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SUMMARY

1. The intracellular Na activity (aNa) of quiescent sheep heart Purkinje fibres has
been measured using Na+-sensitive glass micro-electrodes. The effects of local
anaesthetics (procaine and lidocaine) and tetrodotoxin (TTX) have been investigated.

2. Local anaesthetics reduced the steady-state level of the intracellular Na
activity in a dose-dependent manner. The highest concentrations used (10-2 M)
reduced the intracellular Na activity by about 25 %.

3. TTX decreased the steady-state level of the intracellular Na activity. At a
concentration of 10- g/ml. (3.13 x 10- M), TTX produced a decrease in intracellular
Na activity of approximately 10 %.

4. The initial rate of rise of the intracellular Na activity upon addition of the
cardioactive steroid strophanthidin (10-5 M) was used to estimate the net passive
Na influx.

5. Procaine (5 x 104 M) caused a 50% reduction of this rate of rise of the intra-
cellular Na activity. The highest concentration of procaine used (10-2 M) decreased
the rate of rise by approximately 80 %.

6. Procaine (5 x 10-3 M) also reduced the rate of rise of intracellular Na produced
by the removal of external K (K.), and prevented the large depolarization associated
with the absence of K0.

7. TTX also produced a decrease in the rate of rise of the intracellular Na activity
that occurs upon addition of strophanthidin. A maximum effect was produced in our
experiments at a TTX concentration of 106 g/ml. At this concentration the rate of
rise of intracellular Na activity was reduced by approximately 40% at a membrane
potential of -70 mV.

8. We conclude from our experiments that the effects of local anaesthetics and
TTX on the intracellular Na activity are brought about by a reduction of the Na
permeability ofthe cell membrane, and that at the normal resting potential, Na entry
through TTX-sensitive channels contributes greatly to the total net Na influx.

* Present address: Abteilung Biologie, Ruhr-UniversitAt, D-4630 Bochum 1, West Germany.
t Present address: Department of Physiology, University Medical School, Teviot Place,

Edinburgh, EH8 9AG.

0022-3751/80/7340-0053 $07.50 © 1980 The Physiological Society



J. W. DEITMER AND D. ELLIS

INTRODUCTION

The intracellular Na activity (a4a) of sheep heart Purkinje fibres is maintained at a
low level primarily by the action of the Na-K pump (Ellis, 1977; Deitmer & Ellis,
1978b). The rate at which the pump works depends, among other factors, upon the
rate of Na influx into the cells. When the Na-K pump is inhibited (e.g. by high
concentrations of cardioactive steroids), the intracellular Na activity rapidly in-
creases. In quiescent Purkinje fibres the initial rate of this rise of internal Na pre-
sumably reflects the net passive Na influx, which depends on the Na permeability of
the cell membrane and the Na electrochemical gradient. For small changes in mem-
brane potential (Em) and/or intracellular Na activity, the Na electrochemical
gradient will be essentially constant so the rate of rise of intracellular Na upon
inhibition of the Na-K pump will give an indication of the Na permeability of the
cell membrane. For larger changes in membrane potential the Na gradient can be
easily calculated if, as in the present experiments, both Em and aia are measured.

In this study we have looked at the effects of local anaesthetics and tetrodotoxin
(TTX) on the intracellular Na activity of sheep heart Purkinje fibres. The intracellular
Na was measured using Na+-sensitive micro-electrodes (Thomas, 1970, 1978). It is
known that local anaesthetics increase the threshold, and decrease the rate of
depolarization of the action potential in Purkinje fibres (Weidmann, 1955). One of
the actions of local anaesthetics is to decrease the over-all Na permeability of cell
membranes (e.g. see Strichartz, 1976). TTX on the other hand is a very specific
blocker of Na entry during the action potential (for references see Blankenship, 1976)
and also greatly decreases the rate of Purkinje fibre depolarization (Dudel. Peper,
Rudel & Trautwein, 1967). The action of TTX is presumably due to its binding to
the voltage-sensitive Na channels, whereas local anaesthetics might reduce Na influx
through both TTX-sensitive Na-channels and TTX-insensitive Na pathways. These
TTX-insensitive Na pathways could include K channels (although see Hille, 1973)
and non-specific 'leakage' pathways.
The aims of the present experiments were: (i) to test how much the resting perme-

ability to Na is reduced by local anaesthetics and TTX by monitoring their effects on
the intracellular Na activity and the rate of rise of the Na activity produced by a high
concentration (10-5 M) of strophanthidin, and (ii) to compare the actions of the two
types of drug on the Na permeability of the membrane. Our results indicate that high
concentrations of both local anaesthetics and TTX are required to produce a sig-
nificant effect on the intracellular Na activity and the Na permeability of the resting
membrane.

METHODS

These were essentially the same as described previously (Ellis, 1977; Deitmer & Ellis, 1978a, b)
with the isolated Purkinje fibres pinned into a small superfusion chamber (flow rate of solutions
approximately 4-6 bath vol./min, temperature 35 'C).
The cells were penetrated by two micro-electrodes, a conventional one, and a Na+-sensitive

micro-electrode (Thomas, 1970, 1978). All the Na+-sensitive micro-electrodes used showed a 90%
complete response to a change in [Na]0 in less than 90 sec. The fastest changes of intracellular Na
measured were at least ten times slower than the response-time of the Na+-sensitive micro-
electrodes used in our experiments. Therefore measurements of changes of the intracellular
Na activity were not limited by the time course of the electrode response. The size of the response
varied between 54 and 60 mV for a tenfold change in Na concentration.
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Solution8
All solutions were equilibrated with 100% °2. The normal saline contained (mm) Na 140,

K 6, Ca 2, Mg 1, pyruvate 2, glucose 10, Cl 145, and was buffered with 10 mm of the Na salt of
HEPES (2-N-2-hydroxyethyl piperazine-N'-ethanesulphonic acid) to give a pH of 7-4 (± 0.05).
In experiments involving the use of high procaine concentrations (a maximum of 10 mm was used
in this study) all solutions were made hypertonic. The various procaine concentrations were
produced by mixing a normal Tyrode solution (made hypertonic by the addition of 10 mM-Tris)
with a Tyrode solution to which 10 mM-procaine had been added.

Procaine (B.D.H.) and lidocaine (a gift from Astra Chemicals Ltd) were added as their hydro-
chlorides. Strophanthidin (Boehringer Mannheim) was added from a stock solution of 10-2 M in
ethanol. TTX (Calbiochem Ltd) was dissolved in Tyrode solution to give a maximum concentra-
tion of 2 x 10-5 g/ml. (6.26 x 10-5 M).

RESULTS

Effects of local anaesthetics
The addition of procaine or lidocaine at concentrations between 10-4 and 10-2 M

to the bathing solution produced a decrease in the intracellular Na activity to a new
steady-state level. This effect was complete within 15 to 30 minutes and was fully
reversible.
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Fig. 1. Pen recording showing the effects of 5 x 10og M-procaine in the presence of
6 mM-[K]. and in K-free solution on the intracellular Na activity (a' ) (top trace), and
on the membrane potential (bottom trace). Isotonicity was maintained by substituting
Tris for K and procaine for Tris. The breaks in the figure (interrupted lines in the
traces) were for periods of 40 and 10 min respectively.

Fig. 1 shows the effect of 5 x 10-3 -procaine on the intracellular Na and the
membrane potential (Em) and also on the changes of intracellular Na produced by
K-free solution. In this experiment the steady-state intracellular Na activity
decreased from 4-8 to 3-2 mm when procaine was applied. In four experiments of this
type the steady-state internal Na activity decreased by 20 + 4% (mean + S.D.).
Removal of K0 results in a depolarizing 'switch' of the membrane potential to

about -30 to -45 mV, and intracellular Na increases due to the inhibition of the
Na-K pump (Ellis, 1977). As is shown in Fig. 1, 5 x 10-3 M-procaine considerably
slowed the rise of internal Na produced by the removal of K0 and also prevented the
depolarizing 'switch' of the membrane potential. These effects are in agreement with
the finding that local anaesthetics reduce the Na permeability of cell membranes
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(Shanes, Freygang, Grundfest & Amatniek, 1959; Taylor, 1959), and they support
the suggestion (Carmeliet, 1961; Gadsby & Cranefield, 1977) that the depolarizing
'switch' of the Purkinje fibre membrane potential is due to an increase in the Na
permeability relative to that of K. Procaine always caused a depolarization (Fig. 1)
when such high concentrations were used. However, at low procaine concentrations
(< 10-3 M) a small hyperpolarization occurred.
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Fig. 2. The results of an experiment where the steady-state values of a4, were measured
in the absence of procaine (filled circle) and at various procaine concentrations (open
circles).

Fig. 2 shows the results of an experiment where the steady-state intracellular Na
activity was measured at various procaine concentrations between 10-4 and 10-2 M.
Over this range, procaine caused a dose-dependent decrease in intracellular Na.
At, for example, 10-3 M-procaine the aia was decreased by approximately 12 %.
The addition of 10-5 M-strophanthidin to the external solution resulted in a rapid

rise in intracellular Na activity at an average maximum rate of about 0 5 m-mole/min
(Deitmer & Ellis, 1978b). This strophanthidin concentration was found to have a
maximal effect on the rate of rise of internal Na and was therefore suggested to be
sufficient to completely block the Na-K pump. If it is assumed that there is only a
small buffering of the intracellular Na activity then this rate of rise of internal Na
reflects the rate of net passive Na influx into the cells. We have calculated this
influx to be approximately 2-8 p mole/cm2 see (Deitmer & Ellis, 1978b). This rise of
the intracellular Na activity in 10-5 M-strophanthidin reaches its maximum rate
within three minutes and remained approximately constant for the next 8-15 min
(see also Deitmer & Ellis, 1978b). Thus this initial maximum rate of rise has been
used to estimate changes in the net Na influx under various conditions. Fig. 3A
illustrates an experiment where the effect of various procaine concentrations on the
rise of intracellular Na has been investigated. As the procaine concentration was
increased, inhibition of the Na-K pump by strophanthidin resulted in slower rates of
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increase of intracellular Na. Fig. 3B shows the effect on the maximum rate of rise of
intracellular Na of procaine concentrations between 5 x 10-5 and 1t-2 M. Over this
range of concentrations, a decrease of 25 % in the rate of rise of intracellular sodium
activity occurred per tenfold increase in the procaine concentration. The highest
procaine concentration used (10-2 Ai) decreased the rate of rise of intracellular Na
activity by about 80 %. This high procaine concentration produced a large membrane
depolarization (approximately 20 mV). This depolarization would be expected to
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Fig. 3. A, the effect of various procaine concentrations on the increase of a' produced
by the application of 10-5 M-strophanthidin. The record of the recovery of a'a following
removal of strophanthidin has been cut out in each case in order to shorten the figure.
The breaks in the record were for periods of approximately 40 min. B, the maximum
rate of increase of a'a in 10-5 M-strophanthidin (from the same experiment as that
shown in part A) has been plotted against the procaine concentration (open circles) and
in the absence of procaine (filled circle).

decrease the net influx and thereby contribute to the large reduction in the rate of rise
of intracellular Na.
On removal of strophanthidin the recovery of the intracellular Na activity is

somewhat delayed (Deitmer & Ellis, 1978b), probably due to the slow dissociation of
strophanthidin from its inhibitory binding site. When procaine and strophanthidin
were removed simultaneously, the rate of rise of intracellular Na showed a transient
increase for 5-10 min. This suggests that procaine does not interfere with the binding
of strophanthidin. Thus, the results indicate that procaine can substantially reduce
the net passive Na influx.
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We have compared the effects of procaine, described above, with those of lidocaine
(at 1O-4 and 1O-3 M). Both the steady-state intracellular activity and the rise of
intracellular Na following Na-K pump inhibition were very similarly affected by
these two local anaesthetics. Fig. 4 shows an experiment in which we have compared
the effects of 1O-3 M-procaine and lidocaine on the rise of intracellular Na produced
by addition of strophanthidin. In this experiment the rate of rise of intracellular Na
was reduced by 61 % with procaine and by 55% with lidocaine compared to the rate
in the absence of local anaesthetics. Under the combined influence oflocal anaesthetics
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Fig. 4. Pen-recording of an experiment showing the effect of 10-3 M-procaine and
10O3 M-lidocaine on Em and on the rise of ad on addition to 105 M-strophanthidin.
The black areas on the Em trace were due to membrane potential oscillations and to
full action potentials which were too rapid for the pen-recorder to follow accurately.

and strophanthidin there was normally a transient hyperpolarization followed by
a depolarization of 12-15 mV. In the experiment illustrated in Fig. 4 there were some
spontaneous action potentials prior to, and during the recovery from, the addition of
procaine plus strophanthidin. The action potentials were suppressed during exposure
to these drugs. Spontaneous action potentials or action potentials elicited by electrical
stimulation (up to 2/sec) changed the steady-state intracellular Na activity by
between 1 and 3 mm. This rise of intracellular Na was completed within 5-15 min.

Effects of tetrodotoxin
TTX is well known for its very specific blocking action on the Na conductance

during the rising phase of the action potential (Narahashi, Moore & Scott, 1964).
In mammalian cardiac muscle, in contrast to nerve and skeletal muscle, very high
concentrations of TTX are required to produce a marked inhibition of the amplitude
and rate of rise of the action potential (> 1O-5 g/ml. in Purkinje fibres, Dudel et al.
1967). It has been suggested that the Na entry via these voltage- and TTX-sensitive
membrane channels may contribute significantly to the total passive Na influx at
the resting membrane potential (Cohen & Strichartz, 1977).
We have investigated the effect of TTX on both the steady-state level of intra-

cellular Na activity and on the rate of rise of intracellular Na produced by 1O-5 M-
strophanthidin. Fig. 5 shows an experiment of this type. When TTX, 2 x 10- g/ml.,
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was added, the intracellular Na activity slowly and reversibly decreased from
8 2 to 7'2 mm. The fibre was then exposed to strophanthidin for 10 min. This resulted
in a relatively small increase of the intracellular Na. On the right is shown the
larger increase of intracellular Na produced by strophanthidin in the absence of
TTX. TTX also caused a transient hyperpolarization of the membrane potential by
1-2 mV and reduced the subsequent depolarization produced by strophanthidin.
The effects of TTX on both the steady-state intracellular Na activity and the rate of
rise of Na produced by strophanthidin were fully reversible within 30-60 min in our
preparations.
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TTX (2 X 10-5 g/ml.)

Fig. 5. The effect on a'a and Em of applying 10-5 M-strophanthidin in the presence and
absence of TTX (2 x 10-5 g/ml.). The gap in the recording was for a period of approxi-
mately 190 min. During the recovery of cO.a from the second exposure to strophanthidin
the amplifier connected to the Na+-sensitive micro-electrode was switched off for 4 min
(interrupted line in upper trace).

The dose dependence of the TTX effects on the steady-state intracellular Na
activity and on the rate of rise of intracellular Na were studied in more detail in two
experiments as shown in Fig. 6. The Purkinje fibres were exposed to the various
concentrations of TTX for 15-20 min, and the steady-state intracellular Na activity
measured (Fig. 6C). The fibres were then exposed to 1 0-5 M-strophanthidin and the
rate of rise of intracellular Na was measured (Fig. 6B). Some of the records from one
experiment are shown in Fig. 6A. TTX at a concentration of 10-6 and 2 x 10-5 g/ml.
reduced the steady-state intracellular Na activity by 8-10% and decreased the rate
of rise of intracellular Na activity by up to 50 %. It should be noted, however, that
the TTX purchased contained 5 parts by weight citrate per 1 part TTX. Thus at
a TTX concentration of 2 x 10-5 g/ml. a small but significant amount of Ca2+ in our
experimental solutions was chelated by citrate. The amount of Ca2+ chelated in this
high TTX concentration was 0*3 mm out of a total Ca concentration of 2-0 mm
(Hastings, McLean, Eichelberger, Hall & da Costa, 1934). This reduction in extra-
cellular Ca2+ would tend to increase the intracellular Na activity and the net Na
influx (Ellis, 1977; Deitmer & Ellis, 1978a), thereby partially offsetting the effects
of TTX.
The TTX-sensitive Na channels of excitable tissues are known to be voltage

dependent. They inactivate with increasing membrane depolarization according to
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the 'h'-inactivation scheme (Hodgkin & Huxley, 1952; Weidmann, 1955; Noble,
1962). In one experiment we examined a Purkinje fibre that was in a depolarized
state (Em being -40 mV) soon after penetration of the cells by the micro-electrodes.
This depolarized state was probably associated with some membrane injury. Since
the membrane potential recovered to its normal high value later in this experiment,
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Fig. 6. The effect of various concentrations of TTX on a,'a and on the rise of a.a on
addition of 10-5 M-strophanthidin. A, pen-recordings showing the changes in aNa
(top trace) and Em (lower trace) produced by 10-5 M-strophanthidin in the absence, and
in the presence of three different concentrations of TTX. B, the rate of rise of a..
(Aal /t) on addition of 10-5iM strophanthidin at various TTX concentrations. Triangles
and circles represent two different experiments. C, the steady-state aka levels in the
presence of various TTX concentrations as a percentage of the 4.a in the absence of
TTX. Triangles and circles represent the same two experiments as in (B).

we were able to observe the effects of TTX at low and high membrane potentials.
Fig. 7 shows the beginning of this experiment, where the cells were in a depolarized
state. First, the rise of intracellular Na activity during a short exposure to strophan-
thidin (10-5M) was measured (control). When TTX (10-6g/ml.) was applied, the
membrane hyperpolarized within 2 min to a resting level of more than -70 mV.
After another 7 min the membrane potential 'switched' spontaneously to an even
more depolarized level than previously. Following the removal of both TTX and
strophanthidin, the membrane regained its normal polarized level which was then
maintained throughout the rest of a 9 hr experiment.
The rate of rise of the intracellular Na activity was 0 44 m-mole/min in the
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control exposure (without TTX) to strophanthidin shown in Fig. 7. This rate was
reduced by 27 % in the presence of 10- g TTX/ml. When the membrane had gained
its normal polarized level (approximately -75 mV) later in the experiment (shown
in Fig. 6A) the addition of strophanthidin produced a somewhat smaller rate of rise
of intracellular Na activity (0.41 m-mole/min) than before. This rate was now

12 10 min

E1
3

30T

El
EI

LIJ 70

901 L...J
strophanthidin (10-5 M) strophanthidin (10-5 M)

TTX (1 0-6 g/mI.)

Fig. 7. The effect of 10-6 g TTX/ml. on the steady-state a4a and on the rise of c4a upon
addition of 10 M-strophanthidin at a low membrane potential.

reduced in the presence of 106 g TTX/ml. by 45 %. The result indicates that
TTX-sensitive Na influx was reduced by 40 % during the period in which the
membrane was depolarized. This could have been produced by an increased inactiva-
tion of TTX-sensitive, voltage-dependent Na channels at low membrane potentials.

The ability of TTX to cause the membrane potential to switch to its normal polarized state is
similar to the effects of TTX on canine Purkinje fibres (Gadsby & Cranefield, 1977). It would
appear that closing the TTX-sensitive Na channels can decrease the Na permeability of the
membrane enough to allow hyperpolarizing currents to 'switch' the membrane potential to a
high level. However, as the membrane potential spontaneously depolarized subsequently,
it suggests that the membrane was very near to the threshold for the 'switch' between the two
polarized levels. The hyperpolarizing currents responsible for the initial switch may have been
quite large if, after exposure to strophanthidin, the intracellular free Ca level was high. A high
level of intracellular Ca could increase the K conductance of the cell membrane (Meech, 1974;
Eckert & Lux, 1976; Isenberg, 1975). Later in the recovery from the first exposure to strophan-
thidin, when perhaps intracellular Ca had returned to normal and the K conductance had
decreased, this may have been just sufficient to trigger the later spontaneous depolarization.
We have tried to investigate further the voltage dependence of the ability of TTX to decrease

the Na influx by increasing the external potassium concentration ([K]0), to depolarize the cell
membrane. In one experiment the [K]0 was increased from 6 to 12 mm. This increase in [K]0
produced a depolarization of 12 mV. The depolarization produced by the addition of strophan-
thidin, however, is less at the higher [K]o. The Em in strophanthidin containing solutions was
-58 mV in 12 mM-[K]. compared to -66 mV in 6 mM-[K]0. Therefore there was a difference
in the net depolarization of only 8 mV in the presence of 2 x 10-5 gTTX/ml. TTX reduced the
rate of rise of a4 in 6 mM-K by 49% and in 12 mM-K by 44 %. These results are consistent with
a larger effect of TTX on the net passive Na influx at the higher membrane potential. However,
due to the varying depolarizations produced by strophanthidin in 6 and 12 mM-K the difference
in the TTX effects were rather small. Larger changes in the [K]0 were not used as high K con-
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trations inhibit cardioactive steroid binding to the Na-K pump (e.g. see Schwartz,
Lindenmeyer & Allen, 1975) and very low K concentrations produce unusually large depolariza-
tions which may be due to an increased Na permeability.

The net Na influx may vary greatly with the membrane potential since both
the relative Na permeability of the cell membrane and the driving force for Na
inward movement would be affected. We have therefore attempted to estimate the
influence of the membrane potential on the net Na influx by varying the [K]0. We
have described some of these experiments previously (Deitmer & Ellis, 1978b),

e
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Fig. 8. The effects of different Em (the changes being produced by alteration of the
[K]0) on the steady-state a',a and on the rise of a4a upon addition of 10- M-strophan-
thidin. The black areas during and shortly after the exposure to 1 mM-Ko were due to
oscillations of the membrane potential and spontaneous action potentials, respectively.

where we also discussed some factors that could render this type of analysis in-
accurate. One of the major problems is that binding of cardioactive steroids is
affected by the [K]0 (Schwartz et al. 1975). A significant effect might have been
anticipated in these experiments when the [K]o was raised to 12 mm as this would
tend to inhibit strophanthidin binding. However, the onset of the rise in intracellular
Na produced by 10-5 M-strophanthidin was not delayed in 12 mm-[K]o when com-
pared with that in 6 mM-[K]0. A significant delay might have been expected if
strophanthidin binding was the rate limiting step in our assessment of the rate of Na
influx. An experiment of this type is shown in Fig. 8. The rate of rise of the intracell-
ular Na activity in 10-5 M-strophanthidin was measured in 1, 6 and 12 mM-[K]O.
Changing the [K]0 affects the steady-state intracellular Na activity by altering the rate
of Na pumping (Ellis, 1977; Deitmer & Ellis, 1978b). Therefore care was taken to
measure the rate of rise of aia over the same range of aia levels. The mean membrane
potentials in these 105 M-strophanthidin-containing solutions were 64.1 mV in
6 mM-[K]0,54-3 mV in 12 mM-[K]o and 32-1 mV in 1 mM-[K]0. The mean rates of rise
of intracellular Na activity compared to that in 6 mM-[K]o (taken as 100 %) were 92-5
+ 8.00/ f( + S.D., n = 4)! and1 90 7 + 142 0/ (n = 5) in 12 and 1 mM-[K]Orespectively.
We have calculated the mean Na electrochemical gradients across the cell membrane
at the times at which these rates were measured. If the driving force in 6 mM-[K]o
is taken as being 100% then this was reduced to 92% in 12 mM-[K]o and to 74%
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in 1 mM-[K]0. Thus the decrease in the Na driving force in 12 mM-[K]. agrees well
with the observed decrease in the rate of rise of the intracellular Na activity (to
92 and 92-5 % respectively).

In 1 mM-[K]O, however, the decrease in the rate of rise of intracellular Na is
considerably less than that predicted from the reduction in the Na driving force
(90.7 and 74 %, respectively). This deviation of the net passive Na influx and the
change in Na electrochemical gradient could be accounted for by an increase in the
Na permeability of the cell membrane in 1 mM-[K]O. This effect is presumably even
larger than is suggested by these measurements as the above results (with TTX)
indicated some inactivation of the voltage- (and TTX-) sensitive Na channels at the
low membrane potential, which contribute to the over-all Na permeability.

DISCUSSION

The present results show that the local anaesthetics procaine and lidocaine can
produce decreases in the intracellular Na activity of quiescent sheep heart Purkinje
fibres (for example, Figs. 1 and 2). It seems likely that these decreases of intracellular
Na are due to a decrease in the net passive Na influx. This in turn briefly allows the
Na-K pump to extrude more Na than leaks in, thus causing a reduction in the
steady-state intracellular Na activity.
We have estimated the changes in the net passive Na influx by measuring the rate

of rise of intracellular Na activity on inhibition of the Na-K pump with the cardio-
active steroid strophanthidin. This rate of rise was 50% reduced by procaine con-
centrations between 104 and 10-3 M. This effect could not have been due solely to
interference by procaine with the binding of strophanthidin. When both drugs were
applied to a preparation and then removed simultaneously, the rate of rise of
intracellular Na initially increased. This suggests that procaine is washed off much
more quickly than strophanthidin, and that procaine can have an effect independent
of any possible interaction with the strophanthidin binding to the membrane. This is
confirmed by the fact that the rate of rise of the intracellular Na activity in K-free
solutions was also reduced by procaine (Fig. 1) despite the fact that the membrane
potential (and therefore the driving force for inward movement of Na) was increased.
The ability of procaine to block the large depolarization in K-free solution adds

further weight to the suggestion that the K-free depolarization is due to an increase
in the relative permeability ofNa to that ofK (Carmeliet, 1961; Gadsby & Cranefield,
1977). Procaine also appears to decrease the membrane K permeability (Shanes et al.
1959; Taylor, 1959; Ochi & Hashimoto, 1978) which could explain the depolarization
of the membrane with procaine concentrations above 10-3 M. Arnsdorf & Bigger
(1972) attributed the hyperpolarization they observed in dog Purkinje fibres with
low lidocaine concentrations (2 x 10-5 M) to an increased K conductance (see also
Gliklick & Hoffman, 1978). These authors therefore suggest that the K permeability
of cardiac tissue may be affected by local anaesthetics in a different way to that of
other types of excitable cell.

Local anaesthetics have been used clinically for the treatment of various types of
cardiac arrhythmia (Likoff, 1959; Frieden, 1959) including those induced by digitalis
toxicity (Lown, Fakhro, Hood & Thorn, 1967) and myocardial infarction (Gianelly,
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Von der Groeben, Spiwack & Harrison, 1967). The clinically effective doses are lower
than those used in the present study, so our results suggest that only small effects on
intracellular Na activity occur with therapeutic concentrations of local anaesthetics.
Electrophysiological studies have shown that high concentrations oflocal anaesthetics
decrease the overshoot and the rate of rise of the Purkinje fibre action potential
(Weidmann, 1955; Davis & Temte, 1969; Bigger & Mandel, 1970). This 'stabilizing'
effect of local anaesthetics was also apparent in the present experiments, for example,
the inhibition of the spontaneous activity shown in Fig. 4.
The addition of TTX to the bathing solution produced decreases of intracellular

Na activity with a similar time course to those occurring on addition of local
anaesthetics. The effect of TTX on the steady-state intracellular Na activity was
paralleled by its effect on the rate of rise of intracellular Na produced by the addition
of 10-5 M-strophanthidin.
TTX has been widely used as a specific inhibitor of the voltage-dependent Na

channels in a variety of excitable tissues (see Blankenship, 1976). Cardiac tissue has a
rather low sensitivity to TTX inhibition (for example, Baer, Best & Reuter, 1976;
Dudel et al. 1967). It is, however, assumed that TTX also acts by blocking similar Na
channels in cardiac tissue. Our results suggest that the net passive Na influx is
greatly reduced by TTX (the rate of rise of the intracellular Na activity was reduced
by approximately 40% in 10- g TTX/ml.). The membrane depolarization in these
strophanthidin containing solutions was 4-9 mV, so TTX-sensitive channels may
contribute even more to the net passive Na influx at the normal membrane potential,
as these channels inactivate with membrane depolarization. Baker, Blaustein,
Keynes, Manil, Shaw & Steinhardt, (1969) found that TTX (10- g/ml.) reduced the
Na influx in squid axons by approximately 60 %. In our experiments higher con-
centrations of TTX did not produce larger effects on the intracellular Na and rate of
rise in intracellular Na. This, however, was probably due to the fact that the TTX
we used had a relatively high content of citrate buffer. The citrate would have
chelated a significant amount of Ca in our experimental solutions when TTX con-
centrations much higher than 10- g/ml. were used.

In one experiment we were able to examine the effect of TTX on the rate of rise of
the intracellular Na activity in the depolarized state and at the normal resting
potential level. It seems somewhat surprising that the rate of rise of intracellular Na
(in the absence of TTX) appeared to be slightly greater in the depolarized state,
despite the reduction in the driving force for Na influx. It is possible that the injury
caused by the micro-electrode impalement at the beginning of the experiment
resulted in a transient increase in the Na influx. It seems unlikely, however, that such
injury could cause a specific decrease in the TTX-sensitive Na influx observed at the
low membrane potential. This experiment suggested that the TTX-sensitive Na
influx was not completely inactivated at the membrane potential of -40 mV. The
results of Weidmann (1955), however, indicate that the Na channels associated with
the action potential in Purkinje fibres are fully inactivated at this membrane
potential.
As there were differences in the membrane potential of up to 5 mV in the various

TTX concentrations (in the presence of strophanthidin) in our experiments, this
could of course significantly influence the TTX-sensitive Na influx (see also Cohen &
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Strichartz, 1976). Our results concerning the TTX-sensitive Na permeability obtained
by the measured rates of rise of intracellular Na activity in strophanthidin are
therefore subject to an unknown error. Taking the rates of rise of internal Na at
larger depolarizations in the absence and presence of TTX, this error should however
be less than 20% and would only have a small effect on the 'dose-response curves'
given for TTX (Fig. 6). Ideally, the membrane should have been voltage clamped
during our measurements with TTX, but this technique has not yet been applied in
combination with the measurement of intracellular ion activities in mammalian
cardiac muscle.

In conclusion, our results show that intracellular Na activity can be decreased in
the presence of local anaesthetics or TTX. The fall in intracellular Na is presumably
brought about by the Na-K pump following a decrease in the passive Na influx.
The larger effect of local anaesthetics in our experiments could have been due to the
ability of local anaesthetics to affect both TTX-sensitive (voltage-dependent) and the
TTX-insensitive Na pathways. If it is assumed that the TTX-sensitive component of
the passive Na influx (as estimated by the addition of strophanthidin) reflects the
contribution of voltage-dependent Na channels to the total passive Na influx, then
our results indicate that at least 40% of the passive Na influx in quiescent Purkinje
fibres occurs through the voltage-dependentNa channels, even at membrane potentials
slightly lower than normal (due to the influence of strophanthidin).
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