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SUMMARY

1. The effects of lidocaine have been examined on the arrhythmogenic transient
inward current (Ip) in voltage-clamped sheep cardiac Purkinje fibres. Tension and
intracellular Na activity (ak,) were measured simultaneously.

2. The addition of lidocaine (200-300 M) produced an immediate decrease of
inward holding current and a gradual fall of al,. The relative magnitudes of the
changes of current and al, were shown to be consistent with the outward shift of
current representing principally a reduction of inward Na current.

3. The Na pump was inhibited by reducing the external Rb concentration in a
K-free solution. This produced an after-contraction and transient inward current (Iyy)
along with a rise of a,. The subsequent addition of lidocaine decreased the magnitude
of Iy, and the after-contraction while decreasing al,.

4. Tetrodotoxin (TTX) had qualitatively similar effects to lidocaine on inward
holding current, al,, I7; and the after-contraction.

5. When al;, was changed by (i) lidocaine, (ii) TTX or (iii) small changes of external
Rb concentration, a hysteresis was seen in the relationship between al, and Iy or
after-contraction. The hysteresis was similar to that previously found between ak,
and contraction (Eisner, Lederer & Vaughan-Jones, 1981). Despite this hysteresis,
neither lidocaine nor TTX affected the relationship between the magnitudes of Iy
and the after-contraction.

6. It is suggested that the fall of al, is a major factor in the reduction of Iy by
lidocaine.

7. These results are discussed in relation to the anti-arrhythmic actions of
lidocaine.

INTRODUCTION

An arrhythmogenic oscillatory transient inward current (Iyy) is seen in mammalian
cardiac muscle when the intracellular Ca concentration ([Ca?t);) is elevated. This
current is produced on repolarization and appears to be activated by an oscillatory
increase of [Ca?*]; (Kass, Lederer, Tsien & Weingart, 1978a) which may activate a
mixed Na and K conductance (Kass, Tsien & Weingart, 1978b; Colquhoun, Neher,

t+ Address for reprints.
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Reuter & Stevens, 1981). I1; can be produced experimentally by interventions such
as the application of cardiotonic steroids (Lederer & Tsien, 1976) and the removal
of external K (Eisner & Lederer, 1979a, b). These manoeuvres inhibit the Na pump
and increase intracellular Na activity (al,) which then acts to elevate [Ca%*]; (Bers
& Ellis, 1982; Sheu & Fozzard, 1982) presumably via a Na/Ca exchange (Reuter &
Seitz, 1968; Baker, Blaustein, Hodgkin & Steinhardt, 1969).

Iy; can produce transient depolarizations which follow the action potential and
have been implicated in the genesis of ectopic pace-maker activity in some ventricular
arrhythmias, in particular those associated with digitalis intoxication (Rosen,
Gelband & Hoffman, 1973; Ferrier, Saunders & Mendez, 1973 ; Ferrier & Moe, 1973).
Local anaesthetic anti-arrhythmic agents such as lidocaine and procainamide are
often used in the initial treatment of such arrhythmias although their mechanism
of action is still unclear. Various possibilities have, however, been suggested. (i)
Lidocaine decreases the Na current and can decrease the excitability of the cell
(Weidmann, 1955). A given arrhythmogenic stimulus such as a transient depolariza-
tion will therefore be less likely to produce an action potential. (ii) Lidocaine may
decrease the magnitude of the transient depolarization itself. In support of this latter
hypothesis, Rosen & Danilo (1980) found that lidocaine decreased the transient
depolarization. They concluded, however, that lidocaine had no effect on Iy, the
effect on the transient depolarization being produced by an action on the background
conductance of the membrane. On the other hand, Eisner & Lederer (1979¢) found
that lidocaine could abolish Iy;.

In the present paper we examine the mechanism of this reduction of Iy; by
lidocaine. One possible explanation is suggested by the observation of Deitmer & Ellis
(1980) that lidocaine decreases al,. Since an increase of al;, underlies the production
of Iy by Na pump inhibition, we have investigated whether this reduction of al,
is responsible for the effects of lidocaine on Iy;. An alternative possibility suggested
by Tsien, Weingart & Kass (1978) is that local anaesthetics abolish Iy by interfering
directly with Ca metabolism (Almers & Best, 1976). The present paper shows that
most of the effects of lidocaine on Iy can indeed be attributed to the fall of al,.
Preliminary results have been presented to the Biophysical Society (Sheu, Lederer
& Eisner, 1982).

METHODS

The methods used in the present study are similar to those described previously (Eisner et al.
1981) with the exception that a liquid ion-exchanger Na-sensitive micro-electrode was used (see
below). In summary, free-running Purkinje fibres were dissected from the hearts of freshly killed
sheep obtained from a local abbatoir. The Purkinje fibres were shortened to < 2 mm in length and
mounted in the experimental bath, one end being attached to a tension transducer. Membrane
potential was controlled with a two-micro-electrode voltage clamp while intracellular Na activity
(aka) was measured.

Liquid ion-exchanger Na-sensitive micro-electrodes

The construction and calibration of Na-sensitive micro-electrodes using the resin ETH 227
(Steiner, Oehme, Ammann & Simon, 1979) have been described in detail elsewhere (Sheu & Fozzard,
1982). The typical response of the electrodes to a change of [Na*] from 3 to 30 mm (substituted
by KCl such that [Na*]+[K*] = 150 mm) was 30-50 mV. Thus, over the range of al, encountered
in the present study, a 1 mm change of al, gives a voltage change of 1-3 mV. Na-sensitive
micro-electrodes are affected by Ca?* (Steiner et al. 1979). As estimated previously (Sheu & Fozzard,
1982), at an al, of 7-5 mm, a rise of [Ca?*] from 0 to 1 uM gave an apparent extra Na activity of
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1:2 mMm. The Na-sensitive micro-electrodes were unaffected by tetrodotoxin (TTX) or lidocaine at
the concentrations used.

Solutions

The standard modified Tyrode solution consisted of: 145 mm-NaCl, 4 mM-KCl, 2 mm-CaCl,,
1 mm-MgCl,, 10 mm-Tris HCI, 10 mM-glucose. Modifications to this standard solution are indicated
in the text. The pH of all solutions was 7-4 +0-1. All experiments were performed between 35-37 °C
and, in any given experiment, the temperature was maintained constant to within 0-5 °C. Rb is
frequently used as a substitute for K in the present experiments. It should be noted that Rb and
K are equivalent in their ability to activate the Na pump (Eisner & Lederer, 1980; Eisner ef al.
1981; Glitsch, Kampmann & Pusch, 1981).

RESULTS

Iy and al, during Na pump inhibition

Fig. 1 A shows the effects of inhibiting the Na pump, by removing external K+ ions,
on membrane current, tension and al,. There is a rapid decrease of outward current
(cf. Eisner & Lederer, 1979a; Gadsby & Cranefield, 1979) which is followed by a slower
increase of al;, and twitch tension. Original records of current and tension are shown
on an expanded scale in Fig. 1 B. The first record a, was obtained at a low al, (6:3 mm)
and a control current record is seen. By record b, ak, had risen to 10-8 mm and I
and an after-contraction are present. With a further increase of al, to 158 mm (c)
both the after-contraction and Iy increased. The time course of these phenomena
is shown in Fig. 1C. Both I; and the after-contraction are steeply dependent on a, ;
comparatively small increases of al, produce large increases of I; and after-
contraction (see also Fig. 6). The steep dependence of after-contraction on al, has
been observed before (cf. Fig. 5 of Eisner, Lederer & Vaughan-Jones, 1983). It should
be noted that when al, approaches its steady-state value there is little subsequent
change in the magnitude of either Iy or the after-contraction. Qualitatively similar
results were found in experiments in which the Na pump was inhibited by exposing
the preparation to solutions containing strophanthidin (0-1-10 gMm).

The effects of lidocaine on al, and membrane current

Before examining the effects of lidocaine on Iy; it was necessary to characterize
its effects on al, in voltage-clamped Purkinje fibres. The Na pump had been inhibited
in the experiment of Fig. 2 by exposure to a K-free superfusing solution. This
produced an increase of al,. Lidocaine (300 uM) was then added producing a fall of
ak, and an outward shift of holding current. These changes of current and al;, were
reversed on removing lidocaine. This shift of current has been observed previously
in rabbit and sheep cardiac Purkinje fibres (Colatsky, 1982; Carmeliet & Saikawa,
1982) and is attributed to the decrease of an inward steady-state Na current. The
present experiment shows both the decrease of this Na current and its effects on al,.
It should therefore be possible to compare the magnitudes of these effects on al, and
current.

The initial rate of fall of ai;, produced by adding lidocaine (dal,/dt);niiia1 sShould
be related to the change of Na current (A) by the relation:

KF(dak,)
== =Al, 1
Y At Jintim @)
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Fig. 1. The effects of Na pump inhibition on membrane currents, tension and ak,. 4, time
course of development of the effects of Na pump inhibition. Traces show (from top to
bottom): current, tension, a, and membrane potential. The preparation was initially
superfused with control solution containing 4 mM-external K and, at the time shown,
external K was removed. The membrane potential was held at —51 mV and 1 sec duration
pulses to —31 mV were applied at 0-2 Hz. B, specimen current and tension records. Traces
show (from top to bottom): potential, current and tension. The records were obtained at
the times shown on A. ¢, time course of the effects of exposure to K-free solution.

After-contraction
(uN)

where V, is the intracellular volume of the preparation, ¥ the activity coefficient for
Na* ions and F the Faraday constant. If the values of ¥ and y were known it would
be possible to compare the changes of a, and current. The problems of estimating
these values have been discussed elsewhere (Eisner et al. 1981) and complicate this
comparison. It is possible, however, to compare the relationship between the effects
of lidocaine on current and al;, with that produced by the Na pump. In this
experiment we also added 1-10 mM-Rb to reactivate the Na pump after exposure to
a K-free, Rb-free solution. This resulted in an electrogenic Na pump current transient
accompanying the fall of al,. The relationship between the charge transported by
the Na pump during this transient (@) and the fall of al, (Aal,) is given by Eisner
et al. (1981) as:

rV, F

Q= Adl,, (2)

where r is the fraction of Na extruded by the Na pump as net charge transfer rather
than exchanged for K+ ions entering the cell.
V./y can be eliminated from 1 and 2 and the following result obtained:

Q (daka>
dt Jinigam 3)
ATAdy,

It is therefore possible to calculate r from the available measurements without making
assumptions about V, or y. A value of 0-38+0-07 (s.E. of the mean, n =4) is

r=
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Fig. 2. Comparison of the effects of lidocaine on al;, and membrane current. Traces show
(from top to bottom): current, tension, al, and membrane potential. The preparation had
been exposed to a K-free solution to elevate al, for 21 min before the beginning of the
record. Lidocaine (300 xM) was applied for the period shown. The membrane potential was
held at —51 mV and 1 sec duration pulses to —31 mV were applied to 0-2 Hz.

obtained from the present experiments. This does not differ significantly from that
of 0-26 £ 0-06 obtained with a completely different method (Eisner et al. 1981). The
fact that the value for r obtained from the present method agrees with previous
measurements in a variety of tissues (Thomas, 1972) implies that most of the change
of current produced by lidocaine is due to inhibition of Na entry into the cell. It
suggests that, under the conditions of the present experiments even at high
concentrations, lidocaine does not have significant effects on other steady-state
currents.

Effects of lidocaine on Iy and al,

The experiment of Fig. 3 was designed to examine the effects of lidocaine on Iqy.
In this experiment the Na pump was partly inhibited by exposing the preparation
to a K-free solution containing 0-25 mM-Rb. This has the advantage over a completely
Rb-free solution, that a steady state is reached at a lower al,. Fig. 34 shows that
the subsequent addition of lidocaine (300 uM) produced a fall of af,. Specimen
records of current and tension are shown in Fig. 3 B. At a, there is a large Iy and
after-contraction whereas the addition of lidocaine (b) abolishes both Iy and the
after-contraction.

There are two possible explanations for the abolition of Iy; by lidocaine: (i)
lidocaine decreases Iy by decreasing al, ; (ii) some other action is responsible. For
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example, lidocaine could block the Iy; channel directly or interfere with Ca
metabolism. These possible explanations can be partly separated by examining the
time course of the effects of lidocaine (Fig. 3C). This shows that the action of lidocaine
to block the resting Na current, as shown by the outward shift of holding current,
is very rapid in onset whereas the abolition of Iy, is slower and comparable with that
of the fall of al,. This result is at least consistent with the hypothesis that the
abolition of Iy is mediated by the fall of a, since, if it were due to some other action,
this alternative mechanism would also have to be only slowly affected by lidocaine.
Since lidocaine acts at the inside of the membrane to block the Na channel (Strichartz,
1973) the rapid abolition of the Na current suggests that lidocaine enters the cell
rapidly. Therefore, the slow time course of the abolition of I; cannot be attributed
to the time taken for lidocaine to enter the cell.

The involvement of changes of al, in the actions of lidocaine can be examined more
rigorously by comparing the effects of lidocaine with those of two other interventions
which change a, : (i) the application of TTX; (ii) the addition of low concentrations
of Rb.

(¢) The effects of TTX. Fig. 4 shows the effects of TTX, a specific blocker of the
Na channel (Narahashi, 1974). TTX was applied while the preparation was exposed
to a K-free, Rb-free solution and, like lidocaine, produces an outward shift of current
and a fall of af;, (Fig. 4 4). Fig. 4 B shows that TTX decreases the magnitude of I
and the after-contraction. These effects of TTX were reversible. TTX can therefore
mimic all the effects of lidocaine on current and tension. This result is therefore
consistent with the idea that lidocaine removes Iy; by decreasing al,. TTX had less
effect than lidocaine on both al;, and I;. Deitmer & Ellis (1980) similarly found TTX
to have less effect than lidocaine on al,.

(©t) The effects of low concentrations of Rb* ions. In the experiment of Fig. 5,
0-5 mM-Rb was added to a K-free, Rb-free solution to reactivate the Na pump
partially and to produce a slow fall of a, (Fig. 54). The fall of al;, is associated with
an electrogenic Na-pump current transient. Rb* was then removed and al;, increased.
Fig. 5B shows specimen current and tension records. The reduction of al;, produced
by external Rb abolishes both the after-contraction and Iy reversibly.

The relationship betwen Iy, after-contractions and aly,

Fig. 6.4 shows the relationship between I;; and al, during the interventions
discussed above. The circles show the relationship both during the onset of Na-pump
inhibition produced by removing external Rb (open circles) and on reactivating the
Na pump by adding back external Rb (filled circles). Although increasing al, is
associated with increased Iy, there is not a unique relationship between I; and al,.
A hysteresis is present with a given level of ai, being associated with a larger I; when
aky, is increasing compared to the relationship when alg, is decreasing. The effects of
lidocaine are also shown from the same experiment in this Figure. The relationship
between Iy and aly, produced by adding lidocaine shows a similar hysteresis to that
produced by removing and adding external Rb. Fig. 6 B demonstrates that hystereses
are also seen between after-contraction and al;, both while changing Rb and during
the application and removal of lidocaine. An identical hysteresis is seen between either
I, or after-contraction and al, during the onset and removal of TTX (not shown).
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Fig. 3. The effects of lidocaine on membrane current, tension and al,. 4, time course of
onset of the effects of lidocaine. Traces show (from top to bottom): membrane current,
tension, al;, and membrane potential. The preparation was exposed to a K-free solution
containing 0-25 mM-Rb to inhibit the Na pump partially and elevate al,. At the time
indicated lidocaine (300 xM) was added. The membrane potential was held at —51 mV
and 1 sec duration pulses were applied to —31 mV at 02 Hz. B, specimen records of
current and tension. Traces show (from top to bottom): potential, current, tension. The
records were obtained at the times indicated on A. C, comparison of the fast rate of onset
of the effects of lidocaine on holding current (Iyp) with its slower effects on al,, Ir; and
after-contraction.

A similar hysteresis is seen between tension and ai, during Na pump reactivation
by external Rb (Eisner et al. 1981). Further information can be obtained from this
experiment if Iy magnitude is plotted as a function of after-contraction magnitude.
This has been done in Fig. 7 which shows that, although both TTX and lidocaine
decrease the magnitude of Iy and the after-contraction, they do not affect the
relationship between the two. Changing external Rb produces some hysteresis in the
relationship between Iy and after-contraction but less than that seen in Fig. 6. The
fact that lidocaine and TTX do not affect the relationship between Ip; and
after-contraction is consistent with the hypothesis that these agents do not interfere
directly with the Iy; channel.

The effects of external Na on Iy and the after-contraction

The experiments presented above have shown that manipulations of aly, can change
the magnitude of Iy;. The results are consistent with the hypothesis that a rise of ak,
acts by decreasing the gradient of Na ions across the membrane and thereby increases
internal Ca. The effects of changes of external Na were investigated in the experiment
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Fig. 4. The effects of TTX on current, al, and tension. 4, time course of onset of the effects
of TTX. Traces show (from top to bottom): current, tension, ak,, and membrane potential.
TTX (16 umM) was applied for the period shown. The membrane potential was held at
—51 mV and 1 sec duration pulses were applied to —31 mV at 02 Hz. The bathing
solution was K-free, Rb-free throughout. B, specimen records of current and tension.
Traces show (from top to bottom): potential, current and tension. The records were
obtained at the times indicated on 4.
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Fig. 5. The effects of low concentrations of external Rb on membrane current, tension and
aly,. 4, time course of effects. Traces show (from top to bottom): current, tension, ak,
and membrane potential. The preparation was initially superfused with a K-free, Rb-free
solution to elevate al, and 0-5 mM-Rb was applied for the period shown. The membrane
potential was held at —51 mV and 1 sec duration voltage-clamp pulses were applied to
—31 mV at 0-2 Hz. B, specimen records of current and tension. Traces show (from top
to bottom): potential, current, tension. The records were obtained at the times indicated
on 4.
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of Fig. 8. Removal of all the external Na produces a slow decrease of al, (Fig. 8 4).
Specimen current and tension records are shown in Fig. 8 B. The control record a,
shows no after-contraction or I1; whereas b (obtained after 1 min in Na-free solution)
demonstrates a clear I; and after-contraction. As previously noted (Kass ef al.
1978b), Iy; and the after-contraction eventually decay away, c. The fall of Iy; and
the after-contraction has a similar time course to that of ak, (Fig. 8). Thus the decay
of Iy, like the phenomena reported earlier in the paper, shows that ak, exerts a
powerful controlling influence on Iy;.
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Fig. 6. The dependence of Iy, and after-contraction magnitude on al,. Data from Figs.
3 and 5. 4, relationship between Iy and ak,. The circles show the relationship during the
exposure to 0-5 mM—Rb (@) and while removing external Rb (O) (Fig. 5). The squares
show the relationship during the onset of the effects of 300 uM-lidocaine (I) and while
washing off lidocaine ([]) (see Fig. 3). B, relationship between after-contraction and al,.
Same symbols as 4.

There is a significant difference between the result of Fig. 8 and that reported
previously by Kass et al. (1978b). These authors found that the decay of Iy; after
removing external Na was much faster than the decay of the after-contraction. The
faster fall of I;; was explained as representing the effects of external Na on the I
conductance, whereas the time course of the after-contraction was taken to be
governed by the fall of al;, and thence of internal Ca. Such a clear dissociation of
the time courses of Ip; and the after-contraction was not evident in the present
experiments. It is, however, worth noting that: (i) the after-contraction magnitude
decayed much more rapidly in the present experiments than in the study of Kass
et al. (1978b) and (ii) the fibre illustrated by Kass et al. had Iy; under control
conditions whereas those used in the present work did not.
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Fig. 7. The relationship between I;; and after-contraction magnitude. In this Figure the
data from Fig. 6 have been re-plotted to show Iy, as a function of after-contraction
magnitude. In addition the triangles show this relationship for the data of Fig. 5 during
the application of 157 uM-TTX (A) and while washing off TTX (A). @, 0-5 mM-Rb; O,
0 Rb; W, 300 um-lidocaine; [J, washoff of lidocaine.

DISCUSSION
The effects of lidocaine on aly,

The present work is in agreement with that of Deitmer & Ellis (1980) in showing
that lidocaine decreases al,. At the same time lidocaine produces an outward shift
of current attributed to the reduction of a steady-state inward Na current (Attwell
et al. 1979; Carmeliet & Saikawa, 1982; Colatsky, 1982). The present combination
of measurements of al, and current confirms this identification of the current since
the fall of al;, produced by lidocaine is quantitatively consistent with the magnitude
of the outward shift of current. This conclusion is important since it demonstrates
that lidocaine decreases al;, by decreasing the inward Na current (Iy,). This suggests
that any concentration of lidocaine which can decrease Iy, should also decrease al;,
and therefore both mechanisms must always be considered for the anti-arrhythmic
actions of lidocaine (see below).

The effects of lidocaine on Iy

The present experiments indicate that lidocaine decreases both Iy; and the
after-contraction. TTX similarly decreases both of these events. The inhibitory effects
of TTX on Iy; have been attributed to an indirect consequence of the decreased Na
current (Kass et al. 1978b). Rosen & Danilo (1980) showed that both lidocaine and
TTX decreased the transient depolarization which originates from the transient
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inward current. Although no voltage-clamp measurements were made, they concluded
that the effects of lidocaine were not on Iy; but were mediated by changes of the
background membrane conductance. The present work, however, confirms that of
Eisner & Lederer (1979¢) in demonstrating that lidocaine abolishes Iy;.

The mechanism of the effects of lidocaine on Iy;. There are several possible ways in
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Fig. 8. The effects of removal of external Na on current, a}, and tension. 4, time course
of the effects of 0 external Na. Traces show (from top to bottom): potential, current and
aks. External Na was removed and replaced by Tris at the time indicated above the record.
The membrane potential was held at —65 mV and 2 sec duration pulses to —36 mV were
applied at 0-2 Hz. B, specimen current and tension records. Traces show (from top to
bottom): potential, current and tension. The records were obtained at the times indicated
on A. C, comparison of the time-course of change of al,, Ir; and after-contraction on
removing external Na.

which lidocaine could decrease Ip;. These are best discussed with respect to the scheme
below which is taken from the work of Kass, Lederer, Tsien & Weingart (1978a).

\&\ I
1 2 3
|Na—K pump (—)> Tak, (—)) T[Ca%*]; —(—L) oscillatory Ca relea,se/ o
™ after-
contraction

Any agent which decreases Iy could, a priori, act at any of the above steps. For
example, it has been suggested that manoeuvres such as decreasing external Ca which
abolish I;; do so by acting at step 2 to prevent the increase of [Ca®*]; (Kass et al.
1978a) whereas those such as caffeine (Eisner & Lederer, 1982; Karagueuzian &
Katzung, 1982) or tetracaine (Tsien et al. 1978) act at step 3 to stop the oscillatory
release of Ca?* ions from the sarcoplasmic reticulum (s.r.). We must therefore
consider the possibility that lidocaine acts at any or all of these steps. The
experiments with TTX provide an interesting comparison since this is a specific
inhibitor of the Na channel and is therefore most likely to act at step 1 to decrease
the rise of al;, produced by Na pump inhibition. This hypothesis is supported



254 D. A. EISNER, W. J. LEDERER AND 8-S. SHEU

qualitatively by the fact that TTX decreases al;,. Due to the hysteresis between al,
and Ip; magnitude it was impossible to pursue this point quantitatively and establish
that TTX had no action on the relationship between Iy; and al,, a necessary result
of this hypothesis.

Lidocaine has been suggested to have many actions on muscle, any of which might
explain its actions. Lidocaine decreases the Na permeability in cardiac muscle
(Colatsky, 1982 ; Bean, Cohen & Tsien, 1981) and could therefore produce a reduction
of Iy at step 1. Lidocaine could act at step 3 to decrease the amount of Ca oscillation
by interfering with the s.r. This explanation has been suggested to explain the
abolition of Iy by tetracaine (Tsien et al. 1978). In skeletal muscle at least, lidocaine
has very much less effect than tetracaine on the s.r. release of Ca (Bianchi & Bolton,
1967)which would not support this mechanism. Such an action would also not explain
the fact that lidocaine can abolish the after-contraction without greatly decreasing
the twitch (Fig. 3) since agents such as tetracaine and caffeine abolish both. However,
this is exactly the behaviour to be expected if lidocaine acts by decreasing al,
(cf. Eisner & Lederer, 1979a, Fig. 9). It also seems unlikely that lidocaine acts at step
4 since such an action would be expected to change the relationship between the
magnitude of Iy; and that of the after-contraction. Fig. 7 demonstrates that this
relationship is unaffected by lidocaine. Apart from the simple possibility that
lidocaine acts by decreasing Na influx at step 1 the only alternative left is that it
interferes with step 2 and decreases Ca entry into the cell. One possibility would be
that lidocaine can block the slow inward current as has been shown to be the case
for tetracaine (Eisner, Lederer & Noble, 1979; Chapman & Leoty, 1981). We have
found small effects of lidocaine on I (unpublished experiments). It is however not
clear whether these represent direct effects of lidocaine on I or are mediated via a
fall of al;, produced by lidocaine (cf. Lederer & Eisner, 1982; Marban & Tsien, 1982).

In the present experiments we have deliberately used high concentrations of
lidocaine in order to reveal any actions this drug may have in addition to the
well-documented reduction of Iy,. Even with these high concentrations no evidence
has been found for effects of lidocaine on Ity other than those which can be attributed
to the fall of al,. It is therefore likely that at lower concentrations of lidocaine the
abolition of Iy; (Eisner & Lederer, 1979c¢) can be attributed to a fall of al, which
must accompany the observed decrease of Iy, produced by therapeutic concentrations
of lidocaine (Carmeliet & Saikawa, 1982; Colatsky, 1982).

The mechanism of the anti-arrhythmic actions of lidocaine

Various explanations have been suggested for the anti-arrhythmic actions of
lidocaine. The classic explanation is based on the observation that lidocaine and other
anti-arrhythmic agents decrease the excitability of cardiac muscle by decreasing the
excitatory Na current (Weidmann, 1955). This has been called the class I mechanism
of anti-arrhythmiec action (Vaughan-Williams, 1970). There has been some disagree-
ment about whether this mechanism operates at therapeutic levels (2-5 mg/l. or
820 xMm) but it has been demonstrated recently that lidocaine can decrease I, (Bean
et al. 1981) at a concentration of 20 um).

The alternative explanation for the anti-arrhythmic action of lidocaine is that it
acts, not by decreasing the excitability of the cell, but by decreasing the arrhythmo-
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genic stimulus, in this case the transient depolarization. There are two ways in which
lidocaine could interfere with the transient depolarization: (i) by interfering with Iy,
directly; (ii) by affecting the background conductance of the membrane so that a
given I produces a smaller transient depolarization. The latter mechanism has been
suggested by several results. First, Weld & Bigger (1976) reported that lidocaine
(1 mg/ml.) decreased the inward background current. As suggested by Attwell,
Cohen, Eisner, Ohba & Ojeda (1979) and demonstrated by Colatsky (1982) this effect
merely reflects the action of lidocaine to block the steady-state component of Iy, and
will therefore account for the fall of al;, seen in the present work. Rosen & Danilo
(1980) found that lidocaine (4 mg/1.) decreased the size of the transient depolarization
and, although they suggested that this was an effect on the background conductance,
their results are compatible with lidocaine decreasing I;. Eisner & Lederer (1979¢)
found that a slightly greater concentration of lidocaine (35 uM) abolished Iy
suggesting that concentrations of lidocaine in the therapeutic range would have
significant effects on Ip;. It therefore appears likely that a reduction of Iy contributes
to the therapeutic anti-arrhythmic actions of lidocaine.

This paper has shown that part of the anti-arrhythmic actions of lidocaine is
mediated via a reduction of Iy;. Therefore both of the proposed mechanisms for
lidocaine’s action depend ultimately on its interaction with the Na channel. This will
directly and rapidly decrease the Na current and thence the excitability of the cell.
This reduction of the Na current produces a fall of al,, a decrease of Iy; and thereby
abolishes the abnormal pace-maker activity.
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