. If stimulation is interrupted for a sufficient

perttod of time, the maximal rate of rise of the first action potential after

11
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the pause in stimulation returns to the control wvalue.
These two studies suggested that one of the most commonly used
antiarrhythmic drugs, quinidine, has strong frequency-dependent inhibitory

effects on V an in vitro index of sodium inward current, and alters the

max’

recovery kinetics of vmax'
2.2.2 Further in vitro and in wvivo studies related to frequency dependence

It is well known that in nerve tissue and cardiac muscle fibers, sodium
inward current is responsible for the rising phase of the action potential
Hodgkin and Huxley (1952) first showed that in squid giant axon,
depolarization leads to a transient increase in sodium conductance, which
allows sodium ions to move down their electrochemical gradicent Draper and
Weidmann (1952) found that the rapid phase of depolarization of cardiac
action potential was also generated by an increase in sodium conductance
Maximal rate of rise of the cardiac action potential, anx, was then propoued
by Weidmann (1955) as an index of phase 0 sodium influx and of maximum soditm
conductance of the cardiac fiber membrane. Extensive investigations were
undertaken on the effects of quinidine and lidocaine, two sodium channel

blockers, which are commonly used antiarrhythmic agents and are quite

different in their kinetic effects on Vmax'

2.2.2.1 Quinidine

Ample in vitro observations have shown that quinidine decrease vmax in
calf ventricular false tendon (Weidmann, 1955), pguinea pig ventricular muece
fibers (Johnson, 1956; Johnson & McKinnon, 1957, Heistracher, 1971) , and
isolated rabbit atria (Vaughan Williams, 1958; West & Amory, 1960) and
ventricles (Gettes et al.,, 1962). Quinidine also caused decreases In

conduction velocity (Vaughan Williams, 1958) or increases in conduction time

12




(deeet. & Amory, 1960), The depressant influence of quinidine on depolarization
or conduction was shown to be directly related to the frequency of
depolarization in a dose-dependent fashion., West & Amory (1960) evaluated the
effects of quinidine on \‘,max and conduction time simultaneocusly at various

interstimulus intervals ranged from 10000 msec to 100 msec in in vitro

preparations of rabbit atrium. In the absence of the drug, vmax and conduction

time were not changed until the interstimulus interval approached 250 msec or
L., where the effective refractory period was presumably encountered.
However, in the presence of quinidine, depressant effects on vmax and

conduction were substantially greater at short interstimulus intervals.

Rate-dependent depression of '\']max by quinidine was also shown in guinea pig
papillary muscle fibers (Heistracher, 1971; Tritthart et al., 1971).

While there are many reports of the effect of quinidine on intracellular
potentials of isolated cardiac muscle, there is comparably little in the
literature on its effect in vivo. Prinzmetal et al. (1967) first investigated
quintdine’'s action on electrical behavior in the canine heart in vivo with
simultaneous recordings of intracellular potentials from the left wventricle,
They observed that quinidine caused a considerable increase in QRS duration,
assoctdted with a decrease in maximal upstroke velocity ({’max)' Wallace et al.
(1966) monitored quinidine’s effect on H-S interval (interval between
activation of the His bundle and the base of the ventricular septum), PM-S
interval (interval between activation of the right anterior papillary muscle
aud  ventricular septum), and QRS duration, indicators of wventricular
d4otivation time, 1n awake dogs with chronically implanted electrodes.
Quinudine elicited time-dependent slowing of ventricular conduction. The
magnitude of changes in H-S interval, PM-S interval and QRS duration were

substantially enhanced as the driving rate was increased from 100 beats/min.

to 150 beats/min., Thus, it was evident that quinidine not only causes
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frequency-dependent depression of Vpax a@nd conduction velocity in vitiro, but

X

also slows intraventricular conduction in vive in a rate-dependent tashion

2.2.2.2 Lidocaine

Unlike quinidine, the data on lidocaine’s effect on \.}m'm and conductron
had been contradictory. Neither Davis & Temte (1969) nor Bipper & Mindel
(1970a) found any depressant effects of lidocaine on \./m,l\, and conduct ron time

in canine ventricular muscle and Purkinje fibers at concentiations below 5

mg/L when the preparation was paced at frequency of 95/min .nd 60-120/min,
respectively . One study (Bigger and Mandel, 1970b) showed that, at a pacing,
cycle length of 800 msec, lid caine increased \.]ma:( at  concentiations helow 9
mg/L. Thus, a different mode of action of lidocaine from that of quintdine and

similar compounds, which interfere directly with depolarirzation, on the
cardiac membrane was suggested (Davis & Temte, 1969, Bipper & Panded,
1970a;1970b).

This conclusion was later challengec by Singh and Vaupghan Williawes
(1971), who studied the effects of lidocaine on rabiit atrral and venirtoal.a
muscle. They found that lidocaine decreased \'/max as e:trooeliudlar potagaiom
concentration was raised from 3.0 mM to 5.6 mM. They suggested that tidoraine
might also slow the depolarizing phase of cardiac action potential, and that
differences of action might be due to mechanisms other than <flect:, on ‘),,.,,,
Similar effects of lidocaine on canine Purkinje fibers were later obecrved by
Rosen at al. (1976).

Using voltage clamp techniques to investigate the effect of lidocaane on
the early transient inward current as reflected by the maximal rate of change
of phase 0O of the action potential (\'/max), Weld and Bigger (19/4%) reported

that in sheep Purkinje fibers the recovery from lidocaine-induced wodium

channel blockade proceeds in a monoexponential fashion with a time constam
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of 100 msec , suggesting a time-dependent interaction between lidocaine and

cardiac sodium chanaels,

2.2.2.3 Lidocaine versus quinidine

Chen and Gettes (1976) compared the effects of lidocaine and quinidine
on \.]max in guinea pig papillary muscle. They observed that, as does quinidine,
lidocaine produces depressant effects on {]max' The decrease of {]max by
lidocaine is also rate-dependent , but the rate must exceed 2 Hz before the
rate dependent effect becomes noteworthy, whereas the depressant effect of
quinirdine 1s rate-dependent above 0.1 Hz (Johnson & McKinnon, 1957; West &
Amory, 1960, Chen & Gettes, 1976; Heistracher, 1971 ). Similar to the finding
by Weld and Bigger (1975) , they also observed that the ‘}max value recovers in
a monoexponential manner (Chen et al., 1975) with a time constant of 120 msec.

Furthermore, they found that lidocaine, but not quinidine, slows the recovery

kinetics of {]max (Chen et al., 1975). The recovery kinetic parameters of
lidocaine were a function of membrane potential. The preparation recovered
from drug induced depression of Vmax slower at more positive resting membrane
potentials The absence of changes of recovery kinetics produced by
quinidine, in contrast to the findings by Johnson and McKinnon (1957) and
Heitstracher (1971), probably occur because the coupling intervals used by Chen
et al. were less than 500 msec. This recovery time interval was not long
enough to observe substantial recovery from quinidine-induced {]max depression.

Subsequent studies (Grant et al., 1980; Hondeghem & Katzung, 1980; Weld et

al , 1982; Nattel, 1987a) confirmed that quinidine also slows recovery

kinetics

2.2.2.4 Other agents possessing antiarrhythmic properties

Besides quinidine and lidocaine, which were studied extensively, a
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number of other compounds that possess antiarihythmic eftfects were also shown
to have frequency-dependent actions The 1eduction of Vmax by
Diphenylhydantoin (DPH), an agent with lidocaine-1lthe action, Wi
substantially augmented by increases in frequency in 1abbit atria (Jensen &
Katzung, 1970; Singh & Vaughan Williams, 1971) and ventitele (Singh & Vaughan
Williams, 1971). Droperidol, a neuroleptic drug known to excrt ant tanhythaie
effects, was studied in auricles, papillary wmuscles and Pmikinje tiboers of
different species (Carmeliet et al., 19/06). Smmilar to quinmidine  and

lidocaine, droperidol significantly decreased V and conduet ton velacoity

Max

The former effect was more pronounced at lower membrance potent ials and the

inactivation curve relating V .. to membranec potential was shifted to more

X
negative membrane potentials. The recovery time, defined auw the e needed
for vmax to recover its full amplitude, was matkedly prolonged 1 the prescence
of the drug.

Although frequency dependent effects of antiarthythmic drugs had been

observed both in vitro and in vivo, the mechanism of this phenomenon was not

clear. The mechanism of differences in action between quinidine and lidocaine
was still a matter of dispute. Chen & Cettes (19/76) ascribed the frequency
dependent effects of quinidine to a resetting of the sodium pot acaium punp,
and of lidocaine to a slowing of recovery kinetics Lt was ot until 197/
when Hille and Hondeghem & Katzung simultancously postulated the "Modulated
Receptor Hypothesis" that understanding of the mcchaniosm of  the

frequency-dependent properties of antiarrhythmic drugs was jproatly dmproved,

3. Molecular models for sodium channel blocking drug action

3.1 Membrane expansion theory

In 1949, it was first discovered that loacdl ancothet fcos inhibit
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electrycal conductinn in neurons by decreasing sodium conductance (Hodgkin &
Patz, 1949) Sceman (1972) reviewed subsequent experimental observations and
proposed that local anesthetics might act through electrically stabilizing the

menmbrane by fluidizing and disordering the components within the membrane

(Secman,  1972) As a consequence, the membrane would be expanded and
membrane-associated enzymes and proteins could be inhibited. Pathways for
faciitated fluxes of solutes across membranes, such as the sodium channel,

wontld Le depressed, presumably because of the conformational changes brought
about by the membrane-expanding effects. This "membrane expansion theory" was
later ertended by Lee (1975). He postulated that sodium channels in nerve

membianes are surrounded by lipid molecules in the gel-like liquid phase. The

addition of local anesthetics triggers a change in the surrounding lipids to
the  pel phase, allowing the sodium channel to close with resulting local
ancesthesia However, these ideas, which suggest that local anesthetics and
antiatrhythmie drugs block sodium channels by a nonspecific effect on the cell

membrane, failed to explain the frequency (Johnson & McKinnon, 1957) and
voltuape dependent (Weidmann, 1955) properties of these drugs, and the
competitive antagonism of combinations of two sodium channel blockers

(Clarkeson & Hondeghem, 1985),

3.2 Modulated Receptor Hypothesis

3 2 1 Gating mechanism of sodium channels--Hodgkin & Huxley model
Understanding of antiarrhythmic drug action evolved from the modulated
1teceptor hypothesis. In 1952, Hodgkin and Huxley quantitatively described
electrical activity in nerve tissue, and concluded that transmembrane current
throuph codium channels plays an essential role in conduction and excitation.

They postulated that sodium channels exist in three primary states: the rested
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state (R), most prevalent at negative membrane potentials, an open ov
activated state (A), through which sodium channels open to allow for the
influx of sodium inward current upen depolarization; and an inactivated state
(I) during which the sodium channel 1is closed at depolarized membranc

potentials.

3.2.2 Development of the concept of drug-receptor interaction for local anes-
thetics

Drug-receptor interaction in ionic channels of nerve tissue was
originally proposed by Armstrong (1966) to explain the blockade of K channels
by internal quatermary ammonium derivatives. Such models were then utiliced to
explain the sodium channel blocking effects of quaternary (Strichartz, 1973)
and tertiary amine (Courtney 1975) local anesthetic compounds.

Strichartz (1973) studied the effects of a quaternary derivative of
lidocaine, QX-314, on sodium currents in myelinated nerve. He found that
sodium channels are most quickly blocked by internally administered QX-3l4
when the channels are repetitively depolarized Drug-induced inhibition
increases when the nerve membrane is subject to a train of depolarizing,
pulses. Both the inactivation gate (h gate) and activation gate (m3 gate) must
be open for the inhibition te increase. Finally, the drug-induced inhibition

3

is reversible under conditions which open both h and m” gates such as small
membrane depolarizations. Thus, he showed, using voltage clamp techniques,
that the influence of the drug is markedly dependent on the previous history
of use of sodium channels. It was evident that the inhibition of sodium
currents is enhanced by membrane depolarizations of sufficient magnitude to
open the channels, a phenomenon referred to as "use-dependence” of sodium

channel blockade. These results suggest that QX-314 must interact directly

with sodium channels to account for the voltage-sensitive block. A simple
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model to explain drug-induced sodium channel block, which takes all the above
features into consideration, was constructed by the author. Strichartz
postulated that QX-314 binds to, and dissociates from open sodium channels.
0%-314 cannot bind to or dissociate from the closed channels, but complexed
channels can open and close in the normal manner. It was assumed that
voltage sensitive inhibition could arise from either drug binding itself, if
1t is directly influenced by membrane potential or by voltage-dependent steps
which provide and remove substrates for drug binding These steps refer to the
opening and closing of free and complexed sodium channels which precede or
follow the QX-314 binding reaction. Furthermore, a scheme of the structure of
a sodium channel was proposed, suggesting that the binding site for QX-314 is
located within the sodium channel between the selectivity filter and the outer
mouth of the sodium channel, with the m and h gate towards the axoplasmic
surface of the channel intermal to the drug binding site.

Courtney (1975) observed similar effects for an exceptionally
hydrophilic amine lidocaine analog GEA 968. Repetitive opening of the sodium
channels by depolarizing pulses enhanced the voltage sensitive inhibition
observed 1n the presence of GEA 968. This inhibition could be partially
reversed by repetitive opening of the sodium channels produced by depolarizing
pulses which were preceded by large hyperpolarizing prepulses. Furthermore,
he found that with GEA 968, use dependent sodium channel blockade recovered
with a time constant averaging 10 sec. The inactivation curve of GEA
968- 1nduced sodium channel blockade was found to be shifted to more negative
membrane potentials. In other words, more polarized membrane potentials were
required to permit recovery from sodium channel inactivation to occur. Thus,
it was hypothesized by Courtney that the GEA 968 molecule binds to open sodium
channels and, in doing so, simultaneously blocks the channel and shifts the

curve relating channel inactivation to more negative membrane potentials.
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Unless strong hyperpolarizing prepulses ave given, sodium channels would
become trapped in the drug-associated inactivated state during i1epetitive
stimulation. This hypothesis extended Strichartz’'s model by adding the idea of
shifted voltage dependence of sodium channel inactivation.

These observations suggested that all inhibitory effects of <ocium
channel blocking drugs are explainable assuming binding of local ancothoetic,
to a single receptor. Cumulative frequency dependent and voltage depeundent
block could be seen as manifestations of a single inhibitory wedhanion

(Courtney, 1975),

3.2.3 Hille's modulated receptor hypothesis

To further understand the mechanism of antiarrhythmic drug action, Hilh
in 1977 studied the effects of neutral, amine, and quaternary local ancatheti
compounds on the sodium inward current of the node of Ranvier by using th
voltage clamp technique He found that benzocaine, a uneutral compound,
produced a full inhibition of sodium inward current on the fivat teat pule
and showed no further reduction of sodium influx upon continuous <timulation
Lidocaine, an amine form of local anesthetic, showed some diminuti1on of wodinm
influx on the first pulse and a further decrease on fast repeated stimnlation
The quaternary molecules, QX-5/2 and RAD 251 T (quaternary derivatives of
lidocaine), showed almost no effect on the first pulse and a considerable bt
slowly developing decrease in sodium current on repetitive stimalation

Building on these findings, Hille proposed that there 14 a nanple
specific receptor in the sodium channel for all anesthetics. When the rocepton
is bound by the drug molecule, the sodium channel forms (R, A and 1) may be
modified to yield tlie drug-receptor complexed forms (R#, A% and %) The
modified forms themselves can underpo transitions between resting, open and

inactivated states. However, these transitions of the modified channels may




have rates and equilibria different from those for normal channels.
Furthermore, the reaction of a drug with one form may also have different
rates and equilibria from the reaction with another form. Therefore, this
model was first named the "modulated receptor hypothesis" to emphasize the
modulation of the drug-receptor interaction by sodium channel state.

It is noted that there is another important aspect of this model. Hille
postulated that there are two pathways for a drug to access the receptor in
the sodium channel. The hydrophilic pathway is a direct route for charged or
less lipid-soluble compounds to pass by the open gates and through the channel
to the receptor, but is available only when the gates of the channel are open.
Thus, 1t is the only pathway for quaternary anesthetics. The hydrophobic
pat hways are available at all times to lipid-soluble molecules because lipid
soluble drug forms can bypass the gates and are thought to come and go from
the receptor via a hydrophobic region of the membrane by diffusion through the
membrane.  The hydrophobic pathway  renders the lipid soluble compounds’
recovery time constants much faster than for charged drug forms. Hence, the
apparent differences in the action of neutral, amine, and quaternary molecules

ohservved by Hille can be largely eaplained by the differences in the rates of

diug -receptor interactions.

3.2 .4 Hondeghem and Katzung'’'s modulated receptor hypothesis

Almost simultaneously, Hondeghem and Katzung in 1977 reviewed the
ettects of commonly used antiarrhythmic drugs on the \.Imax of the cardiac
act ion potential under conditions of different rates and rhythms of
st imulation, and compared these with drug effects in nerve tissue. They found
a striking similarity between nerve and cardiac excitation. Therefore, the
Hodgkin and Huxley description was utilized to frame a fundamental hypothesis

of antiarrhythwic drug interaction with cardiac sodium channels.
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A theoretical model was produced to predict the effects of

antiarrhythmic drugs on V__ . of the cardiac action potential and provide a

X
general model to describe the mechanism of antiarrhythmic drug action The
resulting "Modulated Receptor Model" postulated that antiarrhythmic drups
bind to a common receptor site on or very close to the cardiac transmembrane
sodium channel. The affinity of the receptor for drug binding is modulated bv
sodium channel state. Antiarrhythmic drugs usually have a much higher affinity
to bind to the receptor when the sodium channel is in the activated (A) o1
inactivated (I) state , whereas they have a much lower affinity for the
receptor binding when the sodium channel is in the resting state (R) FEach
sodium channel blocker has a characteristic association and dissociation rate
constant for channels in each of these state. The drug associated chanoels do
not conduct, and show transitions between drug associated resting (Rx),
activated (A*) and inactivated (I*) channels in a voltage dependent f[ashion
However, the voltage dependence is altered such that the state transition
behaves as if the membrane potential is less negative.

Like Hille, Hondeghem and Katzung (1977) hypothesized that, despite the
heterogeneous chemical properties among antiarrhythmic drugs, they interact
with the same receptor site on cardiac sodium channels The sodium channels
were considered to consist of a hydrophilic channel, which provide a
hydrophilic pathway for drug access, whereas the hydrophobic lipid membrane
affords a hydrophobic pathway for drug molecules to gain access to rhe
receptor. The differences in actions of antiarrhythmic drugs can be attributed
to differential binding to the channel receptor which is a function of the
state of the channel and the lipid solubility of the individual drug.

An important aspect of Hondeghem and Katzung's model 1is its explanation
of the disparate effects of antiarrhythmic drugs on different parts of the

heart. The differences can be viewed as a consequence of different action
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potential configurations in various portions of the heart. According to the
model, drug interactions with sodium channels are time- and voltage-dependent.
Therefore, different action potential configurations could result in
significantly different numbers of sodium channels in various states. The drug
pool concentrations in each sodium channel state would be dramatically
altered

The “Modulated Receptor Hypothesis"™ was expressed in a set of
differential equations to quantitatively predict antiarrhythmic drug action on
sodium channels. It was found that the predictions of the computer model
generated from the "Modulated Receptor Hypothesis" remarkably concurred with
experimental observations of the use and voltage dependent effects of
quinidine and lidocaine. It also predicted the changes in \']max when quinidine
and lidocaine are used in combination; drug combinations could provide steady

state block that could not be attained by either drug alone (Hondeghem &

Katzung 1980)

3.3 Starmer’s model

The modulated receptor hypothesis views the frequency- and voltage-
dependent effects of antiarrhythmic drugs as a result of a variable-affinity
receptor governed by the the sodium channel state and modified inactivation
kinetics in drug-complexed channels. An alternative model was proposed by
Starmer et al. (1984) to consider drug-induced block as a consequence of drug
binding to a constant-affinity channel receptor, with receptor access
regulated by the channel gates. Conducting channels leave the receptor binding
sites unguarded and accessible to drugs, whereas nonconducting channels will
convert the gates to closed conformations that restrict drug access to unbound
receptors and trap drugs in drug-complexed channels. The computer simulations

generated from this model are in quantitative agreement with experimental
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results of time- and voltage- dependent drug action on cardiac sodium
channels.

Despite the differences of the basic concepts of these two models
described above, they both provide accurate quantitative analyses ot
antiarrhythmic drug action and constitute basic models in attempting to

understand underlying molecular mechanisms.

3.4 Determinants of frequency dependence

Different antiarrhythmic drugs have distinctive kinetics of blockinyp,
action (Hondeghem & Katzung, 1977). The differences in the kinetics of
frequency dependent effects of antiarrhythmic drugs arise from varving
intrinsic physico-chemical properties and Ffactors that affect these

properties.

3.4.1 Molecular weight

Since use-dependent block results from the binding of an antiarrhycthmic
agent to its receptor site on sodium channels via a hydrophilic pathway, the
sodium channel (Hille, 1977), factors such as molecular weight and size may be
important determinants of drug-channel association and dissociation rates
Courtney (1979) showed that in rabbit atrium, the rate of onset of Efrequency
dependent block in {]max produced by sodium channel blockers correlates well
with the molecular weight of the drug molecule. Smaller local anesthetice
produce faster frequency-dependent blockade. In another in wvitro study of
interval-dependent effects of several structurally differing antiarrhythmic
drugs in guinea pig myocardium, Courtney (1980a) showed that the molecular
weight of the antiarrhythmic drug applied also plays an essential role in
determining the recovery kinetics of frequency-dependent blockade. These

results were confirmed by Campbell (1983) who demonstrated proportional
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relattonships hetween onsel and recovery time constants and molecular weights
of clase | antiarrhythmic drugs. Sada and Ban (1981l) reported a significant
correlation, between the recovery time constants and the molecular weights of
various structurally related beta-adrenoceptor blocking agents which produced
frequency-dependent depression in vmax in guinea pig papillary muscles It was
anoumed  that,  according to the modulated receptor hypothesis, drugs with
Larper molecular weight or size would less readily access the receptor site
thionph the sodium channel, and thus be associated with a longer onset and
pecover 7o tume constant. A similar linear relationship was also found between

the recovery time constant induced by four calcium channel antagonists and the

wolecular woight of the compounds (Uehara & Hume, 1985),

3 4.2 Lipid solubility and degree of ionization

Although the correlation between the onset and recovery time constant
and the wmoleculamr weight or size of a drug 1s significant, frequency
dependence ot block cannot be fully explained by molecular weight alone. Some
drupa, vy hidocaine (234 MW) and procainamide (235 MW), have almost the same
molecular werpht and  yet procainamide has a much slower time constant

(lrdocarne v 150 me, procainamide 7=2.6 sec) (Courtney, 1980a). Thus, other

t hywieo-chemical charvacteristics of the drug have to be taken into
constderciton  in accounting for the determinants of the kinetics of
antiatrb thme drug action, -

The very low lipid solubility of procainamide might explain why it is a
Linetically slTower drug than lidocaine. As a matter of fact, when taking both
molecular werpht and l1ipid solubility into account, Courtney (1980a) observed
a4 much better correlation with recovery time constant than by molecular weight
characteristies alone. In a later study by Courtney (1983), the concentrations

ot amide-linked diugs vequired for a given blocking action varied inversely
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with the lipid distribution capability of each diug Nattel and Bailev (1983)
compared the electrophysiological effects of quimidine with those of lidocaine
and disopyramide and also found that the greater lipophilicity and lipid/w.atoe
partition coefficient (an indicator of the Lipid solubility of a compound) ot
lidocaine is related to its faster onset of action and washout than those of
guinidine and disopyramide., Courtney (1980b) and Sada & Ban (1981) showed that
the lipid solubility of drug molecules correlated well with the potencies of
local anesthetics in nerve, and the structurally related beta-adrenocopton
blocking drugs in guinea pig ventricular muscle, respectively

The lipid solubility of a drug molecule is closcly related to the degree
of ionization of the compound. The permanently charged form of a druy v
insoluble in fat, while a neutral compound is much more lipophilic. Hence, the
kinetics of recovery for drugs that are predominantly charged are slower than
for drugs that are predominantly neutral (Hille, 19/7) Schwarz et al (19//)
reported a longer time constant of use dependent block on sodium current foi
the permanently charged QX-314 than for lidocaine in frog skeletal mu«acle
Gliklich et al. (1978) compared the effects of lidocaine and those of several
derivatives including QX-314 and QX 472, which are two quaternary derivat ives,
and compound 6603, which is a tertiary analogue with a pKa of 9.81, on \./m:n:'. I
canine cardiac Purkinje fibers. They found that when administercd by
superfusion (drugs acting extracellularly), these four agents excerted

qualitatively similar depressant effects on V at high drug concentrations,

max
but the rate of onset of action of the quaternary derivatives was considerably
slower than that of lidocaine. On the other hand, intracellular injection
resulted in a marked decrease or attenuation of \'/"m/ Thewe effecty were
reversible with time for lidocaine but not for ity permanently chargped

derivative QX-314, It was speculated that even though some 80% of lidocaine

molecules are charged at intracellular pH, the concentration gradient greatly




tavors efflux from the fiber of the uncharged form during intracellular
Lnjection. As the uncharged molecules cross the membrane and are removed from
within the fiber, charged molecules lose protons in order to maintain the
charged-uncharged ratio In this manner, the 1intracellular lidocaine
concentration rapidly decreases However, this mechanism does not operate when
a molecule, such as QX-314, is permanently charged. It was therefore concluded
that drug effects on \'Ima result from the charged form acting from the inner
surface, in agreement with findings by Strichartz (1973) and Hille (1977) in
nerve tissue

In an attempt to determine whether the charge of antiarrhythmic drugs
influences their effects on cardiac fibers, Gintant et al. (1983) investigated
the effects of charged and uncharged forms of local anesthetic drugs on sodium
inward currents in canine Purkinje fibers , using changes in {Imax during phase
0 as an indicator of changes in peak sodium inward current. A series of
l1docaine tertiary analogues with different pKa, as well as permanently
charged quaternary analogues and the neutral compound benzocaine, were chosen
to provide different proportions of both drug forms. They found that only the
quaternary analogues and tertiary amine analogues existing predominantly in
the charged form cause use dependent block. Furthermore, the onset and
recovery time constants were the longest for permanently charged quaternary
molecules and the shortest for 6211 (93% uncharged). Benzocaine showed no use
dependent block, but it is possible that the association and_the dissocciation
ot bensocaine with the sodium channel is so fast that use dependent block does
not occur even at the most rapid stimulation rates possible for the
preparation. This was the first systematic study in cardiac tissues relating
molecular charge of antiarrhythmic agents with their effects on sodium inward
currents. These concepts were further confirmed by Sanchez-Chapula et al.

(L983) who showed a significant use dependent block for lidocaine and a
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minimal use dependent block for benzocaine on the sodium i1nward currvent
measured by voltage clamp techniques in rat single ventricular cells Thov
suggested that the small molecular size and predominantly neutral form ot
benzocaine at physiological pH may contribute to the lack of use dependent
effects of the compound, or to an extremely fast onset and recovery rate that
were not detectable by the technique.

Therefore, it appears that molecular weight and lipid solubility oi
antiarrhythmic drugs can account for a significant part of their rate
dependent properties. The rate of block development and the rate of recovery
from block can be predicted on the basis of the ionic charge and the molecul a
weight of local anesthetic drugs. quateruary compounds block rather slowly,
while neutral compounds block much more quickly For tertiary compounds the
rate of block development appears intermediate and can he altered
significantly by changes in pH (Schwarz et al., 1977) In a quantitative
structure activity study of antiarchythmic properties in a series of Llidocaine
and procainamide derivatives, Ehring et al (1987) showed that the affinity of
a drug for the open sodium channel state is related to the compound’'s lipid
solubility, while the rate of dissociation from inactivated channels 1is

correlated with both the molecular weight and charge of the drug molecule

3.4.3 Environmental pH

Most antiarrhythmic drugs are weak bases. Thus, these drugs exist in
both cationic and neutral forms in a ratio determined by the environmental pH
As described above, the degree of ionization of drug molecules dramatically
influence the potency and the kinetics of frequency dependent block produced
by local anesthetics. External acidosis or lowering environmental pH promotes
the cationic drug form which less readily crosses the membrane. Since the

cationic drug form obtained by lowering the pH is less accessible to the
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receptor on the sodium channels, slower kinetics of action are anticipated in
the presence of acidosis.

Schwarz et al, (19/7) studied the effect of pH on the use dependent
block of oodium channels in frog skeletal muscle, wusing voltage clamp
techniques They obscrved that with lidocaine and procaine, increasing
taternal pl o significantly shortened the onset cime constant, whereas changes
in intracellular pH had little effects on use dependznt block. This was
conf irmed by Bean et al., (1983) who reported that increasing the pH sped up
the onset of lidocaine block of the sodium inward current measured by voltage
clamp techniques in rabbit Purkinje fibers. Schwarz et al. (1977) also
observed o substantial lengthening of the recovery time constant by lowering
extraccellular pH. Since cationic drug forms reach the drug receptor only from
the intracellular side of the membrane (Strichartz, 1973; Hille, 1977) and
lowering of external pll would result in more rationic drug forms that are less
1teadily able to cross the membrane, the question arose as to how an increase
in external protons 1nfluence drug molecules which react with the receptor.
Schwarz proposed a kinetic model suggesting that the major effect of lowering
pll i« the production of protons that can get to the receptor site vig the
external mouth of the sodium channel. Thus, protonation of the drug-receptor
complex will occur and antiarrhythmic drug molecules will be trapped in the
blocking pesitien for a longer time. Grant et al. observed that when the
extracellviar pl was 1ceduced from 7.4 to 6.9, the time constant of recovery
trom block wis inercased by 100% for lidocaine (1980), and by 66% for
quintdine (198?) in puinea pig ventricular myocardium. Bean et al. (1983) also
teported a deerease in the recovery time constant from 810 msec to 450 msec
when pll was increased from 7.0 to 8.1 for lidocaine-induced block of sodium
tnward current in rabbit Purkinje fibers,

The effects of pH changes on the potency of drug action are more
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complicated. Schwarz et al. (1977) reported a decrease in the steadv state
block by lidocaine when external pH was decreased. Grant et al (ragh
observed little change in the potency of quinidine upon changes of external
pH, whereas Nattel (1981) found an increase in depressant effects on \'Imdx tor
both lidocaine and quinidine in the presence of external acidosis Since
external acidosis creates more cationic drug forms that are less readily to
access the receptor and thus reduce the net drug concentrations in the fiber,
this effect will be expected to reduce the drug potency (Schwarz et al.,
19775. On the other hand, external acidosis causes protonation of
drug-bound-receptor complex which will prolong drug action and as a
consequence increase drug potency (Schwarz, 1977; Grant et al., 1980, 1981,
Bean et al., 1983). Therefore, it is believed that the effect of pl changes on

antiarrhythmic drug potency depends on the balance between these two factors

(Hondeghem & Katzung, 1984).

4, Subsequent work related to the modulated receptor model

Molecular models (Hille, 1977; Hondeghem & Katzung, 1977, Starmer et
al., 1984) of antiarrhythmic drug interactions with cardiac sodium channels
have greatly extended our understanding of the cellular mechanism of
antiarrhythmic drug action. Numerous subsequent studies have been undertaiien
in nerve and in cardiac tissue to investigate the frequency dependent c¢ffects
of antiarrhythmic drugs in the light of the modulated receptor hypothesis
Electrophysiological and biochemical work have provided observations that arc
consistent with the model and allowed for further insight into the mechaniums

of antiarrhythmic drug action.

30




e

4.1 In nerve tissue
4 1.1 Electrophysiological studies

Rimmel et al. (1978) studied the rates of block by procaine and
bensocaine as well as the procaine-benzocaine interaction at the the node of
Fanvier According to the modulated receptor hypothesis, benzocaine, which
“taye permanently uncharged over a wide range of pH, passes to the common
receptor  through a hydrophobic pathway and therefore has faster onset and
recovery kinetics than procaine which exists predominantly in the cationic
form at physiological pH, and is cxpected to access the receptor site through
@ hydrophilic pathway. Rimmel et al. found that, when these two drugs were
used in combination, the decrease produced in vmax was as much as that by
bensocaine alone. Furthermore, when benzocaine was taken away from the
Fevocaine -procaine mixture, there was a temporary partial relief of block
followed by a characteristic procaine induced inhibition. When a
hyverpolarizing prepulse was used, block by benzocaine was relieved faster and
to a greater extent than the block produced by procaine. This is expected only
1t benzocaine competes with procaine for the same receptor, but binds and
leaves the rveceptor faster than procaine. These results provide evidence for a
common  receptor site as suggested by the modulated receptor hypothesis.
Stmilar results were obtained later for the interaction of benzocaine and
lidocaine (Schmidtmayer & Ulbricht, 1980), and benzocaine and the indole
dlkalord ervatamine (Pichon et al., 1981), an alkaloid known to block the

sudium chamels of cockroach and squid axons in a frequency dependent fashion.

4 1 2 Biochemical studies

Because of extensive electrophysiological investigation, much 1is known
regarding  the effects of local anesthetics on sodium channels in nerve

membtanes, suggesting a common receptor site for local anesthetics’ action.
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However, there is no direct evidence identifying the receptor site on the
sodium channel. The development of radiolabelled neurotoxins which interact
specifically with the sodium channel has provided a new approach to study the
drug-receptor interaction model at the molecular level. Voltage-sensitive
neuron sodium channels have been shown to have at least three distinct
receptor sites for neurotoxin binding (Catterall, 1980). The inhibitors
tetrodotoxin (TTX) and saxitoxin bind at receptor site 1l and inhibit ifon flux
through the sodium channels (Colquhoun et al., 1972; Ritchie & Rogart, 197/,
Henderson et al., 1973). The alkaloids wveratridine, batrachotoxin (BTX), and
aconitine act at receptor site 2 and cause persistent activation of sodium
channels (Catterall, 1980). The polypeptide scorpion toxins and sea anemonce
toxin bind at receptor site 3 (Catterall, 1980) These toxins slow sodium
channel inactivation, and enhance persistent activation of sodium channels
caused by toxins acting at site 2 through an allosteric mechanism. Using a
tritiated form of batrachotoxin, [3H]BTX, Catterall showed that a number ol
widely used class I antiarrhythmic drugs competitively 1inhibit [BHjBTX binding,
at neuron toxin binding site 2, and thus block neurotoxin-activated sodium
channels in neuroblastoma cells (Catterall, 1981) and rat brain synaptosomes
(Postma & Catterall, 1984). Binding phenomena were seen at concentrations that
effectively block sodium channels in electrophysiological studies The
competitive inhibition of [3H]BTX binding by local anesthetics appears to be
through an allosteric mechanism. It is likely that there 1s a commor receptor
site for antiarrhythmic drugs which is located in the sodium channel and i
distinct from neurotoxin receptor site 2 so that local anesthetics cause an

allosteric interaction and alter batrachotoxin binding indirectly

4.2 In cardiac tissue
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4.2.1 Electrophysiological studies
4 2.1.1 In vitro work

A common mode of action to all the sodium channel blockers 1is the
depression of phase 0 of the cardiac action potential. Information about drug
ef fects on cardiac sodium channels in vitro can be obtained by either using

was A5 an indirect measure of sodium inward current, or by employing voltage
clamp techniques which directly measure the sodium inward current.

Although the wvalidity of \']max as an index of sodium inward current has
beenn a subject of dispute, 1t nevertheless provides information about drug
behavior on the cardiac sodium channel and is a practical_in wvitro method to
study antiarrhythmic drup action on cardiac sodiunm current under
physiological conditions Abundant data for a variety of sodium channel

blockers has been acquired regarding the time dependent inhibition by

antiarrhythmic drugs of sodium inward current by evaluating their effects on

.

max

Sada et al. (1979) showed that procainamide caused a frequency- and

dove - dependent reductien of \"m in guinea pig papillary muscles. The time

e
e
v

dependent recovery {rom procainamide-induced reductions in Vmax proceeded in a
monoexponentidal wanner with a time constant averaging 4 seconds. Their
experimental data was incorporated into a computer simulation based on the
modulated receptor hypothesis and found to be consistent with model
predictions, - Interval-dependent effects of procainamide on vmax in guinea pig
myocardium were also reported by other investigators (Courtney, 1980a;
Buchanan et al., 1985) In_vitro work has indicated a simple exponential
tecovery process fiom procainamide-induced decrease in ‘.Imax with a time
constant avervaging from 1 to 4 seconds (Courtney, 1980a; Varro et al., 1985;
Nattel, 198/a; Fhring et al., 1988).

Interval dependent block and first order recovery from drug-induced
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reduction of vmax were also reported for lidocaine (Hondeghem & Katzung, 1980,
Courtney, 1980a; Oshita et al., 1980; Grant et al., 1980), quinidine
(Hondeghem & Katzung, 1980; Grant et al., 1982), mexilitine (Hohnleser, 198),
Campbell, 1983) and other sodium chamnel blockers (Courtney, 1980a, Oshita et
al., 1980; Campbell, 1983) in guinea pig papillary muscles The time counstant
for each drug was found to be in the same range in different studies. Varro et
al. (1985) were the first to quantitatively characterize the frequency
dependent effects of several class I antiarrhythmic drugs in canine Purkinje

fibers. The time constants obtained from their studies were comparable to

those reported from the studies using guinea pig ventricular wyocardium
Nattel (1987a) examined the interval dependent reduction of qux and
prolongation of conduction time by lidocaine, mexilitine, procainamide,

amitriptyline and quinidine. The recovery kinetics were first order and the
time constants were in the same range as those obtained by Varro el al
(1985). Moreover, he also found that for each drug, the time constant of

recovery from drug induced depression of V . is nearly identical to that trom

X
drug induced conduction slowing. Weld et al (1982) employed voltage clamp
techniques to control membrane potential and apply conditioning pulses but

used V. to indirectly measure drug effects on the sodium inward current in

X
ovine Purkinje fibers. They showed that quinidine produced a use and voltape
dependent depression of vmax with an exponential recovery process

It has been difficult to obtain a reliable measurement of phase O sodium
inward current (Iy,) in cardiac tissue under physiological temperatures by
voltage clamp techniques because of difficulties in maintaining voltape
control in the face of a large Iy, and distinguishing Iy, from the capacitance
artifact (Grant et al., 1984, Fozzard et al., 1985). To study the time

dependent inhibition of INa by sodium channel blockers, voltage clamp

experiments have been performed on cardiac tissue at low temperatures.
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Sanchez-Chapula et al. (1983) noted a use dependent inhibition of Iy, by
lidocaine in rat single ventricular cells at 24°C. Recovery from lidocaine
induced Iy, diminution showed first order kinetics with a recovery time
constant averaging 500 msec. This time constant is much slower than those
reported for lidocaine from in vitro studies at 37°C using Vmax as an index of
Tpa (Hondeghem & Katzung, 1980; Courtney, 1980a; Sada et al., 1980; Grant et
al , 1980, Campbell, 1983; Varro et al., 1985; Nattel, 1987a). Similar use
dependent changes in ly, were characterized by Bean et al. (1983), who studied
lidocaine -induced block at 17°C in rabbit Purkinje fibers. Thus, it appears
that sodium channel blocking antiarrhythmic drugs exert frequency dependent

inhibition of V and Iy, The time dependent recovery from antiarrhythmic

max
drup, blockade can be expressed by a single exponential process with a
characteristic time constant

The modulated receptor hypothesis was also tested and shown to account
for the c¢ffects of drug mixtures on cardiac sodium channel blockade. In an
elepant experiment in guinea pig ventricular myocardium, Clarkson & Hendeghem
(198%5) showed that lidocaine competitively antagonized bupivacaine-induced
sodium channel blockade. Bupivacaine 1s a popular local anesthetic drug known
to block sodium channels both in nerve and cardiac tissue and to have
telatively slow recovery kinetics (r=1-2 sec.) (Glarkson & Hondeghem, 1985) as
compated  to those of lidocaine (r=150 wmsec). In the presence of high
concentrations of these two drugs, th: drug that has fast recovery kinetics
(lidocaine) displaced the drug with relatively slow recovery kinetics
(bupivicaine), and caused a net reduction in sodium channel blockade at
certain stimulation frequencies This can be explained only if these two drugs
bind to a common receptor site on the cardiac sodium channel as proposed by

the modulated receptor hypothesis. This study provided further insight into

the electrophysiological effects of drug mixtures, as well as a critical test
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of the hypothesis that local anesthetic and antiarrhythmic drugs block cardiac

sodium channels by binding to a common receptor site.

4,2.1.2 In vivo work

While frequency dependent effects of antiarrhythmic drugs on the sodium
inward current and Vmax have been well documented in vitro as described
above, much less is known about the interval dependent effects ol
antiarrhythmic drugs on cardiac conduction in vivo. Amitriptyline is u
tricyclic antidepressant known to produce both sinus tachycardia and
ventricular arrhythmia after overdoses in man. Nattel (1985) studied its

frequency-dependent effects on Y in canine Purkinje fibers in _vitro, and

max
compared this to its effects on QRS duration, an index of ventricular
conduction time, in the intact dog heart in vivo He showed that amitriptyline
produced a dose dependent prolongation of QRS duration that was markedly
frequency dependent. A similar rate dependent depression in the maximum rate

of rise of the action potential (V ) was observed for canine Purkinje fibers

max
superfused with amitriptyline in vitro The time course of recovery both in
vitro and jin vivo was found to be well fitted by a single exponential
process. Davis et al. (1986) used His-to-Ventricular conduction interval (HV
interval) as well as QRS duration as indicators of ventricular conduction time

to study the use dependent effects of lidocaine on ventricular conduction [n

vivo. They reported that lidocaine produced a rate- and dose-dependent

prolongation of both HV interval and QRS duration. The two parameters were
qualitatively changed in the same direction, although the former is a morc
accurate measure of conduction time in the His-Purkinje system. The time
constant reported for lidocaine from their study was similar to the previously
reported time constant of recovery from lidocaine induced depression of Vmux

(Hondeghem & Katzung, 1980; Courtney, 1980; Oshita et al., 1980, Grant et al.,
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1980; Campbell, 1983, Varro et al., 1985; Nattel, 1987a) in vitro. The steady
state effects of lidocaine on HV interval were markedly enhanced, and the
recovery time constant increased by five fold during acidosis, consistent with
in vitre findings by Grant et al. (1980). Bajaj et al. (1987) evaluated the
frequency- and orientation- dependent actions of two other class I
antiarrhythmic drugs, mexilitine and quinidine, both alone and in combination,
on intraventricular conduction in vivo. Mexiletine induced frequency dependent
increases in conduction time at cycle lengths of 600 msec or less, and these
changes were significantly greater in orientations along myocardial fibers.
(uinidine, on the other hand, increased the conduction time at all cycle
lengths tested (250 to 1500 msec) without a significant orientation dependent
¢ffect The time constant for recovery from frequency dependent conduction
slowing by mexiletine was 223 * 23 msec, in agreement with the time constant
obtained in_ vitro (Varro et al., 1985), while recovery from frequency
dependent conduction depression by quinidine was incomplete over the mean
pauses obtainable in their in viveo study, indicating a long recovery time
constant for quinidine. The time course of recovery in the presence of both
drugs was shown to be made up of a faster mexiletine component and a slower
quinidine one fitted by a biexponential function.

Antiarrnythmic drug effects on conduction have also been shown to be
qualitatively frequency dependent in man (Morady et al., 1985; Gang et al.,
1985) Mor.:dy et al. (1985) demonstrated the rate dependent effects of
intravenous lidocaine, procainamide and amiodarone on intraventricular

conduction in patients. Similar results were obtained by Gang et al. (198S)

for procainamide.

4.2.2 Blochemical studies

Recently, Sheldon et al. applied the concept of neurotoxin binding on
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nerve sodium channels to cardiac tissue and demonstrated that there is aleo a
[3H]BTXB (Batrachotoxin benzoate, an analogue of BTX) binding site 1n 1at
cardiac myocytes (Sheldon et al., 1986). Similar to the studies in netve, they
(Sheldon et al., 1987) showed that class I antiarrhythmic durupgs competitively
inhibited the [3H]BTXB binding on rat myocyte sodium channels and block
[3H]BTXB-induced sodium activation through an alloesteric mechantem 1t was
demonstrated that the inhibition by antiarrhythmic drugs of (3H]BTXB binding,

is saturable, reversible, and stereospecific and occurs at pharmacologically

relevant concentrations, with similar rank orders of potency as 1cported foy

in vivo and in vitro electrophysiological studies. These vesults furthe:
confirm one assumption of the modulated receptor hypothesis- that the binding,
of antiarrhythmic drugs to a common receptor site results 11 then

pharmacological activity

5. Basis of the generation of the current hypothesis

5.1 Quantification of frequency dependent effects of antiarrhythmic drugs

Antiarchythmic drugs have been shown to alter «sodium «hannel
availability in a frequency dependent manner. These observat ions have heen
incorporated into two important molecular models describing antiarrhythmic
drug action, one explaining frequency dependence on the basre of  the
relationship between drug affinity and sodium channel «tate (Hondephem &
Katzung, 1977), and the other relating frequency-dependenre to changing diag
access to a constant affinity receptor (Starmer et al., 1984) While thod
models have important clinical implications (Hondeghem & Katzung, 19d4), the
nature and significance of these models remain to be fully clucidated To
establish the clinical relevance of these models requires the demonotration

that antiarrhythmic drug effects on conduction in vivo have a time dependeney
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that is quantitatively predictable from the interval dependence of effects on

Vipax invitro
Quantitative analysis of sodium channel blockers (Nattel, 1985; Davis et
al., 1986, Bajaj et al., 1987) and calcium channel blockers (Talajic & Nattel,

1986) has shown that their kinetics of action on conduction in vivo are

similar to previously studied kinetics for blockade of the corresponding

inward currents (Uehara & Hume et al., 1985) or their indices (vmax) in vitroe
(Nattel, 1985, Chen et al., 1975; Varro et al., 1985; Nattel, 1987a). No
theoretical models have provided a basis to explain the quantitative
relationship between drug effects on conduction velocity and the recovery time
interval So far, all the quantitative studies of antiarrhythmic drug kinetics
in_ vivo have empirically used first-crder kinetic models to evaluate
time-dependent recovery from drug effects on conduction, in analogy to in

vitro observations showing a first order recovery from drug effects on vmax

and INa

5.2. Controversy existing Iin current studies

The relationship between measures of phase 0 sodium inward current and
conduction velocity is not totally wunderstood. Approximate solutions of
cquations describing propagation in one-dimensional cable suggest a linear
or INa (normalized to Cf, the foot capacitance of

relationship between Viax

the action potential) and the square of conduction velocity in fast channel
tissue (Hunter et &al., 1975; Walton & Fezzard, 1983). This nonlinear
relationship between Omax and conduction velocity has been demonstrated in
vitro in canine Purkinje fibers (Nattel, 1987a) and guinea pig myocardium
(Buchanan et ai , 1985) for the effects of a number of class I antiarrhythmic
drugs If recovery from drug-induced changes in phase O current is first

order, and changes in conduction velocity are proportional to the square root
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conduction slowing would not be expected. This raises the question of why
there has been good agreement between first-order analysis and measurements of

interval-dependent conduction slowing in vivo.

6. Goal of the present studies

Nattel (1987b) developed a mathematical model which predicts the
recovery of drug-induced conduction changes assuming a lincar relationship
between drug-induced alterations in measures of phase 0 inward current and the
square of conduction velocity, and accommodating a quantitative analysis of
interval dependent effects of antiarrhythmic drugs o conduction in vive. The
model was originally derived using Qmax as an indicator of phase 0 sodium
current, but total phase 0 sodium current, normalized by the capacitance of
the foot of the action potential (Jy,/Cf), could be used equally well. The
model predicts that the time-dependent recovery of diug-induced conduction
slowing will fit a first order approximation a4t lesser magnitudes ol drup
effect, but will increasingly deviate from the tirst-order relationship as
drug effects increases. These predictions have been tested quantitatively and
been found to hold for the effects of lidocaine on conduction In canine
Purkinje fiber false tendon in vitro (Nattel 1987b).

The purpose of the present studies is to test critically the abitity ol
the model, incorporating a linear relationship between 1y, or de, and the
square of conduction velocity, to account for the time-dependent recovery from
antiarrhythmic drug effects on conduction in_vive. The mathcaatical model can
only be critically tested if most of the recovery process can bhe observed We
therefore selected procainamide as the antiarrhythmic drug for evaluation,

because its recovery time constant (Varro et al., 1985, Nattel, 19874,

Courtney, 1980; Sada et al., 1979; Ehring et al , 1988) i~ .uftficient <hort
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for nearly complete recovery to occur over pause durations attainable jin viwve.
We avoided drugs with more rapid recovery kinetics than procainamide because
of the consequent difficulty we anticipated in differentiating between early
diastolic drug unbinding and recovery from voltage-dependent (phase 3) block.
The  model describes drug effects on conduction in terms of changes in
conduction time, and is valid as long as the conduction pathway remains
constant  In initial experiments, we used total QRS duration as the simplest
aviailable measure of ventricular conduction time. Subsequently, epicardial
activation mapping using computer-based analysis of simultaneously acquired

electropgrams from 56 epicardial locations was used to further test the model.
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Methods

1. General methods

Mongrel dogs of either sex weighing 7-15 kg were anesthetized with
morphine (2 mg/kg im.) and alphachloralose (100 mg/kg iv) Small dogs were
selected in order te facilitate the production of atrioventricular (AV) block
by injecting formalin as previously described (Nattel 1985). All dogs were
ventilated via an endotracheal tube at a rate of 10/min with a tidal volume
obtained from a nomogram. Catheters were inserted into the left femoral artery
and both femoral veins and kept patent by heparinized saline solution (0.9%)
Arterial blood gases were measvred to ensure adequate oxygenation (Sa0,"904%)
and physiological pH (7.38-7.45). A right thoracotomy was periformed in the
third intercostal space and a pericardial cradle created

A bipolar, Teflon coated, stainless steel electrode was inserted into
the right wventricle. Constant current pacing stimuli were delivered by o
programmable stimulator and # stimulus isolator using 4 msec square-wave pulse

at twice diastolic threshold

2. Production of atrioventricular (AV) block

In order to control and evaluate the ventricular rhythm over a wide

range of pacing frequencies, it 1is imperative to induce complete
atrioventricular (AV) block to prevent the pacemaker influence from the %A
node. Complete AV block was produced by the injection of small quantitics
(average 0.15 ml) of formalin directly into the AV node region using the

method of Steiner and Kovalic (1968).
A standard right thoracotomy was made through the third intercostal
space to expose the region of the superior vena cava, right atrium, and root

of the aorta. A tissue clamp was used to retract the right atrial appendape to
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axpose the groove between the right atrium and the aortic root. This provides
a4 useful approach to the bundle of His which lies superficial and can be reach
by passing a needle only a few millimeters into the myocardium. A 25-gauge
hypodermic needle of 1.5 ecm length was bent approximately 60° at the base and
attached to a 1 ml syringe filled with 40% formaldehyde. The needle was
inserted into the atrial tissue at the groove between the right atrium and
aorta and directed parallel to the aorta inferiorly and dorsally to a depth of
05 to 1 cm. As the needle was advanced, aspiration was carried out to
preclude entry into the atrial cavity. If no blood could be aspirated, 0.1 ml
of 40% formaldehyde was injected and the needle withdrawn.

Throughout the procedure, the electrocardiogram was monitored. If AV
block was not observed within 2 min, or blood was withdrawn during aspiration,
the procedure was repeated Experiments with more than five injectiomns of
formialdehyde were rejected for analysis. Immediately after AV block was
produced, artificial pacing was performed. The right ventricle was paced at a

frequency at 1 Hz, except when specific pacing protocols were used to evaluate

f requency-dependent drug action

3 Data recording

3 1 ECG recording

A Mingograf paper record (Siemens, Can., Ltd.) was used to monitor the
s1n standard surface electrocardiographic recordings, arterial pressure and

stimulus artifacts Electrocardiographic recordings were obtained at 250

. sec paper speed

3.2 Activation mapping

An array of 56 bipolar electrodes with 2 mm interpolar distance in a
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mesh sock (Bard Electrophysiology Inc., Billerica, Mass ) was applied to the
heart. A bank of operational amplifiers was used to amplify and filter euach
signal with a bandpass of 30 to 400 Hz. The signals were digiticed with 1. bit
resolution and a 1 kHz sampling rate, and transmitted yvia duplex tiber optic

cables into a Compaq 286 microcomputer (Compagq Computer Corp , Housuten,

Texas). Software routines were used to amplify, display, and analyse cach

electrogram signal, as well as to generate maps showing activatica times af
each electrode site. Interpolation techniques were used to piroduce i1sochione
maps of epicardial activation, but only measured activation times (not
interpolated data) were used for quantitative analysis. Each clectropram was
analyzed using computer-determined peak amplitude criteria (Kramer ct al,,
1985), and was reviewed manually to exclude low-amplitude «ipnale with
indiscrete electrograms Activation time was expressed relative to a ostandard

surface ECG reference point. For each test interval an 8 sccond window of data

was acquired, timed to include the complex resulting from the te .t stimulug
and (whenever possible) the last complex of the basic tramn ‘The data was
stored temporarily on a hard disk, and later down-loaded on hiph denuity (12
Mbyte) diskettes for subsequent analysis Electrogram review and map
generation was performed off line after the completion of ecach coperimont

Hard copy of isochrone maps and activation times for each test activation wa,
obtained using an IBM inkjet printer, and data from each map wao alvo wuved
on high density diskette., Hardware and software for the mapping oystem were
obtained from Biomedical Instrumentation Inc., Markham, Ontario, Catadd

The stimulating electrode was positioned adjacent to a right ventri<ular

epicardial electrode. Conduction time to each surface electrode o1te wan
calculated as thc difference between the activation time at the oprcardial
site adjacent to the stimulating electrode and the activation time ot each

surface site. Constancy of the activation pattern was cvaluatcd in two ways:

by




f1, by observing the pattern of isochronal activation (qualitatively); and
subsequently (2) by comparing the relative conduction time to wach electrode
site Quantitative analysis of the latter was obtained by normalizing the
conduction time at each electrode site to the conduction time at the site of
latest activation. This provides a numerical index of the relative time of
dactivation at each point on the epicardial surface, which should remain
constant for different complexes if the activation pattern is unchanged. For
beats displaying varying degrees of drug-induced conduction slowing, a
constant pattern of activation would be reflected by unchanging relative

activation times at each electrode site.

4. Experimental procedure

4 1 Evaluaticn of frequency dependence

Steady state drug effects on QRS duration and JT interval were
determined after at least 30 seconds of continuous pacing at selected basic
cvele lengths between 300 msec and 2000 msec. The interval dependence of drug
eftects on QRS duration and ventricular activation times was evaluated by
stimulating the ventricles at a basic cycle length (slsl) of 300 msec and
applying test pauses (S;S, interval) of selected auration. A basic train of 40
stimull was used to ensure constant steady state block prior to the test
tnterval - The activation resulting from the S, was recorded at 250 mm/sec
paper speed 1n experiments using QRS duration as an index of overall

conduction time
4 2 Experiment protocol
Changes in QRS duration and JT interval over a range of basic cycle

lengths, and alterations in QRS duration and activation time as a function of
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S1S coupling intervals, were measured under control conditions Loading and
maintenance dose infusion regimens were then applied to produce a seiies ot
stable, selected concentrations for procainamide Procainamide was the drup
chosen for this study because its in_ vitro recovery time constant i-
approximately 2.6 sec (Courtney, 1980), allowing us to observe almost complete
recovery from frequency-dependent sodium channel blockade within the maximal
pause range obtainable (generally 4-8 sec), and to avoid contamination {rom
voltage dependent phase 3 block. The locading and maintenance infusion iregimen-
that we used are summarized i1n Table 1. Doses were selected to produce <tuble
drug concentrations which would create a range of drug-induced QRS
prolongation of 25-75% at a basic cycle lenpth of 300 w.e

Flectrophysiological studies were begun 20 minutes after the onaet of cach

maintenance infusion. The time course of recovery from drug-induced conduct ton
slowing was then evaluated, wusing the same protocol as under control
conditions. Blood samples for procainamide concentration measulcments we i
drawn prior to and after electrophysiological studies to confiim the <tuability
of drug concentrations during each drug infusion Plasma  procatnamide
concentration was measured by reverse-phase high performance Frgqurd

chromatography (HPLC).

5. Data analysis

5.1 Mathematlical model

The mathematical model was developed with the following two avoumption,
The first assumption is theoretically based on the analysis of cable
properties (Hunter et al., 1975; Walton & Fozzard, 1983) as crsperimentally
confirmed in vitro (Walton & Fozzard, 1983, Buchanan et al , 1945; Hattel,

1987a), and the second one is predicted by the modulated receptor hyzpotheo .
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(Hondeghem & Katzung, 1977) and verified by a vast number of in_wvitro
observations (Chen et al., 1979; Grant et al., 1980; Varro et al., 1985;
Nattel, 1987)

(1) A proportional relationship between the peak inward ionic current or
{]max' and the square of conduction velocity (CV).

(2) First order recovery of drug-induced changes in I . .., or vmax‘

[t I is used to represent I . ,.q or "]max’ then the following equations will

apply
Ia (CV)2 (1)
d (delta 1) = k (delta I) (2)
dt
Where (delta I) = normalized drug-induced reduction from controel in the
measured index of phase 0 current at recovery time t, for instance, delta

I-(IC-IC)/IC, and k 1is the rate constant characterizing the first order
process  With the further definition that CT = L/CV, where CT = conduction
time between two points under analysis and L = path 1length, the above
equations can be combined as previously shown (Nattel, 1987b), resulting in a

ditferential equation of the Lform:

d (delta CT) = k . (CT) (CT + CTe) . (delta CT) (3)
de 2 (CTe) 2

Where CT = conduction time at time t, C’I‘C = control conduction time, (delta
CT) = (CT - CTe)/CT, (i.e. drug-induced relative change in conduction time at
recovery tume t), t = recovery time and k = recovery rate constant as defined
above  The above equation (3) can be rearranged as:
d (delta CT) =k . (1 + (delta CT)) . (2 + (delta CT)) . (delta CT) (4)
de 2
This equation (4) implies that the rate of change in drug-induced

conduction slowing is solely determined by the instantaneous magnitude of drug
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effects on conduction (delta CT) and the ratc constant (k) for changes in the
of sodium current. For small magnitude of drug effect, (delta CT) tends to 0
and changes in conduction time should approximate a first-order function with
rate constant k. For large changes in conduction time, the curve relating
(delta CT) to recovery time interval should deviate increasingly trom the
terminal exponential as conduction time increases Figure 1 shows a series of
recovery curves for a range of procainamide concentrations predicted by the
quadratic model. On a logarithmic scale, the terminal portion of the curve te
linear, and deviations from linearity become evident as drug-induced
conduction slowing exceeds 20%. The terminal linear portion of the lop plot,
which was fitted by linear least-squares regression (dashed lines), has a
slope (as predicted by the model and shown in the figure) equal to the rate

constant (k) for changes in I Other specific predictions of the

total

quadratic model regarding model logarithmic plots of delta CT apainst coupling

interval include: (1) the slope of the terminal Llinear portion should bhe
indepeendent of drug dose and the magnitude of drug action; (2?2} the
nonlinearity of the owverall curve should be more apparent for doues of the
drug producing larger effects; and (3) the coupling interval at which

nonlinearity appears should be greater for larger doses

The model was originelly developed (Nattel, 1987b) using \./m.u RN T
index of sodium current in equations (1) and (?) This was done because of i
theoretical (Walton & Fozzard, 1983) and experimental (Walton & Foszard, 1UR
Buchanan et al., 1985; Nattel, 1987a) evidence suggesting that, at Jeast whin
varied by antiarrhythmic drugs, \}max a (CV)? (equation la) and the lape

amount of experimental work sugpgesting that

d (delta Vmax) = k(delta anx) (equat ion 2a)

dt

for a host of sodium channel blocking drugs (for reviews sec Hondephem %
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FIGURE 1- Expected recovery of procainamide-induced conduction changes if
conduction velocity 1is proportional to the square root of phase 0 sodium
current, based on the mathematical model described in the text

A recovery time constant of 2 sec (rate constant = 0.5 sec'l) was
assumed, and curves calculated (solid lines) for drug concentrations producing
I, 2, and 3% conduction time 1ncreases at a coupling interval of 5 seconds.
Drug-1nduced increases in conduction time normalized to control conduction
time (uCT/CT,) are plotted logarithmically against the coupling interval. CT,
represents the conduction time at the longest coupling interval studied (in
thi1s case, CT0=CTC), and dCTm(CT—CTO). The terminal portion of each curve was
titted by linear least-square regression (dashed lines). The slopes of the

trtted lines are O 54, 0 54, and 0 55 sec’l respectively, and the correlation

coetficients of the lines are all 0.998.
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Yatzung, 1977; 1984; Grant et al., 1984). There is thus strong theoretical and
esperimental support for the validity of equations (1) and {(2) when formulated

in terms of \‘/max (as in equations la and 2a), and equations (3) and (4) should
follow While there is dispute about the relationship between vmax and phase O
codium current (INa) (Cohen et al., 1984), the wvalidity of the model depends
on the correctness of assumptions (1) and (2), and not necessarily on the
telat1onship between the index of sodium current used (vmax) and INa (phase 0

sodium current). In any case, the model could be derived in an identical

fashion if we assume that I....1 1s primarily composed of Iya @t the time of

V. (londeghen, 1978)- Iy, a CV2 (1b)
and d (delta INa) = k(delta INa) (2b)
dt

Walton and Fozzard (1983) as well as Arnsdorf (1984) have provided evidence
that ’Nl (we assume Itotal = INa’ see Discussion) normalized to the
capacitance of the foot of the action potential is linearly related to the
square of conduction velocity, and while observations of the kinetics of
anttarrhythmie drug action on Iy, are very limited, Bean et al. (1983) and
Sanchers-Chapula et al (1983) have shown first order recovery of INa in
voltage-clamp rabbit Purkinje fibers and rat single ventricular cells,
tenpectively  Using equations (lb) and (2b), equations (3) and (4) can be

derrved in an identical fashion.

5.7 Comparison between experimental results and the mathematical model

In experiments evaluating QRS duration, the QRS duration resulting from
a test otimulus (S?_) with a selected slsz coupling interval was recorded at
JH0 mm/sec paper speed. QRS duration was used as an indicator of total
ventricular activation time, and drug-induced changes in QRS duration of the

complen resulting from S, were studied as a function of 5159 coupling
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interval. Measurements of QRS duration were made from a point at the tuist
rapid voltage deflection to the last rapid deflection Corresponding points
were used for QRS duration measurement of all the QRS complex at cach druy
concentration. The QRS duration of the complex resulting from the last §; of
the basic train was measured to assure a constant level of drug-induced block
prior to the test pulse (52). The QRS resulting from the last 51 of the bacie
train was constant for each drug infusion, with a standard deviation for all
test runs averaging 3 0  1.3% of the mean value. If changes in QRS morvphology
were observed, the experiment was rejected.

When epicardial mapping was applied, values from the first and last
electrode sites to be activated were used for evaluation of the model
Conduction time were calculated for each activation from the difference
between the earliest epicardial activation time (at the site next to the
stimulating electrode) and the activation time at the last excited site All
analyses for a given infusion were performed using data from the same
electrodes, and all electrograms were reviewed to assure that corresponding
points on the local electrograms were identified by the computer algorithm to
define local activation. QRS duration measurements were accurate to t 2 musec,
and activation time measurements to * 0 5 msec

The experimental recovery curves relating drug-induced changes 1n ORS
duration and epicardial activation time to 545, coupling interval were
analyzed in two ways: -

(1) Changes in QRS duration and conduction time were plotted on
log-linear scale as a function of coupling interval, as in Figure 1 According,
to the mathematical model, and as illustrated in Figure 1, the terminal
portion of each log-linear plot should be parallel with a slope equal to the
rate constant (k) for sodium channel depression. In addition, other specific

predictions include: (1) the terminal slope should be independent of dose, (7
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the non-lincarity of the overall curve should become more apparent with
Jarpest doses that produce increasing maguitude of drug effect; (3) the
coupling interval at which deviation from the terminal line becomes obvious
should increase with incieasing drug dose

(2) Curve-fitting techniques were developed to fit recovery data to the
quadrat.ic model and to a simple exponential relationship. The instantaneous
<lope of the curve predicted by the quadratic model (eq &) is determined by
the rate constant k and the magnitude of drug-induced conduction slowing
(delta  €T) at  that time The entire recovery curve can therefore be
characterized by k and a single value of delta CT at a given coupling interval
(t,) Any exponential curve can similarly be characterized by the equation

delta €T, (delta CTy, c‘ktx) e'kt where delta CT( is the drug induced

H

t

conduct ion sfowing (delta CT) at a specific time tos and delta CTy 1s delta CT
at any  tame t Thus, both the quadratic model and exponential curves are
determined by  the same three varibles - the rate constant (k) and the
magnitude of drug effect (delta CT) at a single time point t

We wiote soltware routines in BASIC (see Appendix) and executed them on
an IBM AT compatible computer (10 MHz clock) to generate curves using either
the quadratic or exponential model fcr any values of k, delta CT,, and t,. The
abilbity  of anv quadratic model or exponential curve to fit a set of
experimental data was determined by the sum of squared deviations (SS) of
espetimental points from the putative cvrve. The program stepped through a
vrange of values of k and delta CT,, using step sizes of 0.01 sec™ ! for k and
G001 for delta €T Since t, can be any point in the recovery process, it was
sot at the longest coupling interval studied in each experiment. Thus, the
cottesponding T would equal CT, (CTX=CTO), the drug-induced conduction
slowing, at the longest coupling interval studied, and delta CT represents

u"l‘—\‘.l‘n\. The curve with least sum of squared deviations (LSS) represented the
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best-fit quadratic model or exponential curwve for that seot of data (Sachs,
1984). A nested design was used to test all delta T values tor cach value of
k, and a range of values was selected for testing such that at least two
values of delta CT, and twe of k above and below those ot the best-fit curve
had a SS larger than the LSS curve

Inspection of equation 4 and 1 suggests that an evponential it should
provide a reasonable approximation to data that perfectly obeyed the quadratae
model., Figure 2 shows the best-fit regression line to a log linecar plot ot
set of points generated by the mathematical model, as well as the beul
monoexponential curve fit to a linear plot of the same data (using the method
described above). While it 1is clear that the theoretical porntys are not
perfectly described by a first order (log-lincar or monvexponential)
relationship, the deviation from the first order behavior 1o qubtlie and casialy
masked by experimental error Our comparison between the model and the friat
order approximation was therefore based on a nonparametiie  statistical
comparison between the LSS of the best-fit quadratic model cuwives  and
exponential curves determined in the same way using the came determining
variables and the same set of data in each experiment A signifircantly loeooe
LSS should indicate superiority of a given model in deseribing the obuerved

results.

5.3 Statistical methods

Group data are presented as mean % SD  Comparicon botween group means
were made by two-way analysis of variance with Schetfc’s oot (Sachy, 1984,
The frequency dependence of steady state drup, cffccte wan cvaluated by two way
analysis of variance with an F test for interaction (Sache, 1984)  Ltudent's

t-test was used for analysis when only two groups of rcoults worce compaired

(Sachs, 1984). A two-tailed probability uf less than 5% wae taken to andicate



FIGURE 2. Approximation of theoretical behavior by a first order model

Open clrcles represent recovery curves assuming the behavior described
by the mathematical model The solid lines show the best first-order fit by
linear regression of the log-linear plot (top) or by non-linear least squares
regression to the aritimetic plot (bottom). CT, represents the conduction time
at the longest coupling interval studied (in this case, CT0=CTC), and
dCTCT-CT ) While the fits are clearly imperfect, the deviations of
theoretical data from the first-order approximation are subtle. Experimental
data resulting from behavior described by the mathematical model wonuld

therefore be expected to be reasonably fitted to a first order relationship,

aithouph agreement should be better with curve fits based on the equations

deseribed in the text
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Results

1. Frequency-dependent effects of procainamide on QRS duration and

repolarization

gur loading and maintenance dose regimen produced stable procainamide

concentrations (Table 1). No measurable concentrations of N-acetyl
procatnamde were detected. Procainamide increased QRS duration in a frequency
and concentration dependent fashion (Figure 3, table 2). Drug-induced changes
i GRS diwnation were a monotonic function of basic cycle length, and were
tncre ined an oaverage of 3-fold by increasing ventricular activation frequency
frowm 30 to 200/min (Figure 3). In contrast, the JT interval was noi

wrpnrficant ly altered by procainamide at any drug concentration or pacing

froguaency (Table 2)

2 Interval dependent changes in QRS duratjicn and conduction time

Lbnder control condition, QRS duration was increased over a narrow range
of coupling 1ntetvals (averaging 50 msec) just beyond the effective refractory
porrod  Over o wide range of coupling intervals, ranging rrom 211 * 46 msec co
buob b0 oo, QFs duration was constant and equal to the QRS duration at rhe
byore onvdde ]l'll\i',‘\}l

In the presence of procainamide, changes in coupling interval produced

b tanttal o alterations in QRS duration  As  the coupling interval was

it reanad, the procalnamide-induced conduction changes gradually diminished

et a0 mean mavimal pause interval of 58 + 2.0 sec, the effect i
procatnmide on QRS duration decreased by 85 * 9% with respect to its effect
at the shortest coupling interval.

Changes 1n conduction of the complex initiated by a test stimulus (5,)
depended on the preceding (S1S,)) coupling interval. Figure 4 shows the

55



TABLE 1: Procainamide infusion regimens and resulting plasma concentration-
Loading doses were admlnistered over fitteen minutes  Ihe mareton o
dose was begun immediatelv after completion or Lowdimg int toiton AL o o
in terms of the hvdrochloriae salt, which was aaministered 1o 0 woia ton
isotonic saline Twenty minutes after the end of the maiinteprance dowe, 1 ol
sample (pre-studyv) was obtained for subsequent measurement of pl oo,
procainamide concentration Electrophysiological studies were then pervoor oo
after which a blood sample (post-studv) was obralred tor drue aaoae e o
next loading dose was begun A total of 9 dogs werce otudied for the
of the frequency-dependence of GRS duration, with data wrarlabie trom e

in & dose 2 in 5, and dose 3 in 5
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TABLE 1

S5T0N RECLUENS AND RESULTING

PLAS!HA CO

TRATIONS

Lol G DOSE

HAINTENANCE DOSE

PLAS!{A CONCENTRATIONS (mg,/L)

Pre-studv Post-study
S ome, b 12 mg,/ kg /kour 375 14 6 31 5% 14.5
50 my, dun 2% mg ‘kg/hour 68 2 * 14 4 60 2 £ 11 @
S0 me Wy 43 rg, kgshour 98 5 + 15 8 118 2 + 43 4
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FIGURE 3: Procainamide-induced QRS prolongation as a function of stecady-state

pacing cycle length (BCL), as determined during maintenance infusion 1, 7, and

3.

For each dose of procainamide, drug-induced increases 1n QRS duration
relative to control values (% delta QRS) are augmented by decreasting the basuie
cycle length (increasing frequency) of activation Aslerishs 1ndicate the

statistical significance of the difference between drupg ecticcts at a prven
basic cvcle length and effects at a basic cycle length of 2000 m:ce during the
same drug infusion, by analysis of variance with a range test  Resqults ar
shown as the mean * standard deviation, from 6 experiment, with intusion ||

and 5 each infusion 2, and 3
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TABLE 2: Changes in QRS duration and JT interval, produced by procommen o

infusion

Abbreviations. BCL Basic cicle length in msec, J1  duratrion t-om n
QRS complex to the end of T wave, F. F value from 1nter action anal '

nt

details, see below), NS' non-significant, CTL control

Results are shown for 6. 5 and 5 expervimernc., with doges | Con
respectively Values for QRS and JT 1intervals snown a: o 10 m.es crl ol

values are represented as mean t SD

a . . - .

P inadicates statistzical sigrificance of the 1nteraction hetuoon crnde dor o
and drug effects analvzed by a two-wav ALOV:. with an b teat for anrer o o
Procainamide significantly increased 9IRS duration !from «oicio el o

at all cycle length and for all doses JT intorvar wa, e o0

altered by any procainamide Infusion a«f any cveie jeng
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TABLE 2

AD JT INTERVAL PRODUCED BY PROCAINAMIDE INFUSION

NRS DURATION (msec)

et i 50N 700 1600 2000
L DPUG. CTL DRUG CTL DRUG CTL DRUG CTL DRUG F . a
L 27 SURS 67 79 68 78 70 75 319 2 0+10°8
Plao 421 #1721 £16 420 #1720 +le  +1Q
2
Lo e by 38  6a 85 64 81 65 77 77 1 2¢10°°
FIT40% k1A kDL #17 423  £10 #20  +18 £22
Do io0 on 1LY b8 94 KK 92 66 89 67 82 327 1 6%10°7
E15 426kl 427 414 #04 %16 #23 +16 21
JT INTERVAL (msec)
e AN 500 700 10006 2000
CPLOODRIG CTL DRUG CTL DRUG CTL DRUG CTL DRUG Fy . a
" 11 Lt 154 168 176 184 196 210 209 227 2.0 NS
POy F P31 4.0 #£27 +46 +43 £39 +61  #80
Pose 0 1et 1y led 178 185 184 204 222 224 237 1 019 NS
CnbLo 4330 #2000 #3500 430 441 #4356 57
Posto s 1.8 lew 185 191 209 212 229 228 272 2.5 NS
fleof3h 10 #3g 0 #34 #48 #3035 53 99




relationship between coupling interval and the logarithm of changes in QRS
duration in a representative experiment. For all doses, points showing a QRS
or conduction time increase less than 20% were well fitted bv a sumple
log-linear relationship For points showing greater magnitudes of effect,
experimental values deviated increasingly from the terminal log-linca:
relationship The coupling interval at which deviation from the terminal line
was noted was substantially greater for infusions producing a greate:
magnitude of drug effect. The terminal log-linear fit resulted in measured
time constants which were independent of dose, and averaged 2.10 t+ 1 00 oo
for dose 1, 2.04 £ 0.58 sec for dose 2 and 2.33 #* 0.42 sec for dose ]

Changes in QRS duration and conduction time were well-fitted bv the
mathematical model. For all experiments, the model curve fitted the data
better than a monoexponential analysis, as illustrated in Fipure % As
predicted by the theoretical considerations tllustrated in Figure 2, the
difference between model and exponential fits were subtle, including an
underestimate by the exponential fit at the shortest and longest coupling
intervals, and an overestimate for intermediate values The sum of squares was
significantly less for the mathematical model (Table 3), indicating a bertes
fit of the experimental data. The rate and time constants from the terminal
linear portion of the log (delta CT>'3152 curve were similar to values

obtained from the model fit, but were significantly different from valuc.

obrained by a monoexponential analysis
3. Analysis of conduction pattern
3.1 Qualitative analysis
Under control conditions, both activation time and pattern rematned

unchanged over a wide range of 5;S, intervals tested In the presence of
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FIGURE 4 Recovery of procainamide-induced conduction slowing at two
steady-state plasma concentrations (open symbols) during a representative
experiment.

Increase in QRS duration produced by procainamide (dQRS) are normalized
to control QRS duration (dQRS/QRSO) and plotted logarithmically as function of
the $;S, recovery interval for each test pulse. For test responses showing
<20% conduction slowing, there is a log-linear relationship with recovery
time As conduction times slow further, they deviate increasingly from the
terminal linear relationship Increasing drug concentration displaces the
recovery curve upwards {(to greater magnitudes of drug effect), make the
nonlinearity of the recovery curve more obvious, and shifts the point at which
nonlinear behavior becomes manifest to longer coupling intervals In this
experiment, deviation from linearity occurred at coupling intervals of 500 and
1000 msec at the lower and higher drug concentration, respectively. The slope
ot the terminal linear relationship indicates the recovery rate constant,

accotrding to the mathematical model (for details see text), and should be

tndependent of concentration
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FIGURE 5. Examples of curve-fitting to conduction time measurements from a
representative experiment using the mathematical model (left) and a simple
monoexponential relationship (right).

The techniques for determining the best-fit curve were identical for
both curve-fitting approaches (see Metheds section), and conduction time was
measured by epicardial activation mapping CT, represents the conduction time
at the longest coupling interval studied, and dCT=(CT-CT,). While the
ditferences between the Ffits are subtle, in all cases the model fitted the
caperiment al data better as indicated by a smaller sum of squared deviations
ot euwperimental data from the best-fit curve. In this axperiment, the least
sum of squared deviations was 0.0051 for the model fit compared to O 0093 for

the esvponential fit

61



(088) ZSLS

Li4 TIVILNINOJX3

(98s) 7S!1S

G "Old

114 T3dON

-¢°0

-¢°0

010/1o P



recovery from procainamide-induced block

abbresiations k+ the kinetic rate constant of procainamide (for definition
vee Morhods s, 1+ time constant of recovery from procainamide-induced block,
5’ sum of squares of differences of experimental data from model or

v ponentral curve 1t at the same coupling interval. (A smaller sum of the

Giptares Indicates a better curve fit to the observed results).

L.oneir termiral porsion of curve relating the logarithm of changes in QRS
diratoon or ennduction time to coupling interval (see Figure 1). According to
trr mathematical model (see taxt), the slope of this line should equal the

rite constant for changes in phase 0 sodium current

Besr-fit curves to the mathemactical model described in the Methods section
s a monvet:ponential relationsnip were obtained using iteration and

aned

curcriny, frtoing techniques as described in detail i1n Methods.

Eope 0 Uy, A pu0 0L, #+% pd0 001, for differences comparing exponential fit
tesults to values obtarned either from the terminal linear portion of the log
(deeler CTY - 5,55 curve or the model fit, results for k and t obtained from

the terminal l.one ana model curves were not significancly different from each

afrier

<~ 14

"irues for ko oand v were compared by analysis of variance with a multiple range
tent, while the sum of squares for the model was compared to the sum of

wptaves for the exponential fit by paired t-test. Results shown are for 9

Fopevuments  studving QRS duration, and 5 additional experiments studving

entcardral activation



TABLE 3

KINETIC CHARACTERISTICS OF RECOVERY FROM PROCAINAMIDE-INDUCTD BLOCK

k (/sec) T (sec) Ss
a. Results using QRS duration as an indicator of conduction time 117 dosy
Terminal line? -0 49 2 24
+0 16 +0 65
Model fitP -0 51 2 14 0027
0 17 +0 54 30 02n
Exponencial fitP -0 6ok 1 ok 0034«
+0 17 *0 37 +) 032

b Results using conduction time frcm epicardial mapping in 5 does

Terminal line? -0 64 1 63
+0 14 +0 36

Model ficP -0 64 1.3 0 0044
+0 11 +0 25 +0 0021

Exponential fit? -0 82k 1 b 00072«
+0 16 +0 21 +0 0037




procainagmide, activation times were dependent on the preceding coupling

interval, but overall conduction pattern remained unchanged Figure 6 shows

the s1milarity of isochrone maps in a representative experiment at a basic
cyele length of 300 msec (both control and procainamide), after a 6 second
pause (control), and after a 4 5 sec pause (procainamide) which was sufficient
to allow for wvirtually complete recovery of drug-induced sodium channel block

i the presence of procainamide At the basic cycle length of 300 msec,
rctivation was clearly slowed by procainamide, but the overall pattern of

dctivation resembled that under control conditions.

3 2 Quantitative analysis
The results of quintitative analysis of activation pattern are
tllustrated in Figure 7 The relative time during a complex at which each site

1o activated 14 determined by dividing the conduction time to that site

tcateulated as the difference between the activation time at this site and the

carliest activation time) by the overall conduction time for the complex

coalculated as the difference between the earliest and the latest activation

N

Result., tor a beat during steady state drug effect (at a cycle length

taanet

at 00 msecy are then compared to results for a beat showing maximum recovery.
It the activation patterns of the two beats are equivalent, each site should
bhe activated at the same relative conduction time for either compliex, and
tesultimey points should fall along the -line of identity as shown in Figure /
tor a4 representdtive experiment For five experiments using activation

mapping,, simllar results were obtained The regression lines fitting data
plotted as 1n Figure 7 were close to the line of identity an each case, and

had a mean slope of 1.00 * 0.05, an intercept of 0.01 * 0.05, and a

cortelation coefficient of 0.99 + 0,02,
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FIGURE 6: Isochrone activation maps under control condition (left) and fn the
presence of procainamide (right).

The scale of 10-msec isochrone colors is shown at the lett of ecach nap
Electrode positions are shown by the white dots, and the posttions ot the
coronary arteries are shown disgrammatically Results during oteads otar
pacing at a cycle length of 300 msec are shown at the top, and results afcer o

pause of 6 seconds (control) and 4.5 seconds (procalnamide) are at the bottow

Activation patterns were not significantly altered by the pause under contiol
conditions. In the presence of procainamide, there 1o subutintral conduciion
slowing at the basic cycle length (top right), which 1 almost completely
reversed after a 4 S5 sec pause (bottom right) The condiction slowing b

procainamide is uniform, leaving the sequence of activation unchuangd
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FIGURE 7 Relative conduction times to various epicardial electrogram sites in

the presence of procainamide during steady state pacing at a basic cycle

length of 300 msec (BCL 300) , compared to conduction times at the same sites

dtter a 4 sec pause (4 sec).
Relative conduction time was obtained by dividing the conduction time at

+wh L1te by the overall (longest) conduction time This provides an index of

‘he time at which each siLte was activated relative to the total activation

t1me Lach point indicated relative conduction time to a given site at steady
State druy etfect compared to the corresponding value after the pause. During
State paciny procainamide increased overall conduction time by 35%

RETETES

comprete e rersal of drug effect by a 4 sec pause, each site was

“tuall s the same point within the activation sequence This 1s

[T vhed oat vt

b the ¢lose adherence of experimental points to the line of i1dentity

YIS R S

vhoo el L ipe
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4 Analysis of the relationship between QRS measurement and activation mapping

The results obtained using QRS duration as an index of conduction time
we v+ qualitatively similar to results using epicardial activation mapping,
althoupgh  the latter was quantitatively more accurate To analyze the
concordance between these methods, drug-induced increases in conduction time
with corresponding changes in QRS duration in 4 experiments in which both were
measured simultineously were compared. Changes in these two indices were

clarely related (correlation coefficient = 0 95), and fell close to the line

of sdentity (Firpure 8)
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FIGURE 8: Procainamide-induced changes In counduction time measured bhv
epicardial mapping (dCT/CT_,) compared to simultaneously measured changes in
QRS duration (dQRS/QRSO), as determined over a wide range of <oupling

intervals during 4 experiments.

The two indices of drug-induced conduction slowing were closelv aelated
to one another (r=0 95), and the resulting points fall close to the line ot
identity. CT  represents the conduction time at the longest coupling nterv ol

studied, and dCTu(CT—CTO).
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Discussion

The objective of the present studv was to quantitativelv examine the

frequency-dependent effects of procainamide on intraventricular counduction in

vivo, incorporating an underlying thecretical assumption of a linea:
relationship between peak sodium inward current (Iy,) or \'/md,{ and the square
of myocardial conduction wvelocity Changes in conduction wvelocity are
important electrophysiological effects of antiarrhythmic drups, and {ipure

significantly in the antiarrhythmic and arrhythmogenic actions of such
compounds (Zipes, 1984). Local anesthetics are known to decrease cardiac
conduction velocity by reducing phase 0 peak sodium inward current or the
maximum rate of rise of action potential. Since sodirum chanuel block.ade by
antiarrhythmic drugs is rate dependent, drug-induced conduction slowing, should

also be frequency-dependent.

Frequency dependent effects of antiarrhythmic drupgs have 1mportant
clinical implications (Hondeghem & Katzung, 1984) They allow for the
possibility of selectively blocking extrasystoles and other high frequency

arrhythmias while having litctle effect on cardiac tissue at normal heart rate
However, full understanding of the clinical relevance of frequency dependent
properties requires that interval-dependent eftects of anciarrhychmie drug n
vivo be quantitatively predictable from rate dependent drug-induced depres,ant

effects on V.. or Iy, In the current study, we tested the Lnterval
dependent effects of procainamide on parallel changes of ORS5 duration und
conduction time in_vivo in the face of expectations rewulting from the
relationship between conduction velocity and \}max' The present model predicts
1) a first order time dependent recovery from drug-induced chanpes on

conduction time or QRS duration for small drug-induced conduction time changes

(<20%); 2) a consistent. deviation from the terminal log-linear relationsh)p
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berween conduction time or ORS duration and recovery time interval as changes
in counduction time 1increase {>20% Figure 4); 3) deviation from the terminal
log - linear relationship at longer coupling interval as the magnitude of drug
¢ffects increase; 4) the ability of a mathematical model based on the
proportional relationship between \}max or Iy, and the square of conduction
velocity to tit the experimental data (Figure 5); 5) a lesser least sum of
squares, for the model-fitted data compared to monoexponential curve fits
(Table 7)), and 6) the agreement in rate and time constants between
mode]-derived data and results obtained from the terminal log-linear
1 lationship (Table 3) The results from the present study are qualitatively
and quantitatively 1n agreement with these predictions, providing furtherx
evidence for a linear relationship between {]max or Iy, and the square of

conduction velocity 1n vive

Relationship between V .. and Iy,

X

The mathematical model tested i1n the present study involves assumprions

about the relationship between V .., Iy, and conduction velocity. The

relattonship between V. and sodium inward current has been the subject of

proeat debate The use of the maximum rate of rise of the action potential

(Vm 1‘) a4 o measure of the sodium conductance in excitable membrane was first

proposed by Hodgkin and Katz (1949) in nerve tissue. They showed that at the

time of V the total ionic current (Itotal) across the cell membrane is

max'’

directly proportional to vma\ Since Draper and Weidmann (1952) first provided

ovidence that the rapid phase of depolarization of cardiac action potential is
genervated by an increase in sodium conductance (gy,), maximum upstroke

velocotty \Vm 1\) has also been used to characterize the maximum cardiac sodium

chanmel availabrlity (Weidmann, 1955). As \'Imax depends on the total ioniec

curtents dacross the membrane, which consist of sodium inward current, outward
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potassium current triggered upon depolarization and background currents, the

use of Vipax to measure sodium current requires knowledge about the relative

x
magnitudes of the nonsodium currents,
Under normal conditions, the total ionic current in nerve at the time ot

\ consists mainly of sodium current, and Vina

max will predominuantly reptesent

x
INa (Hodgkin & Katz, 1949). However, Conen and Strichartz (19/77) showed that
in situations such as exposure to drugs or conditions that block Iy, and aiten
potassium and leakage currents, mnonsodium currents may contributece
significantly to the total ionic current and affect the validity of \‘Im‘l_\ asoan
accurate measure of sodium inward current in nerve tissue They emploved o
theoretical simulation based on the Hodgkin and Huxley cquations (19%7) and

showed that the use of V.. as a measure ot Iy, could erroneouslv sugpest

X
voltage dependent action of tetrodotoxin on maximum sodium conductance unded
conditions in which nonsodium currents contribute substintially to the total
ionic current (Itotal) (Cohen & ‘“trichartz, 1977) Theretore, Cohen and
Strichartz (1977) concluded that \'Imax is not a valid index of sodium tnward
current (INa) and sodium channel conduc tance (gNd\, at least 1in nerve i e
and possibly also in cardiac tissue. Hondeghem (1978) argucd that the«e
"nerve" results do not bear on the use of vmax as a measure of sodrum 1nward
current in cardiac membrane He stated that, in contrast to the s»itwuation 1n
nerve tissue, the outward potassium current 1s much smaller 1n heart nd
shows inward-going rectificatinn (McAllister et al , 1979) Conwquently, the
potassium current constitutes only a minimal fraction of the total current at
the time of ‘./max' In addition, the other outward currents (epy 1,) activate
very slowly and are largely deactivated at holding potentials negative to 50
mv. As a result, during the upstroke of the cardiac action potential, the only

significant current flowing is sodium current. [t was estimated that Ly,

always comprises at least 98% of the total iomic current at the time of V ..
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(Hondeghem, 1978).

Using the equations and constants based on a model describing
excitation in cardiac ventricular membranes (Beeler & Reuter, 1977y
Hondeghem (1978) developed a computer simulation of cardiac excitation in the
ventricle to determine the relationship between parameters involved in cardiac

conduction. He showed a linear relationship between V and peak sodium

max

inward current (INa), and between vmax and sodium channel conductance (;;Nd)
The same relationship was obtained for the computer simulations in Purkinje
fibers (Walton & Fozzard, 1979) based on the model by McAllister et al
(1975).

These studies stimulated broad discussions about the meaning of \l/max

weasurements. In a reply to Hondeghem’s study, Strichartz and Cohen (1978)

challenged the conclusion of a linear relationship between \ and gy in

max
cardiac tissue. They first performed a computer simulation in nerve tissue,
keeping the potassium outward current and leakage currents at zero Theay
showed that even in the absence of potassium and leakage currents \’lma‘,{ is not

proportional to gy, ln nerve tissue. They concluded that in nerve tissue, the

relationship between ‘.Jm and gy, is not only dependent on the nonsodium

ax
currents, but also on the inherent kinetics of the sodium conductance system
In terms of cardiac tissue, they questioned the computer simulation by
Hondeghem (1977) which is not based on the voltage clamp results, but rather
on assumed kinetics of sodium currents. According to Strichartz and Cohen
(1978), the linear relationship between \-Jmax and gy, reported by Hondephen was
fortuitous and requires conditio.'s that are restricted to special situations
(e.g. assuming a 50-fold ratio of inactivation to activation time constant:
over the rising phase of the action potential). All the studies mentioned <o

far could not be evaluated experimentally because of difficulties in

measuring the large phase 0 sodium inward current and separating it from the
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capac itance current by the voltage clamp techniques then available.
Improvements in methods for measuring Ty, under voltage clamp conditions
have made direct comparison possible (Colatsky & Tsien, 1979; Colatsky, 1980;
Cohen et al., 1981). In 1984, Cohen et al., (1984) studied the maximum
upstroke velocity of action potentials in short rabbit Purkinje fibers, and
compared it teo sodium currents measured under voltage clamp at the temperature
of 17.5 t 1.0°C. It was {found that with sodium channel blockade by
tetiodotoxin or inactivation with steady depolarization, the maximal upstroke
velocity is a nonlinear measure of sodium inward current and available sodium

conductance. V.. is much less sensitive to TTX than is Iy,. They concluded

that the analysis of \.,max can be very misleading and that caution has to be
used  in applying vmax to the quantitative analysis of sodium channel
propertics. However, doubts still exist since the voltage clamp experiments
by Cohen et al. (1984) were performed at unphysiologically low temperature
(1/°C). Moreover, their comparisons between vmax and INa were made at
different holding potentials (more depolarized membrane potential for Iy,) and
different external sodium concentrations (lower external Na for the measure of
IN.l) in order to obtain measurable INa (Hondeghem, 1985; Courtney, 1985). In

v

any case, Voo remains a valuable index of sodium channel availability and the
controversy about the relationship betveen V. and Iy, cannot be resolved

until \‘}nmx and peak sodium current (INa) can be measured under identical
plivsrological conditions, -

Based on cable theory, Walton and Fozzard (1983) utilized three
mathematical models describing uniform conduction in a telegraph cable and
stmulated individual experimental action potential upstrokes. These models
wele originally developed by themselves and by Hunter et al. (1975).

Approximate solutions of the equations generated based on those mathematical

models  (Walton & Fozzird, 1983) suggested that maximal upstroke velocity
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QY is directly proportional to peak inward ionic current (1((“”\

max)

normalized by capacitance (Cg) that is filled during the upstroke (Tiota1 7).

and that conduction velocity was direc.ly related to the square root of eithe

L]

Vmax or It:ot:al/cf'

The development of the present mathematical model involves only two

and/or V that vauvies

requirements: (1) a total ionic current (I max

total)

directly with the square of conduction velocity; and (2) first-order recovery

nd/or \.Ima . For the first of these assumptions

from drug effects on I <

total 2
(1), changes in Vmax produced by antiarrhythmic drugs, including procainami.de,
have been shown empirically to vary with the square of changes in conduction
velocity (Nattel, 1987a; Buchanan et al., 1985). The relationship between

I /Cf and the square of conduction velocity, however, has not been tested

total
empirically. Procainamide does not alter membrane capacitance (Arnsdorf &
Bigger, 1977) and therefore, at least theoretically, Liotal should be
proportional to the square of conduction velocity in the presence ol
procainamide. The second requirement assuming first order reccovery has been

shown for Vma by many investigators (Chen et al , 1979, Gruant et al , 18O,

X
Nattel, 1987a). First order recovery from lidocaine’s effects on sodium 1nward

current (INa) at room temperature has also been shown (Bean et al | 1983,

Sanchez-Chapula et al., 1983). There is thus substantial theoretical and

experimental support for the two assumptions on which the modcl 14 baqed,
whether vmax or Iyiea1 is used as the index of sodium current for developmont
of the mathematical model. One major advantage in using vmnx is that there
are, as discussed above , numerous in vitro studies estimating the time
constant for recovery of procainamide’s effects on Vmax' These can be used for

comparison with values obtained in in_vivo experiments
Although the relationship between vmax and sodium current docs not scem

to play an important role in the assessment of the present model a< discusacd
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above, tle model does, however, rely on the fact that the total ionic current

(I 1) flowing through the membrane is primarily composed of sodium current

tota
(INa) at the time of upstroke of conducted cardiac action potential. The
outward repolarizing potassium current (iy) is turned on slowly and is
relatively small at the time of upstroke The background potassium current
(i.1) also shows inward-going rectification and is thus negligible compared to
the large amount of peak sodium inward current (INa) (Hondeghem, 1985).

Drug- induced changes in passive electrical properties could affect the
relationship between conduction velocity and sodium current. Buchanan et al.
(1985) showed that increasing potassium concentration first speeds, and then
slows conduction velocity, in spite of a consistent decrease in vmax' They
ascribed this deviation from the predicted linear relationship between vmax
and the square of conduction wvelocity to potassium-induced supernormal

conduction. Cable analysis has shown that the passive electrical properties

controlling conduction are little changed by procainamide (Arnsdorf & Bigger,

1977)

Applications of cable theory to the present study

The propagation of the impulse depends on the flow of electric current
along the cardiac muscle fibers from active to resting regions of the heart.
[n some regions such as Purkinje fibers, this process involves flow along a
cvlindrical fiber and only one spatial dimensional is involved. The use of
"cable theory" relies on the fact that cardiac Purkinje fiber can be viewed as
a cvlindrical fiber immersed in a very large volume of conducting solutions
(extracellular fluids), and the propagation of cardiac electrical pulse can be
treated as electrical conduction through a one-dimensional telegraph cable.
Thus, Ohm’'s law and a series of mathematical treatments can be applied to

characterize the relationship among the parameters involved in myocardial
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conduction, and to provide the tbeoretical basis for the mathematical model
tested in this study (Noble, 1979).

Myocardial conduction may be a more complex issue and involves the
multidimensional spread of current over and through a more complex geometrical
network, such as the walls of atria and ventricles. Unlike nerve or skeletal
muscle fibers, cardiac muscle fibers are not composed of single cvlinders
Each fiber is composed of a large number of closely apposed cells, each ol
which is surrounded by a complete envelope of membrane However, there are
regions (the nexuses) at which the membranes come into very close contuact
(McNutt and Weinstein 1973). The anatomical feature of these contact regtons
suggests that they are specialized to allow conduction of 1ons and other small
molecules between cells as verified by Barr et al. (1966)

Sperelakis and MacDonald (1974) have shown a lower longitudinal than
transverse resistivity 1in cat ventricular muscle The present model assumes
that the cardiac fibers are arranged as a bundle of electrically connected
cylindrical cable fibers, with faster conduction longitudinal to fiber
direction compared to conduction transversely. The anisotropic properties of
cardiac muscles and the directionally determined effects of antiarrhythmie
drug action (Sano et al., 1959; Bajaj et al , 1987; Kadish et al , 1986, Spach
et al., 1987) support this assumption The cable equations describing
one-dimensional propagation on which the present model 1s based may Lhu, be

relevant to conduction through the more complex structures in the whole heart

Relationship to previous electrophysiological studies of procainamide

1. Recovery kinetics
The recovery time constants measured for changes in Vmax produced by

procainamide jin_vitro have ranged from about 1 to 4 seconds (Varro et al
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1985, Nattel, 1987a, Courtney, 1980a; Sada et al., 1979; Ehring et al., 1988).
The range of values is not surprising in view of the variety of tissue types,
superfusion solutions, and modeling techniques used The mean recovery time
constiant estimated from the present experimental data are in the same range as
previous jin vitre values A simple monoexponential analysis fit cur data less
well, and provided a significantly shorter time constant than that obtained by
the kinetic analysis of eirther the model or the terminal 1inear portion of the
loy (delta CT)-$;S, curve, the latter representing the time constant

chatacterizing the time dependent recovery from drug-induced sodium channel

blockade (Table 3).

2 Procainamide effects on effective refractory period (ERP)

In the current study, we used JT interval as an in wvivo index of action
potentral duration (APD). Previous reports on procainamide’s effects on ERP or
action potential duration were variable. In vitro studies with procainamide
have shown either small, statistically non-significant (Sada et al , 1979;
Kadish et al , 1986) increases or no change (Varro et al., 1985) in action
potential duration and effective refractory period. Morady et al. (1986) and
Gratdina et al (1973), however, reported that procainamide produced
sipnificant prolongation of ERP and QT interval in patients, respectively.
Greenspan et al  (1980) showed that at plasma concentration of 13.6 % 8.6
my L, procainamide increased the QT interval by less than 25%.

We did not find evidence for procainamide-induced changes in
repolarization time based on measurements of JT interval (Table 2). It is not
certain  whether the concentration of procainamide required to exert
significant effects on ERP in the intact dog heart is much higher than that in

man However, outr study was not designed to evaluate prorainamide’s effects on

repolarization, and we cannot exclude the noaeceijilit that rocainamide
¥ T y
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delayed repolarization slightly, below our threshold of detection In
addition, we were mnot able to find measurable active metabolite of
procainamide, N-acetyloreocainamide (NAPA), a procainamide metabolite known to
prolong action potential duration or ERP while having no effects on sodium

channel availability.

3. Procainamide concentrations

The procainamide concentrations we evaluated were in the range of 30-100
mg/L (Table 1) which are higher than commonly accepted therapeutic
concentrations (4-10 mg/L) (Morady et al., 1985; 1986, Gang et al , 198"
The usual "therapeutic" range of plasma procainamide concentrations tncredse
QRS duration in man by less than 10% (Giardina et al | 1973y, and
substantially larger doses (producing concentrations in the range that we
studied) are frequently needed to contrcl recurrent ventricula:
tachyarrhythmias in patients (Greenspan et al , 1980) Gang et al (1984
reported that in patients with atrial pacing cycle length of 851 1t [uo! ms, a
therapeutic procainamide dose (15 mg/kg or 10 O * 3 mg/L) was able to proiong
HV interwval by 193%, and ORS duration by 8%. Greenspan et al (1980) obscrved a
less than 25% increase in QRS duration at a procainamide concentration of 116
+ 8.6 mg/L.

Morady et al. (1985) were the first to show the rate-dependent cf fects
of a number of antiarrhythmic drugs 1in human beings They found that at u
serum level of 8.2 * 1.9 mg/L (therapeutic concentration), procainamide
produced frequency-dependent prolengation of QRS duration, with an 1ncrease
in QRS duration by 42 + 11 % at the shortest pacing cycle length of 250 ms It
is very possible that larger drug concentrations may be required in dogs Lu
produce the same magnitude of drug effects as seen in patients Our results

are consistent with the magnitude of changes in V . and conduction velocity
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in cammne tissue exposed to comparable procainamide concentrations in vitro
(Varro ¢t al , 1985, Nattel, 1987a; Sada et al , 1979; Kadish et al, 1986,
Roven ¢t al | 19/73) Varro et al (1985) reported a nearly 20% decrease in
Vipars 4L pacing cycle length of 300 msec and at a procalnamide concentration of
30 mp/l. in puinea pip papillary muscle At the sane drug concentration and
pacing rate, Nattel (1987a) showed that procainamide caused a 17.8 % and 10.7%
decrcase respectively in \.]ma:-: and conduction velocity in canine Purkinje
fibers Kadish et al (1986) noted that 20 mg/lL procainamide caused a 23%
toduction of de:-: in di'ections either longitudinal or transverse to fiber
asia , and an 11 6 % and 6% reduction respectively in longitudinal and
transverse condizction velocity at a pacing cycle length of 1 sec in canine
ventrieular myocardium  Rosen et al  (1973) showed that 30 mg/L procainamide
produced o 24% decrease in vmnx at a4 cycle length of 1000 msec

Procatnamide was used 1n these experiments as a prototype fast channel
blocher, 10 order to test a model of use-dependent drup etfects on conduction
Stnce the mode]l predicts effects based on the magnitude of drug action rather

than drup, concentration and the underlying rate of the recovery process, it

should be pelevant to the actions of other antiarithythmic drugs on ventricular

condactton

Action ot N-acetylprocainamide

Procatnamide pharmacohinetics studies in man (Dreyfuss et al , 1972;
Retdenberg ot al . 19/%) show that procainamide 1s mainly metabolized to a
mrjor metabolbite, N-acetylprocainamide NAPA  N-acetylprocainamide has been
tepotted to be biologically active in studies of animal arrhythmia models
(Doanyman & Hottman, 1981) and of arrhythmia patients (Josephson & Singh,
1986)  NAPA mav be present in significant concentrations in the plasma during

procarmamide therapy and exerts antiarrhythmic effects that may be partly



responsible for the antiarrhythmic effect of procainamide (Reidenbery ot al |
1975; Bagwell et al., 1975). Unlike its parent compound procainamide, which
substantially reduces \‘Imax and deplesses conduction, colectrophysiolopical
studies have shown that N-acetylprocainamide has Tittle cffect on myocardial
conduction and maximal rate of rise of the actiron potential, and 1s much mor e
selective than procainamide in prolonping action potential duration and the
refractory period (Jaillon & Winkle, 1979; Srugh vt al , 1986) Changes ot
action potential duration and the vrefiractory period produced by NAPA
constitute its primary antiarrhythmic diuy c¢ffects (Jaillon & Winkle, 1979
Singh et al., 1986). The lack of effect on phasc 0 codium curvent along with
a delaying action on repolarization makes NAPA o clase 11T antrarthythm.
agent (Singh et al., 1986).

Greenspan et al. (1980) showed that 1n the tireatment of arrhythmia
patients with large dose of procatnamide, diay cfftcacy did nat appeatr to

correlate with plasma NAPA levels, which rauped from 1 4 to H1 4 mp/h durng,

long term oral therapy In one paticent an effvcetive proc anamide concentratton ‘
was associrated with a NAPA level of 0 In orher patrionts whore arrhvthmnae
could still be 1induced despite relatively hiph procatniaade and NaPA Teocls
arrhythmias were subsequently contirolled with the ddition of procarnamid
infusion without a change in NAPA level Tu the preoont otady noome aonrabls
NAPA concentration was detected atter the procainamrde aduinrstrat son Had
NAPA been formed and appeared in plasma an ' prevent tady, it mipght have
prolonged the effective refractory period oot noreawrd tho Tibel Thood of

voltage dependent block.

Voltage-dependent block and tonic block
The model is designed to predict pure {requency-dependent antiarrhythmye

drug-induced blockade. If there werc voltapge-dopendent block an well, mode,



predictions would not necessarily apply. Voltage-dependent block is usually
trspected 1n diseascd tissue, but our experiments were conducted in dogs with
normmal heart  Phasc 3 block is voltage-dependent block occurring during the
fant repolarization phase (phase 3) of the action potential where sodium
channel inactivation 1s not fully reversed. It frequently occurs either at
fant pacting rates when the diastolic interval is insufficient for complate
repolarization, or after significant prolongation of action poteniial duration
that results in the take-off of the next activation at a depolarized membrane
potcntial  Conscquently, considerable enhancement of drug-induced conduction
“dowing will occur. Phase 3 block could result in excess conduction slowing
for wery premature activations, thereby confounding the interpretation of pure
froquency dependent depression of conduction velocity examined in this study.

Phase 3 block 1s insufficient to account for the deviation of our

eeperntmental data from a simple first-order relationship, as these deviations
(av ohown n Fipure 4) occurred at coupling interval as great as 1 second. The
short basie eyele tength (300 msec) at which recovery kinetics were studied,

the  Tack of c1tect of procainamide on the JT interval (Table 2), and the nuch
shorter 71 rnterval than 300 msec at a basie cyele length of 300 msec suggest

that 1ecovery trom phise 3 block is unlikely to have played any important role

Im our oboervattons

Fhe model 1equires that the recovery from frequency-dependent conduction
slowing be followed to completion, or that there be ai. absence of tonic block.
\souming, a recovery time constant of 2.6 second for Omax block by procainamide
(tourtney, 149504), we should have observed an average of 89% recovery over a
mean pause interval of 5.8 sec achieved in our experiments if there were no

tonte block  Ow observation of 85 * 9% recovery from QRS prolongation caused

by procainamide 1s consistent with a negligible amount of tonic block.
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Relationship to previous in wvivo studies of use-dependent antiarrhythmic drug
effects

Previous studies have shown that conduction slowing 1n_vivo by
amitriptyline (Nattel, 1985), lidocaine (Davis et al , 1980), and weavletine
(Bajaj, 1987) can be empirically described as a moncesponenttal tunct fon ol
recovery interval. The recovery time constants of these apents 1 vivo were an

the same range as those obtained for V .. changes produced by the wane diugs
<

X

in vitro (Nattel, 1985; Chen et al., 1979, Varro et al , 1985 Narioel, 198/

There is no data available in the literature regarding the t rae dependent
effects of these agents on Iy, at physiological temperatures (in the vange of
37°C), although lidocaine’'s effects on INa in rabbit Purdonge faboare o b
(Bean et al., 1983), and in rat single ventricular cell«s tsinchic thapula et
al , 1983) at 24°C recovers in a first order fashion

While the apparent first order relationship 1. viro 10 only an
approximation, the difference between the monoexponent ol el vy and the
mathematical model for the time dependent rccovery Fimties cm oonly he
detected by careful statistical evaluation (Table 3) owd g vcn bl wminbed by

experimental error As suggested by Baja) and co-worker o1 ot predictod

by our mathematical analysis, a monoexponential wmodcl il rend ta
underestimate the recovery time constant at larger magniivd o of iy e flocl
This was confirmed by our experimental results (Table The depree of

underestimate 1is relatively small 1if the recovery procoon 1 dallowed to
completion. In the present study, a first order anily-y. vealted roe tume
constants that were 20% less than those resulting from the wathowatioal model,
leaving them in the range of recovery time constants for procatnaade effects

on V.. reported in the literature. If only a small portion of the 1ecoviry
process at short coupling interval is observed, howcver, the nndercotimate can

be much more substantial. This is because the deviatisn of dirup effects from
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the first order relationship would have occupied a larger percentage of the

recovery process ohserved

Index of conduction time and evaluation of conduction pattern

In the present study, we initially utilired QRS duration as an in_ vivo
tndis of total ventricular conduction time. The results obtained using QRS
duration were similar to those obtained by using epicardial activation
mapping,  Our study showed that changes in these two indices were closely
te lated (Frpure 8)

QRGL duration has heen used extensively as a measure of overall
ventricular activation time in human studies (Morady et al., 1985; 1986; Gang
et oal , 1989%) as well as n in vivoe animal models (Nattel 1985; Davis et al.,
1986)  Davis et al  (1986) showed that lidocaine produced concordant changes
10 ORS duration and HY interval Qur observation that QRS duration changes
cortespond well with direct]ly measured alterations in conduction time by
epleardial activation mapping (provided that worphology remains constant)
cugpests that the former 1s o valid index for quantitative analyses of
antitarrhythme eftects on ventricular conduction in the normal heart. This
cupporls previous observations of time-dependent recovery of drug-induced
prolongation 1n exparinental antwals (Nattel 1985) and studies of the kinetics
ot changes 1in QRS duration produced by antiarrhythmic drugs in man (Greenspan
et oal . 1980, Morady ¢t al |, 19835; Cang et al.,1985). Since QRS duration-can
be medasured non-invasively with commonly available equipment, our analysis and
obuetvations provide a basis for further quantitative analysis of the kinetics
ot antirarrhythmic drug action in man,

The present model is valid only if the conduction pattern through the

wvhole heart remains constant. Tf changes in the pattern of impulse propagation

occut, they can alter the results in two important ways. First, changes in the
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direction of activation will alter path lengths and therefore affect the
assumptions underlying the incorporation of conduction time in the model
(Nattel 1987b). Furthermore, antiarrhythmic diug action is dirvectionally
determined, being greater when conduction is in the the longitudinal than the
transverse direction (Bajaj et al., 1987, Kadish et al., 1986; Spach ¢t al

1987). This appears to be due to effects of the propagation pattern on the
action potential upstroke and consequently antiarvhythmic drug uptake (Spach
et al., 1988). A stable conduction pattern was evident in the curtent study as
reflected by the constant QRS morphology. The qualitative and quantitatiwve
analyses of eplcardial activation also showed that the pattern of conduction
was not altered (Figures 6, 7) , even in the piesence of concentrations of
procainamide that produced important frequency-dependent changes in conduction
velocity. The doses of procainamide that we used were ot high enouph to
produce conduction block and Wenckebach periodicity, which have bceen
associated with directional differences in propagation produced by sodium

channel blocking agents (Spach et al , 1988)

Recovery kinetics of drug-induced changes in conduction in Purkinje fiber:
versus in ventricular myocardium

The speed of transmission of the electrical impuloce 1o an 1mportant
factor in cardiac excitation since it is the function of the conducting syaten
to ensure the mechanical events are correctly timed One of the critical
determinants of cardiac conduction velocity is the size of cardiac fibers
Mathematical analysis of one-dimensional cable theory wuppests that 1he
cardiac conduction velocity varies approximately with the oquare root of the
radius of a cardiac fiber (Noble, 1979) Thus, as would he expected, the
conduction velocity is the fastest in Purkinje fibers (4 m/«wce) that have the

largest fiber size (about 50 pm in radius), and relatively slower In atriol
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and ventricular muscles where fibers are smaller (Noble, 1979). As cardiac
conduction in the ventricle involves electrical propagation in Purkinje fibers
as well as ventricular muscle, the question arises as to whether the recovery
kinetics of antiarrhythmic drugs are different in the Purkinje fiber system
versus ventricular muscle. If the time constants of antiarrhythmic drugs are
different in the Purkinje fibers and ventricular muscle, one might expect a
biexponential recovery process of time-dependent antiarrhythmic drug-induced
changes 1n intraventricular conduction. However, in the current literature no
studies on  recovery kinetics of antiarrhythmic drugs in Purkinje fibers and
ventricular muscle have been conducted in the same species., Most of the
recovery kinctic studies 1n_vitro were performed either in canine Purkinje
fibers (Varro et al , 1985, Nattel, 1985; 1987), or in guinea pig papillary
muscle (Chen ¢t al., 19/9; Sada et al., 1979; Courtney, 1980a; Hohnloser et
al., 1982; Campbell 1983; Grant et al., 1980; 1982). This makes a direct
comparison of the recovery kinetics in Purkinje fibers wversus ventricular
muscle difficult., Nevertheless, the time constants of various sodium channel
blockers, 1ucluding, procainamide, obtained from the two conducting systems in
ditferent species are of the same order. The agreement between experimental
data and the present model does not exclude the possibility that other

theoretieal madels could potentially fit the experimental results as well.

Significance o2 our results

We have shown that the recovery from procainamide-induced ventricular
conduction slowing  1n_vivo in the intact dog heart is predicted by our
mathemat ical model  This is the first critical quantitative analysis of
frequency-dependent actions of sodium channel blocking drugs on conduction in
vivo We have also demcustrated that, on a theoretical basis, apparent

fiist-order recovely from drug-induced conduction slowing is expected if
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recovery from sodium channel blockade is first order, and if sodium curieat 1.
proportional to the square of conduction velocity. A first ovder analvsis will
tend to underestimatc the recovery time constant, and is oulv aun approximat ton
of the true recovery process as can be dem¢ trated by caveful analy.is ot
recovery from significant degrees of drug-induced conduction stowing Theue
considerations suggest that previous observations of the time dependence ol
drug-induced conduction slowing jin vivo (Nattel, 1985, Davis ¢t al |, 1v8u,
Bajaj et =21., 1987; Talajic & Nattel, 1987), which showed time constants,

similar to those for V (Nattel, 1987a; Chen et al., 19/9; Viiito ot al |

max

1985; Nattel, 1985) or calcium current (Uehara & Hume, 198%) in_vitio, are
more than fortuitous and have a theoretical underpinning

The frequency-dependent effects of antiarrhythmic drups have poeat
potential clinical implications (Hondeghem & Katzung 1984). At fast heamit aate
with short diastolic interval, less recovery from drug-induced sodium channe
blockade can occur between beats than at slower heart rate The <horter the
cycle length, the greater the steady-state sodium channel blockade, and thu
the greater depression in vmax and cardiac conduction velocity This property
is beneficial sinece it can enable antiarrhythmic drugs to sclectivily Lo
high frequency tachycardias while having little effect on conduction ot normal
heart rate. An early extrasystole can also be viewed as a4 very rapid wingl
beat tachyarrhythmia. Thus, a sufficiently early ertrasystole would bLe

expected to be suppressed-by a sodium channel blocker with o yelatively fant

onset rate of block.

Recently, Hondeghem (1987) discussed the applications of the modalated
receptor hypothesis with respect to the importance of time- and volt.ape
dependent block of sodium channel blockers in contribution to thernr
antiarrhythmic and arrhythmogenic actions, and their relevance in o
clinical conditions. He showed there exists an optimal time conutant of
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recovery of drug that could provide maximum steady state block for any desired
end diastolic hlock. This penerates important ideas for drug selection and a
rationale for multji-drug therapy, which have to be tested in further studies,
The development of biophysical models of subcellular antiarrhythmic drug
action (Hondeghem & Yatzung, 1977; Starmer et al., 1984) al ows for new
insights into their mechanisms of electrophysiological and antiarrhythmic
actions (Hondeghem & Katzung, 1984; Hondeghem, 1987). Quantitative studies of
the relevance of these ideas to drug effects in vivo provide an important link
between basic theory and potential clinical implications. The current study
demonstrates the applicability of this approach in describing in a critical

and quantitative fashion the effccts of an important antiarrhythmic drug on

ventricular conduction in vivo.
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LET DEL=ZTINTXk&( (V) 2+(V 1 )x 5x(V=-"

LET V=v+DEL

GOTO 410

LET D=V-F{M;

SPRINT "M= M, "INPUT CI=z COUPR(H), "INPUT CTr= Foday ot 8 /
LET S=3+D0 2

FRINT  THE CUMMULATZVE 3SUM OF SAQLAF=zZ I. =

PRINT "M='M, 'G='Q

LET Mz=M+1

IF M>Q THEN 540

G0TO 410

IF & 82 THEN 53¢

LET 23=8

=7 ~7=2IR
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) PRI P LR Cirs Q1 AND <= ~ THE SUM JF SJUAFES= S
ey RBREINC Coueoa MINECTr TIROAND A K= r THE SuM CF 3CUAREZ=z '8
no L T FoR A MIUCTr CIFP aAflD A k="h 'THE SUM CF SGQU~RESE= S
b e T
oo N Lo
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N
40
50
60
70
80
80
1G0
110
120

130
140
150
160
170
0
.0
200
210
220
2306
240
250
260
270
280
280
300
310
320
33
’:'llo
b)
360
370
380
230
400
410
420
430
440
450
460
470
480
490
5Q0
510
)
550
540
550
560

TERKAK ALK K KKK KKE K KKK RKK KKK K KKKEK KR KKEAK KRR KKK KRER A RKERARKK R AR AKX AR (IS
' THIS FROGRAM IS CALLED WURUA-EXPONENTIAL FIT.BAS

T IKK K 3R K K KK A K K K K A K K KKK A K W KKK K AR K KK KK K R KRKK R K KA KK K KRR R KK ARRRR R A AWl a R AR A w
CLEAR

DIM F.200).COUP( 200).E\ 200)
CLS

BEEP

LET $5=1000000"
$=0

PRINT 'WHAT IS EXPERIMENT #, DOSE #”

INPUT EXPN,DOSEN

LPRINT"

EXPERIMENT "EXPN", DOSE "DOSEN

LPRINT "EXPONENTIAL CURVE FIT"

PRINT "TO CHANGE THE CURFENT STERP SIZE ADN n,EDIT LINEZ 401 NI 4, o
LPRINT cli .= CTr"

LOCATE 10.1:INPUT "WHAT IS THE LONGEST COUPLING INTERVAL ",cCiL
LOCATE 11 .1:INPUT "WHAT IS THE SHCRTEST COUPLING INTERVAL ",CIMIH
LOCATE 12.1.INPUT "WHAT IS THE ITERATION INTERvAL ~.ITINT

CLS

LOCATE 10.1:INPUT "WHAT IS THE LOWE3T POSSIBLE VALJE M CIR ", Ilkn
LOCATE 11,1 :INPUT "WHAT IS THE HIGHEST POSSIBLE valLUE FOfc I IDERT
LOCATE 15, 1:INPUT "WHAT IS TrHE LOWE3T POSCZIBLE VALUE OF k7 ka
LOCATE 16.1:INPUT 'WHAT IS THE HIGREST PO3SIBLE VALJE OF . " i
cLsS

N=0

PRINT 'THE NUMBERS OF OBSERVED EXPERIMENTAL VALUES ARE

INPUT @

FOR Nzt TO Q

READ COUFRIN)Y.FtN)

LERINT CCUPIN),F(N)

PRIMT CCUP(N}.F{N)

NELT N

DATA

DATA

FCR CIR=CIRA TO CIRB STEP .002

FOR K=anA TO KB STES .00002%

LET S=0

LET M=t

LET CI=CIL

LET V=CIR

IF CI=CCUP'M} THEN 4860

LEY CI=CI-ITINT

LET DEL=(CIR-1)x(EXF{K*#CIL)

LET V=DEL®(E{P( (~K)XCTI) +1

GOTO 410

LET Dzv-F{M)

PRINT "M= "M, 'INPUT CI= "COUP(M},"INPUT CTr=" F‘M;, MOCEL CTr- /
LET S=S8+0°2

PRINT 'THE CUMMULATIVE SUM OF SQUARES 13 'S

PRINT "M="M,"Q="Q

LET M=aM+1

IF M>Q THEN 540

GOTO 410

IF 5,88 THEN 600

LET S8:=8

L=T R=CIF

10




gt
hsis
i)
Ho 0y
Ho,0
fryadi
64
tyty iy
SWAW
byrdly

LET -y

LET wWaUEL

PRINT  FOR CIR='C
PRINT "FOFP A MI
LPRINT 'FOR A MIMI
MEST ¥

HEST IR

PRINT 'THE BE3T
LPRINT THE BEST
PRINT 'CIR=",R, "
LPRIMT  CGIR=" R,
billy

IR DE.="W  AND k= 'k"THE SULM OF SQUARES= §
CTr CIR"DEL="DEL" AIID A K= 'Kk"THE SUM OF SQUARE3S= 'S
CTr "CIR"DEL= 'DEL" AND A K='K

FIT IS FOLLOWIHNG"
FIT IQ FOLLOWING
E'_: , 'K=",U,"85=";8S8
"DEL ;w,'l«:‘;U. SS= ;853

110

“THE SUM OF SQUARES="

T



