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Abstract. The inhibition of sodium and potassium currents in frog myelinated fibres 
by ajmaline (AM) and its quaternary derivative, N-propyl ajmaline (NPA), 
depends on voltage-clamp pulses and the state of channel gating mechanisms. The 
permanently charged NPA and protonated AM interact only (or mainly) with open 
channels, while unprotonated AM affects preferently inactivated Na channels. 
Inhibition of Na currents by NPA and AM does not depend on the current 
direction and Na ion concentration in external or internal media. In contrast only 
the outward potassium currents can be blocked by NPA and AM; the inward 
potassium currents in high K+ ions external media are resistant to the blocking 
action of these drugs. The voltage dependence of ionic current inhibition by 
charged drugs suggests the location of their binding sites in the inner mouths of Na 
and K channels. Judging by the kinetics of current restoration after cessation of 
pulsing, the drug-binding site complex is much more stable in Na than in potassium 
channels. Batrachotoxin and aconitine, unlike veratridine and sea anemone toxin, 
decrease greatly the affinity of Na channel binding sites to NPA and AM. The 
effects of NPA and AM are compared with those of local anesthetics and other 
amine blocking drugs. 

Key words: Node of Ranvier — Voltage clamp — Sodium channels — Potassium 
channels — Ajmaline — N-propyl ajmaline — Batrachotoxin — Veratridine 
— Aconitine — Anemone toxin 

Introduction 

It is established at present that the blocking action of many amine drugs on Na 
channels in nerve and muscle cell membranes can be modulated over a wide range 
by variation of holding potential, magnitude, duration and frequency of repetitive 
pulses (Strichartz 1973; Courtney 1975; Khodorov et al. 1976). A detailed study 
of all these relations allowed to infer some important conclusions on functional 
architecture and molecular organization of voltage-sensitive ionic channels (Hille 
1977a; Armstrong and Bezanilla 1977; Khodorov 1979). 
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Fig. 1. Chemical structure of ajmaline and N-propyl ajmaline. 

Since many of these amine drugs are widely used in medical practice as local 
anesthetics and antiarrhythmics a comprehensive analysis of their effects is also of 
importance for molecular pharmacology and medicine. 

This paper summarizes the results obtained in studying the effects of the 
tertiary amine ajmaline (AM) and its quaternary derivative, N-propyl ajmaline 
(NPA) (Fig. 1) on Na* and K+-currents in frog nodes of Ranvier. The experiments 
were carried out both on normal nerve fibres and fibres treated with some 
neurotoxins (batrachotoxin, aconitine, veratridine, anemone toxin) that alter 
specifically the gating and other functions of Na channels. These studies have 
yielded new information about the properties of the Na channel binding sites for 
amine blockers. 

AM ("Giluritmal") and NPA ("Neo-Giluritmal") are well known as effective 
antiarrhythmics widely used in medical practice (see Simon 1974; Baussmann et al. 
1978). However their action on ionic currents in myocardial cells has not been 
investigated until recently. Taking into account a qualitative similarity in the 
pharmacological properties of Na channels in nerve and myocardial cells, we can 
expect that the results obtained in the present study will guide the way for a future 
special analysis of the effect of these drugs on myocardium. Indeed, recent 
experiments performed on enzymatically isolated rat myocardial cells (Zilberter et 
al. 1983) have confirmed this prediction. Some of the present results concerning 
the effects of NPA on normal Na channels were reported elsewhere (Zaborovskaya 
and Khodorov 1980a, b). 
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Material and Methods 

Experiments were carried out on single myelinated nerve fibres dissected from the sciatic nerve of Rana 
ridibunda. Membrane currents were recorded by means of the voltage clamp technique (Dodge and 
Frankenhaeuser 1958; Hille 1971). The magnitude of the ionic current in nanoamperes was calibrated 
by assuming the resistance of the intra-axonal current delivering pathway (RKD) to be 20 MQ (Dodge 
and Frankenhaeuser 1958). Leakage and capacitive currents were as a rule subtracted electronically. 
Unless otherwise mentioned both ends of the nerve fibre were cut in 114 CsCl solution. Diffusion of Cs+ 

ions along the axoplasm to the node provided an effective blockage of the outward potassium currents. 
To increase the internal Na+ concentration in some experiments the nerve fibres were cut in 
a Na-containing solution, specified in Results. The control Ringer's solution used to superfuse the node 
contained (in mmol .1 ' ) : NaCl—112, KC1—2.5, NaHC03—2.0, CaCl2—2.0, pH 7.2, Tris—5. All 
variations in the composition of the external solution are indicated in the Results section. To study 
potassium currents, Na channels in the nodal membrane were blocked by 2 x 10"7 mol.l"' tetrodotoxin 
(TTX); in most of these experiments NaCl was completely replaced by KG. Ajmaline (base) and 
N-propyl ajmaline bitartrate were obtained from Dr. A. Weidner (Giulini Pharma, Hannover). 
Batrachotoxin was kindly provided by Drs. J. Daly and B. Witkop (NIH). Anemone toxin extracted 
from Anthopleura xanthogrammica was a gift of Dr. M. Blaustein (Baltimore); veratridine was 
provided by R. Stämpfli (Homburg/Saar, FRG). 

These substances were added to the external fluid from corresponding stock solutions. To dissolve 
ajmaline and N-propyl ajmaline 2—3 drops of aethyl alcohol were used; the final concentration of the 
latter in the 3 x 10"3 mol.l"' NPA (AM) solution did not exceed 10 mmol.1"'. The details of channel 
modification by the above toxins are described in the corresponding sections of Results. 
Nomenclature: /Na, /K — sodium and potassium currents, respectively; AM and NPA — ajmaline and 
N-propyl ajmaline, resp.; BTX — batrachotoxin; AC — aconitine; ATX — anemone toxin; VER 

— veratridine; E — membrane potential (inside minus outside); E, — depolarizing test pulse; E,, 
— holding potential. 

Results 

I. Effects of ajmaline (AM) and N-propyl ajmaline (NPA) on the normal 
Na channels 

Tonic and use-dependent (cumulative) inhibition of JNa 

Like many other lipid-soluble amine drugs, AM and NPA produce two phenome-
nologically different types of Na channel blockage: the so-called "tonic block" 
(Strichartz 1973), a stationary decline of peak Na currents, INa, without conditio
ning stimulation, and the "use-dependent" (cumulative) inhibition of JNa (Cour
tney 1975; Hille 1977) that arises during repetitive pulsing and disappears after the 
end of this stimulation. 

The following difference was revealed, however, between the effects of AM 
and NPA. 

Concentrations of 3 x 1 0 " 5 - 1.5 x 10"4 mol.l"1 AM produced both types of 
7Na inhibition in almost all the experiments (Table 1), while 10~ 5 - 10 4 mol.l"1 
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Table 1. Tonic block of Na channels by ajmaline and N-propyl ajmaline 

Ajmaline 

No Fibre 
Concentration 

(mol. I"') E„ (mV) //.//., in % 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

21.09—79 
15.11—79 
10.12—79 
14.12—79 
17.12—79 
22.01—80 
30.01—80 
30.01—80 

4.02—80 

3 x l O " 5 

1 . 5 x 1 0 -
3X10"5 

1 . 5 x 1 0 -
1.5X10"4 

1 . 5 X 1 0 -
1 . 5 X 1 0 -
1.5 X 1 0 -
1 .5X10-

- 8 5 
- 8 5 
- 8 5 
- 8 5 
- 8 5 
- 8 0 
- 8 5 
- 8 3 
- 9 0 

82 
83 
74 
92 

100 
93 
74 
40 
83 

N-propyl ajmaline 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 

5.02—79 
27.02—79 
13.03—79 
20.03—79 
26.03—79 
20.04—79 
21.04—79 
22.05—79 

3.12—79 
4.12—79 

27.12—79 
7.02—80 

26.02—80 

4 x 1 0 " ' 
10 5 

s l0" s 

10"5 

i o -
2 x 1 0 ' 

i o -
10"5 

i o -
i o -

2 x 1 0 -

i o -
i o -

- 9 0 
- 9 3 
- 8 5 
- 9 7 

- 1 0 0 
- 8 5 
- 7 5 
- 9 0 
- 8 5 
- 9 0 
- 8 0 
- 8 7 

- 1 1 0 

100 
100 
100 
100 
100 
100 
47 
73 

100 
100 
64 

100 
100 

*' /„ is IN, amplitude during the test pulse in control Ringer's solution. 
E is the amplitude of iN„ elicited by the first test pulse applied 5—10 min after the beginning of NPA or 
AM action on the resting node of Ranvier. 

NPA as a rule (see Table 1) did not induce the tonic block, although the cumulative 
inhibition of INa was very pronounced. To bring about a marked tonic block it was 
necessary to increase NPA concentration up to 10~3 mol.T' (see below). 

Fig. 2 illustrates the results of a typical experiment with application of 
10~5 mol.l"1 NPA to the resting node of Ranvier. The first peak INa shown in Fig. 
2A was elicited by a test pulse (to E = 0 mV, 5 ms duration) during superfusion of 
the node with a control Ringer's solution. The latter was replaced by another one 
containing NPA, and after a 10 min exposure the second test pulse was applied. It 
induced JNa with an amplitude equal to the control one. However as soon as 
repetitive pulsing (1 Hz) was turned on 7Na amplitude began to decrease progressi
vely (approximately exponentially) until a steady-state level was reached. Just after 
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100 mV 

Fig. 2. Use-dependent (cumulative) inhibition of INa by NPA. A: the first peak 7Na was elicited by 
Er = 0mV, in control Ringer's solution. Arrow shows the beginning of NPA 1 0 ' m o l . l " ' action. 
During a 10-min interval the membrane was held at Eh= - l O O m V without being subjected to 
stimulation. Then a train of 5 ms depolarizing pulses (1 Hz)to E, = 0 mV was applied. Peak /N., is 
shown during each 5-th pulse. Note that the first peak 7Na in the train is of the same amplitude as the 
initial one. B: Slow unblocking of Na channels examined with single test pulses. Note different time 
scales in A and B. C: Current-voltage relation (/N„—E,) before the action of NPA (circles) and just 
after the end of repetitive pulsing (triangles). The unbroken line shows the leakage current. 
Temperature 15°C. Fibre 21.05.79. 

the end of this pulsing the current-voltage relationship was examined. The INa—E 
curve obtained (Fig 2B, curve 2) did not reveal any changes in the voltage 
dependence of Na activation or in the reversal potential. Also, the leakage current 
remained unchanged. 

Similar results were obtained in experiments with AM (Fig. 3). Lowering 
of INa amplitude induced by NPA or AM was not accompanied with noticable 
changes in the current kinetics, as shown in Fig. 4. 

Both the rate and depth of the cumulative block were enhanced as the 
concentrations of NPA or AM were increased (not shown). 

Gate-dependence of the effects of NPA and AM 

It was shown earlier that cumulative inhibition of JNa caused by local anesthetics, 
tertiary and quaternary amines may result from interaction of the drug either with 
open (Strichartz 1973) or inactivated (Khodorov et al. 1974; 1976; Shishkova 
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Fig. 3. Use-dependent block of íNa by 1.5 x 10"" mol.l"1 AM. Abscissa: number of pulses (n); 
Ordinate: JNa-peak amplitude (nA). A: gradual decrease in ZNd during repetitive (10 Hz) stimulation of 
the node by 5 ms test pulses E, = 0 mV. B: restoration of iNa after a decrease in the rate of pulsing to 
0.1 Hz. E h = -90mV. Temperature 21°C. Fibre 4.02.80. 

1 2 3 4ms 

Fig. 4. Kinetics of the falling phase of /Nd before and during the action of NPA or AM. A: current 
traces: 1, in control Ringer's; 2 and 3, in NPA (2 x 10"5 mol.l"') during the 21st and 43rd 5 ms test 
pulse (2 Hz), E, = - 10 mV, E„ = - 80 mV, respectively. Temperature 20°C. Fibre 27.12.79. B: Effects 
of 1.5 x 10- mol.ľ1 AM. 
Current traces: ľ, in control Ringer's solution, 2' and 3', JN, elicited by the 8th and 31st pulse to 
E,= - lOmV (2 Hz), E h = -80. Temperature 23°C. Fibre 22.01.80. C: Semilogarithmic plot of the 
falling phase of iN„ presented in A (filled circles) and B (open circles). 

(Zaborovskaya) 1976; Hille 1977) Na channels. In the first case the blocking 
action of the drug can be greatly enhanced only by repetitive pulsing; in the latter 
one a single long-term depolarizing step induces pronounced current inhibition. 

To reveal the preference of AM and NPA to open or inactivated Na channels 
the effects of repetitive and maintained membrane depolarization were also 
examined. 

Fig. 5 illustrates the results of one of such experiment on the node of Ranvier 
treated with 10 4 NPA. Turning on a long 1 s depolarizing step to £ = 0 mV 

induced iNa; its value was taken for initial. 50 ms after the end of this step a train of 

short (5 ms) 20 Hz depolarizing pulses (to E = 0 mV) was applied. JNa during the 

first test pulse in the train proved to be only 14% lower than the initial one. During 

- r j ^ a w z s 
O A 
o 
°o 

^^Oocooooooo 
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Fig. 5. Comparison of the effects of maintained and repetitive membrane depolarization on /Na block 
induced by 10"4 mol.1"1 NPA. Top: peak /Nd during a prolonged (1 s) depolarizing step followed by 
a train of short (5 ms) depolarizing pulses (20 Hz). Temperature 15°C. Fibre 15.05.79. 
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Fig. 6. Dependence of INa during the test pulse on the duration (At) of a conditioning depolarization. 
Top: pulse program. A : Effects of 1.5 x 10"4 mol.l ' AM; Open symbols: control Ringer; full 
symbols: AN-containing solution; triangles: fibre 30.01.80, Eh = - 85 mV, E, = - 5 mV, Temperature 
21°C; circles: fibre 4.02.80, E„ = - 90 mV, E, = - 10 mV. Temperature 21 °C. B: Open circles: control 
Ringer's solution; full circles: 10"4 mol.l" 1 NPA. Abscissa: duration of the first (conditioning) pulse; 
ordinate: amplitude of iN a (in units of /Na measured without prepulse). E h = - 110 mV. Temperature 
17°C, fibre 26.02.80. 

the second pulse in the train IN a decreased approximately by the same value (16%) 
as compared to the first /Na- Thus the block-promoting effects of a 1 s and of a 5 ms 
depolarization proved to be almost equal. The whole train of 14 short (5 ms) 
depolarizing pulses, with a net duration of 70 ms, decreased /Na by 75% (related to 
its initial value). It may thus be concluded that it is the repetitive opening of Na 
channels rather than their inactivation during each depolarization pulse that 
promotes the blocking action of NPA. 

Another pulse protocol was used in Fig. 6. Two depolarizing pulses of the 
same amplitude (to E = — 10 mV) were separated by a 40 ms interval, long enough 
to allow Na channels to recover from fast inactivation. The duration of the first 
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Fig. 7. Voltage dependence of cumulative /N, inhibition produced by NPA or AM during repetitive 
(2 Hz) membrane stimulation. A: and B: effects of 10"4 m o l . ľ ' NPA. A: pulse amplitude, E,= 
- 15 mV, pulse duration = 5 ms. Eh = - 90 mV. B: E, was increased transitory from E, = - 15 mV to 
E, = + 6 0 m V , then returned to E,= - 1 5 m V . Temperature 15°C. Fibre 20.02.79. C: effect of 
1.5 x 10"" mol.l" 1 AM. Pulse amplitude was increased from E T = - 2 0 m V to E,= + 5 5 m V then 
returned to E, = - 2 0 mV. Temperature 23°C. Fibre 22.01.80. 

"conditioning" pulse varied in the range from 50 ms to 3 s in contrast to the 
duration of a second "test" pulse which remained constant. K+ ions were removed 
from the solution since they are known to slow down reactivation of Na channels 
after a prolonged ( I s ) membrane depolarization (Adelman and Paid 1969; 
Peganov et al. 1973). 

In the control K- and drug-free solution conditioning membrane depolariza
tion produced only a very slow decrease of 7Na during the test pulse ("test I N a ")-
After a 1 s conditioning depolarizing step the test iN a decreased by about 15% from 
its initial value. This decline apparently reflected the development of an "ul
tra-slow" K-independent Na inactivation (Fox 1976). 

The addition of 10"4 mol.l" 1 NPA (Fig. 6B) to the solution did not change 
appreciably the effect of the conditioning depolarization (filled circles). 

By contrast, in the AM-treated node (Fig. 6A) an increase in the duration of 
the conditioning depolarizing step up to 1 s produced a pronounced (by about 
50%) reduction of iN a. 
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All these data leave no doubt that the tertiary AM, like tertiary procaine, 
trimecaine or lidocaine (Khodorov et al. 1976; Hille 1977), is able to interact with 
inactivated Na channels whereas the quaternary NPA blocks only (or mainly) open 
Na channels. 

The cumulative block depends on the pulse voltage rather than on 7Na 

amplitude or its direction. 
In NPA-treated node of Ranvier the rate of INa decrease during repetitive 

stimulation rises as the magnitude of depolarizing pulses, E„ is increased. Fig. 
7 and 8B illustrate this effect. 

Fig. 7A shows the time-course of a cumulative JNa inhibition during repetitive 
(2 Hz) membrane stimulation by 5 ms depolarizing pulses to £, = — 15 mV. The 
second train of pulses (Fig. 7B) was turned after the end of the first one, when JNa 

had recovered to its initial value. In this case however, after the 6th pulse to 
E,= - 15 mV, the pulse amplitude was increased up to 60 mV that corresponded 
to the current reversal potential. Then, E, was reduced to its initial value — 15 mV. 
It is seen that an increase in E, to 60 mV greatly accelerated and deepened the 
cumulative block: after the return of E, to - 15 mV, /Na was slowly rising to reach 
its steady-state level. 

In other experiments with NPA the pulse amplitude was varied from 0 to 
85 mV. The rate and depth of the cumulative block was growing with voltage (see 
Fig. 8B). 

Similar results were obtained in the experiment with AM (Fig. 7C).The voltage 
dependence of the NPA block described above cannot be attributed to the effect of 
membrane potential on an interaction between drug and Na+ ions in the channel. 
This conclusion is derived from the following observations. 

1. In the experiment presented in Fig. 9A the internodes were cut in Na-rich 
solution (56 mmol.1"1 NaCl+ 56 mmol.1"1 CsCl) to increase the outward INa. 

JNa - E relations were examined first in a control Ringer solution and 
subsequently in a solution containing NPA. In the latter case all the measurements 
were carried out after a train of depolarizing pulses when INa had reached its 
steady-state level. The JNa—E curves were normalized to the maximum value of 
the inward INa in the control solution. It can be seen that NPA caused practically 
proportional suppression of both inward and outward JNa-

This result differs from that observed in experiments with some other Na 
channels blockers such as strychnine (Shapiro 1977), QX 314 (Cahalan and 
Aimers 1979) or yohimbine (Revenko et al. 1979, 1982) which block the outward 
JNa much more strongly than the inward ones. 

2. Lowering the external Na+ concentration does not enhance the use-depen
dent block of INa by NPA. Fig. 8B shows that the time-course of the NPA-induced 
inhibition of JNa during repetitive pulsing (10 Hz, to E = - 18 mV, pulse duration 
5 ms) either in the control external solution containing 114 mmol Na+ (circles), or 
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Fig. 8. Independence of cumulative inhibition of JNa by NPA on the amplitude and direction of JNa. A: 
JNa—E relationships measured first in the control Ringer's (circles), and in 10"5 mol.l"1 NPA solution 
(triangles) after the cumulative block had reached its steady-state level. The /Na—E curves are 
normalized to a maximum value of the inward JNa. The left ordinate: JNa values in the presence of NPA, 
the right ordinate: JNa in the control solution. The end of the fibre was cut in 56 mmol.1"1 

NaCl+ 56 mmol.1"1 CsCl solution. Fibre 20.03.79. B: Trains of 5 ms depolarizing pulses at a frequency 
of 2 Hz were applied to the node in control Ringer's containing NPA (2 x 10"5 mol. 1"') (circles) and in 
the NPA-Ringer's where 72 mmol.1"' of NaCl were replaced with equimolar Tris-Cl. Na„ concentra
tion: O 114 mmol; A 42 mmol; E= - 18 mV; #114 mV; E= +20 mV. Abscissa: number of pulses 
(n); ordinate: amplitude of JNa normalized to the first peak iNa in the train. Temperature 15°C. Fibre 
7.12.79. 

in the solution containing a decreased concentration (up to 70 mmol/l) of Na+ 

(equimolar substitution by Tris+) (triangles). In spite of the fact that in the second 
case the iNa amplitude was greatly decreased both the rate and the extent of the 
cumulative block remained unchanged. After the end of the latter pulsing the node 
was returned to the control solution and stimulated once more. However, in this 
case the magnitude of the depolarizing pulses was increased up to E, = + 20 mV. 
This voltage had been chosen to reduce JNa-amplitude to the value at E, = - 18 mV 
in 70 mmol.1"1 Na+ solution. 
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Fig. 9. Effects of depolarizing and hyperpolarizing prepulses Oil the time coufse of the cumulative block 
of JNa by NPA (10— mol.l"1). A train of 5 ms pulses of - 5 nlV (from E„= - 9 5 mV) was applied at 
a frequency of 10 Hz, and 50 ms prepulses were turned on (f) and off (J.) during the train, as shown by 
pulse program in the insets. Abscissa: number of pulses (n), ordinate: íNá amplitude normalized to its 
initial value. Temperature 18°C. Fibre 26.03.79. 

It can be seen from the figure that such an increase in the pulse magnitude 
enhanced greatly the cumulative block (filled circles). 

We thus conclude that NPA block depends on the pulse voltage and not on the 
magnitude and direction of the ionic currents. 

Effects of conditioning prepulse on the cumulative block 
of Na channels by NPA 

In the experiment presented in Fig. 9 the pulse procedure introduced by Courtney 
(1975) was used. This pulse program involves changes in peak JNa when depolari
zing or hyperpolarizing prepulses of 50 ms duration are turned on or off in the 
middle or at the end of a train of fixed depolarizing test pulses (see inset, Fig. 9). 

In the experiment under consideration turning on of a depolarizing 
prepulse (to - 75 mV from the holding potential — 95 mV) before each test pulse 
(to - 5 mV) caused only an abrupt decrease of the JNa amplitude (by about 30% of 
its initial value) with the time course of the use-dependent block remaining 
unchanged. 

Removal of the depolarizing prepulse led to an abrupt increase in INa. These 
changes in JNa reflected the voltage dependence of the steady-state inactivation 
(hJ) of normal (non-blocked) channels. An increase in the probability of Na 
channels inactivation did not influence the cumulative block induced by NPA. 

A different effect was obtained by insertion of a 50 ms hyperpolarizing 
prepulse (to - 115 mV) before each test pulse. It can be seen from the figure that 
the first prepulse caused only a very small increase INa indicating that at the holding 
potential /i„ is close to I. During a subsequent pulsing the iNa peak continued to rise 
and reached a new stationary level reflecting a gradual unblocking of channels. 

243 
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Fig. 10. Resistance of the batrachotoxin (BTX)- modified Na channels to the blocking action of 
lO" 4 mol.l" 1 NPA. A: current-voltage relations before and during the action of NPA on the 
BTX-pretreated node of Ranvier. Symbols: O and • are sodium currents in modified and normal Na 
channels (respectively) in control Ringer's after the end of 3-min treatment of the node by BTX; • and 
• currents during the action of 10"" mol.l" 1 NPA combined with repetitive (10 Hz) membrane 
stimulation by 5 ms depolarizing pulses to E T = - 10 mV; A and •, the currents after an increase in E T 

to + 6 0 m V , B: the node was pretreated with BTX and superfused with 10"4 m o l . l 1 NPA and 
stimulated repetitively (1 Hz) by train test pulses of different magnitude: /N., in BTX-modified 
(E, = - 67 mV) or simultaneously in normal and modified channels (E, = - 20 mV). Shown are inward 
current traces during the 1st, 20th and 200-th pulse respectively. C: Effects of NPA on the outward IN, 
in normal (peak) and BTX-modified (steady-state) Na channels. Shown are current traces during the 
1,12 and 47-th pulse respectively. Temperature 15°C. Fibre 12.02.79. 

Similar results were obtained in three other experiments with hyperpolarizing 
prepulses. In all the cases, unblocking of channels caused by hyperpolarizing pulses 
was relatively small as compared to that observed in the node of Ranvier treated 
with GEA—968 (Courtney 1975), QX 314 (Strichartz 1973), QX 572 (Guselniko-
va et al. 1981) or yohimbine (Revenko et al. 1979, 1982). 

II. Effects of AM and NPA on sodium channels modified by neurotoxins 

Sodium channels in the nerve membrane are provided with special receptors for 
some lipid-soluble (batrachotoxin, aconitine, veratridine, grayanotoxin) and poly
peptide (scorpion and anemone) toxins (for a review see Catterall 1980). These 
receptors are thought to be structurally linked to the Na channel entities (subunits) 
which are responsible for channel gating. Therefore it was of interest to study the 
relationship between neurotoxin receptors and the binding sites for AM and NPA. 
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Batrachotoxin (BTX) and aconitine (AC) 

It has been shown earlier that BTX (Khodorov et al. 1975, 1977; Khodorov 1978) 
and AC (Schmidt and Schmidt 1974; Mozhayeva et al. 1976,1977) alter almost all 
the properties of Na channels in the myelinated nerve membrane: activation, 
inactivation, ion selectivity, sensitivity to the blocking action of amine local 
anesthetics and some other drugs (for ä review see Khodorov 1982). The data 
presented below show that BTX and AC also decrease drastically the affinity of Na 
channels for NPA and AM. 

Fig. 1OA illustrates JNa—E relationship in the node of Ranvier pretreated with 
10~5 m o l . l 1 BTX before (circles) and during (triangles and squares) the action of 
10"4 mol.l"1 NPA. The first hump of the INa—E curve reflects the voltage-depen
dence of quasi stationary sodium currents in BTX-modified Na channels. These 
currents remained practically unchanged during NPA treatment combined with 
repetitive (10 Hz) stimulation of the node by short (5 ms) depolarizing pulses. By 
contrast peak currents through non-modified Na channels (the second hump of the 
/—E curve) were effectively blocked by NPA. 

The development of such an effect of NPA during repetitive pulsing is shown 
in Fig. 10B. The node treated with BTX and NPA was stimulated repetitively by 
double depolarizing pulses of different amplitude. The first pulse (to E, = 
- 20 mV) was strong enough to activate both modified and normal Na channels; 
the second pulse of smaller amplitude (to E, = — 67 mV) elicited only modified 
currents. The interval between these pulses was 40 ms, and the interval between 
pulse pairs was 950 ms. During this repetitive pulsing INa through normal channels 
decreased progressively (only traces 1,20 and 200 are shown), whereas the 
modified remained practically unchanged. 

The outward INa through modified channels also proved to be resistant to 
blocking action of 10"4 mol.l"1 NPA, as shown in Fig. IOC. In this experiment the 
ends of the fibre were cut in the mixture containing (in mmol.11) :56 NaCl + 
56 CsCl. The node was depolarized repetitively (1 Hz) to + 8 8 m V and the 
duration of the pulse was increased to 40 ms. Repetitive pulsing induced a gradual 
reduction of the peak component of INa without noticeable changes in its stationary 
component (only traces 1,12 and 47 are shown). 

Similar results were obtained in experiments with 10"4 mol.l"1 AM. 
To produce a marked tonic block of BTX-modified Na channels by NPA or 

AM the concentrations of the latter two drugs was raised to 2 x l 0 " 3 - 3 x 
10"3 m o l . l 1 . Normal Na channels were almost completely blocked at such 
concentrations. 

Fig. 11A illustrates the action of 2 x 10"3 NPA on Na channels in BTX-trea-
ted node of Ranvier. The same pulse protocol was used as that shown in Fig. 10B. 
After 10 min exposure of the resting node to NPA the peak /Na practically 
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Fíg. 11. Reversible inhibition of INa in normal (peak) and BTX-modified Na (stationary) channels by 
large concentrations of NPA (A) and AM (B). Bottom: pulse program, top: current traces. A: 1, in the 
control Ringer's solution; 2, effect of 2 x 10 3 mol.l"1 NPA; 3, and 4, after 2 and 30 min washing of the 
node with a control drug-free solution respectively. Temperature 15°C. Fibre 16.12.80. B: 1, in the 
control solution; 2, effect of 3 x 10"3 mol.l"1 AM; 3, after 5-min washing of the node with a drug-free 
solution. Temperature 8°C. Fibre 29.10.80. 

disappeared, and the steady-state JNa in BTX-modified channels decreased to 10% 
of its initial value. Since this current suppression occurred without any membrane 
stimulation it can be described as a "tonic" effect. Repetitive pulsing of the node 
(10 Hz, to - 15 mV, 5 ms duration of the pulse) did not increase the inhibition of 
the modified INa. 

Thus the use-dependent block did not appear even at high NPA concentra
tions. Subsequently we examined the reversibility of the blocking effects of NPA 
and AM. It can be seen that a 2 min washing of the node with a control solution led 
to a noticeable increase in the modified iNa (curve 3, right) practically did not 
decrease the block of normal (non-modified) channels (curve 3, left). After 30 min 
washing of the node the modified current recovered to 83% of its initial value 
(curve 4, right) while the normal peak JNa remained still deeply depressed. 

Fig. 11B illustrates the result of a similar experiment with AM (3 x 
10~3 mol. I"1): 5 min application of AM suppressed almost completely peak JNa and 
decreased the modified current to 10% of its initial value (curve 2). After a 5 min 
washing of the node with a drug-free solution the modified currents recovered 
almost completely, whereas the normal (peak) INa only began to increase (curve 3). 
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Thus the NPA-binding site complex dissociates in BTX-modified Na channels 
much faster than in normal ones. The almost complete recovery of modified 
currents during washing of the node with a toxin-free solution indicates that, NPA, 
while blocking the channels, does not displace BTX from its receptor (see 
Discussion). 

In several experiments we also examined the effects of NPA on aconitine 
(10"5 mol.l"1) modified Na channels. The results of these experiments were 
qualitatively similar to those with BTX: Na currents through AC-modified 
channels were not inhibited by 10"4 mol.l"1 NPA (Zaborovskaya and Khodorov 
1980). 

Veratridine (VER) 

According to Catterall (1975) VER, BTX and AC share a common receptor in the 
Na channel. This conclusion was derived from ion-flux studies of the combined 
action of neurotoxins on neuroblastoma cells (Catterall 1975). Voltage-clamp 
experiments with myelinated nerves showed that VER changed both gating 
(Ulbricht 1969; Peganov et al. 1973) and ion selectivity (Naumov et al. 1979) of 
Na channels, although these changes differed in some respect from those produced 
by BTX and AC. In experiments illustrated in Fig. 12A the node of Ranvier was 
treated with 2 X 10~4 g/ml VER and stimulated by a train of 10 ms depolarizing 
pulses (to E = 0 mV) at the rate of 10 Hz. It is seen that, under the action of VER, 
the inactivation of JNa during the depolarizing pulse became slow and incomplete, 
and after the end of the pulse a long-lasting tail current appeared. It decreased 
slowly with a time constant in the order of hundreds of milliseconds (see inset). 
During repetitive pulsing the total magnitude of both slow compontent of JNa and 
its tail increased, while the amplitude of the peak fell. These changes of JNa 

indicated that VER had modified the properties of a fraction of Na channels in the 
nodal membrane. Judging by the effects observed, VER interacts with open 
channels (Hille 1968; Peganov et al. 1973) and decreases greatly the probability of 
their closing both during and at the end of depolarization. During repetitive 
stimulation the fraction of modified channels rises pulse by pulse. It is known 
however that after the end of pulsing all of the above VER-induced changes of INa 

dissipate gradually: the peak rises and the slow component, as well as the 
long-lasting tail, decrease to their initial values observed during the first test pulse 
in the train (Ulbricht 1969; Peganov et al. 1973). Such a reversibility of the effects 
of stimulation suggests that the fraction of VER-modified decreases in the resting 
membrane are apparently due to dissociation of the VER-receptor complex 
(Peganov et al. 1973; Peganov 1974). 

The problem which remains to be solved is whether the rate of the tail current 
decay reflects the kinetics of this process of channel demodification or whether it 
characterizes the time-course of m-gates closing (deactivation) in VER-modified 
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Fig. 12. Effect of NPA on veratridine (VER)-modified Na channels. A: Sodium currents in the node of 
Ranvier treated with 2 x 10"" g.ml"1 VER. Current records 1 , 5 , and 10 are only shown. Eh = 
- 90 mV, E, = - 10 mV. Pulse duration = 10 ms, frequency of pulsing 10 Hz. Modified lNa during the 
pulse and after the pulse (tail-currents) increase over the course of pulsing. B: Effect of the addition of 
NPA (10"" mol.l"1) to the VER-containing solution. Inhibition of modified /Na both during and after 
the depolarizing step increases over the course of repetitive pulsing. Current records 1 , 5 , and 10 are 
only shown. Temperature 14°C. Fibre 22.02.82. In the inset: summation of the tail currents in the node 
of Ranvier treated by 2 x 10"" g/ml VER during repetitive (25 Hz) stimulation by 2 ms test pulses to 
E, = - 15 mV from E„ = - 90 mV. Temperature 19°C. Fibre 10.06.80. C and D : Normalized kinetics 
of the falling phase of lNa in VER-treated node of Ranvier before (C) and during (D) the action of 
10"4 mol.l"1 NPA; 1 , 5 , 10 denote pulse No 1, 5 and 10 in the train, respectively. In the inset the 
kinetics of the falling phase of JN. during the first test pulse before (upper trace) and during (lower trace) 
the action of NPA is compared. The peak amplitude of JNa elicited by the first test pulse in each train is 
taken as unit. Temperature 14°C. Fibre 22.02.82. 

channels (Ulbricht 1969, 1981). However irrespective of the way this problem will 
be solved it is clear that in the case of VER action the population of modified 
channels does not remain constant after the end of stimulation, as occurs in BTX-
or AC-modified channels. Therefore application of NPA to the VER-treated node 
of Ranvier reveals the effect of this blocker on Na channels in the process of their 
modification by VER during repetitive pulsing. 

Fig. 12B illustrates changes in INa induced by adding 10"4 m o l . l 1 NPA to 
VER-containing solution. NPA induced a cumulative suppression not only of the 
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JNa peak but also of its slow component and the tail current. The latter two 
components were decreased even more strongly than the first one. 

To reveal the changes in the time course of iN a produced by NPA we 
normalized INa to its maximum during each pulse, as shown in Fig. 12C,D. 

Already during the first pulse NPA accelerated slightly the decay of the slowly 
inactivating component of JNa (see inset Fig. 12D). In the course of subsequent 
pulsing this effect was becoming even more pronounced: NPA not only prevented 
an increase in the modified 7Na during and at the end of the depolarizing pulse, but 
it also produced its clear-cut time and use-dependent inhibition, so that during the 
10th pulse iN a decayed to zero as fast as if no VER was present in the solution. 

Thus VER in contrast to BTX and AC, did not protect Na channels from the 
blocking action of 10 4 m o l . Ľ NPA. 

Anemone toxin 

It is known that external application of polypeptide toxin from the sea anemone 
Anemonia sulcata (Conti et al. 1976; Bergman et al. 1976; Neumcke et al. 1980) 
or of some scorpion toxins (Koppenhôfer and Schmidt 1968; Mozhayeva et al. 
1979; Gillespie and Meves 1980) affects primarily Na inactivation making it slow 
and incomplete, with the sodium activation being almost unchanged. Similar results 
have been obtained in the present experiments with the toxin (ATX) of another sea 
anemone Anthopleura xanthogrammica. Fig. 13A illustrates changes of IN a 

produced by this toxin. Application of 10"5 g/ml ATX to the node resulted in 
a slight decrease in JNa peak and in an appreciable slowing-down of Na inactivation. 

It is evident from the semilogarithmic plot of the falling phase of JNa (Fig. 13B) 
that its inactivation during the depolarizing step can be approximated by at least 
three exponentials, the time constant of the third component being about 75 ms. 
The addition of 10"4 mol.l" 1 NPA to the ATX-containing solution did not change 
noticeably the kinetics of both the first and second components of Na inactivation; 
it however decreases considerably the time constant of the third component (from 
75 to 33 ms) suggesting the development of a NPA-time-dependent block of the 
open modified Na channels. 

In an intact node of Ranvier the cumulative block of Na channels by NPA does 
not depend appreciably on the pulse duration over the range from 5 to 25 ms, as 
shown in Fig. 13C (open symbols). However after treatment of the node of 
Ranvier with ATX an increase in the pulse duration from 5 to 25 ms accelerated 
the inhibition of JNa (Fig. 13C, filled symbols). 

Thus ATX did not protect Na channels from the blocking action of NPA. 
Instead, the slowing down of the Na current decay (inactivation) during a 25 ms 
depolarizing pulse even promoted the use-dependent inhibition of I N a . 
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Fig. 13. Blockade of anemone-toxin-modified Na channels by NPA. A: Sodium current records: 1, in 
control Ringer's solution; 2, during the action of 10 ' g/ml toxin (ATX);3, after addition of 
10"4 mol.l"1 NPA to the ATX-containing solution combined with repetitive (2 Hz) membrane 
stimulation (E, = - 15 mV, 5 ms pulse duration). B: Semilogarithmic plot of the falling phase of 7Na 

before (circles) and during (triangles) the action of 10"4 mol.l ' NPA on the ATX-treated node of 
Ranvier. Abscissa: duration of the depolarizing step; Ordinate: peak INa-value (in relative units). C: 
Effect of an increase in the pulse duration on the time course of lNa-cumulative 10"4 mol. I"1 NPA-block 
in normal (open symbols) and ATX-treated (filled symbols) node of Ranvier. Pulse duration, 5 ms 
(circles), 25 ms (triangles). Frequency of pulsing 2 Hz. Abscissa: sequence of pulses; Ordinate: 
amplitude of /Nl-peak. The amplitude of the first 7N, in the train is taken as unit. Temperature 20°C. 
Fibre 27.12.79. 

III. Effects of ajmaline and N-propyl ajmaline 
on potassium channels 

The effects of AM and NPA on potassium currents, IK, were studied in the node of 
Ranvier superfused by Ringer's solution with normal (2.5 mmol.1"1) or increased 
(up to 114 mmol.1"1) concentrations of K+ ions. In the latter case NaCl in the 
external solution was totally replaced by KCI. Na channels were blocked by 
200 mmol.1"1 TTX. 

Fig. 14A illustrates typical changes in the outward IK under the action of 
10~4 mol.l"1 NPA. It can be seen that NPA did not affect either the rate of IK rise 
or its maximal amplitude at a given E. However after the maximum (imax) had been 
reached, JK began to decay slowly to a new steady state level (Jss). 

With increasing depolarizations the ratio IJImax as well as the time constant of 
IK decay gradually decreased (Fig. 15). 
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Fig. 14. Effects of NPA (A) and AM (B) on the outward potassium current J*. A: IK associated with 
voltage steps of different magnitude, E„ shown on the left of each trace. 1, in control isotonic KCI 
solution; 2, during the action of NPA ( 1 0 - mol.l" 1 ) (A) or AM ( 1 . 5 x 1 0 - m o l . l " 1 ) (B). Sodium 
currents were bloked by 2 x 10"7 mol.l" 1 TTX. A: Eh = - 90 mV. Temperature 12°C. Fibre 24.09.79. 
B: E*= - 7 0 m V , 8X. Fibre 14.04.80. 
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Fig. 15. Time course of NPA-induced /K decay during depolarizing pulses of different magnitude. 
E h = - 7 0 m V . The node of Ranvier was superfused with isotonic 114mmoI/l K-Ringer's solution 
containing 2 x 10"7 mol.l" 1 TTX and 10"4 mol. l" 1 NPA. The table in the inset: N refers to the 
respective curve; E = pulse amplitude (E,), T = time constant of the current decay; /m a x = maximal 
amplitude of the outward 7K; i„ = steady-state value of IK. Temperature 12°C. Fibre 7/4—80. 

All these data indicate that NPA, like many other charged amine blockers 
(Armstrong 1971; Shapiro 1977) interacts with open K channels in a voltage- and 
time-dependent manner. 

The simplified kinetic state diagram (1) of such an interaction is as follows: 
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where k and / are blocking and unblocking rate constants; NPA is the concentra
tion of NPA. 

In this model the fraction (b) of blocked channels is proportional to the ratio 
k [NPA] 1 

k [ N P A ] + / a n d t h e t i m e c o n s t a n t o f JK d e c a y- T ^ r N P A ] + / 

Table 2 gives the estimated values of k and / at several voltages for the fibre in Fig. 
14. Judging by these data the rate of channel unblocking (/) is practically 
voltage-independent, whereas the blocking rate constant (k) rises with voltage far 
beyond the potential range, where all the K channels become activated. 

Fig. 16A shows cumulative inhibition of the outward IK during repetitive 
(10 Hz) stimulation of the node by 100 ms depolarizing pulses (to E = 16 mV). It 
can be seen that Imax decreased gradually, pulse by pulse, more than did L,: after 

Table 2. Voltage dependence of the binding (k) and unbinding (/) rate constants for NPA and AM in 
K*-channels 

NPA (10 "mol.l ') 

Fibre 7.04.8Ú 

AM ( 1 . 5 x 1 0 - m o l . 

Fibre 14.04.80 

E (mV) 

15 
47 
75 
92 

110 

') 45 
67 
80 

1 
k + l 

0.65 
0.71 
0.51 
0.47 
0.43 

0.50 
0.41 
0.34 

1 
x=TTi 

(ms) 

23 
16 
17 
13 
13 

9 
8 
4 

/ 

(ms ') 

0.028 
0.044 
0.03 
0.036 
0.033 

0.061 
0.052 
0.085 

k 

(ms"1) 

0.015 
0.018 
0.029 
0.04 
0.044 

0.061 
0.074 
0.165 
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Fig. 16. A: Cumulative inhibition of the outward 7K during repetitive (5 Hz) pulsing. B: Restoration of 
/Na after a decrease in the rate of stimulation to 1 Hz. Numbers denote the sequence of the test pulses in 
the train. E „ = - 7 0 m V , E T = 9 0 m V , T. 12°C. Fibre 7.04.80. C: The time course of iK during 
a long-term depolarizing step E, = 9 0 m V and after its end without (1) and with (2) 1.5.10"" mol. I"' 
AM in the 114 K-Ringer's solution. A slow decay of the outward /K during the step before the 
application of AM reflects the normal inactivation of K channels. E h = - 80 mV. Temperature l ľ C . 
Fibre 20.10.80. 

4 depolarizing steps Jm a x and I s s diminished by 50% and 20% from their initial 
values, respectively. 

When the rate of pulsing was decreased up to 1 Hz a relativly fast restoration 
of IK occurred (Fig. 16B). A similar result was obtained in other experiments: 
a clear-cut cumulative inhibition of outward i K was observed at the rate of 5 Hz 
(pulse duration 100 ms); whereas at the rate of 1 Hz IK remained practically 
unchanged. 
Let us remind here that under comparable conditions, repetitive stimulation at 
a frequency of 1 Hz produced a marked use-dependent inhibition of JNa by NPA 
(see Fig. 2). This difference emphasizes the relatively fast rate of K channel 
unblocking as compared to that of Na channels. Effects of AM on the outward IK 

(Fig. 14E) were qualitatively similar to those of NPA. The main quantitative 
difference concerned the fact that AM (1.5 x 10"4 mol.l"1) suppressed both I s s and 
Imax (Fig. 14B). 

Judging by the fact that AM did not affect the rate of the initial IK rise during 
the depolarizing step, the decrease in Imas resulted from a very fast equilibration of 
AM with open K channels. 

The voltage dependence of the calculated binding (k) and dissociation (/) rate 
constants (see Table 2) in the case of AM action resembles that observed in 
NPA-treated node. However the absolute values of k and / in AM are much larger 
than those in NPA. 

AM and NPA did not change appreciably the kinetics of the fast components 
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Fig. 17. Difference in the effects of AM on inward and outward IK. Shown are current traces before (A) 
and during (B) the action of 1.5.10"4 mol.l"1 AM. Numbers of the left of the current records indicate 
the magnitude of depolarizing pulses. Note the acceleration of the tail current decay in the presence of 
AM. The node was superfused with K-rich (114 mmol.1"1), TTX-containing solution. Eh= - 8 0 mV. 
Temperature 8°C. Fibre 29.10.80. 

of /K tail; they however accelerated noticeably its slow components as it can be 
seen from Fig. 16C and 17A, B. However this question has not been analyzed 
thoroughly. 

Current dependence of K channel blockage by NPA and AM 

Fig. 17 illustrates records of inward iK associated with different voltage steps 
before (A) and during (B) the action of AM. The current-voltage relations 
measured in the same experiment are shown in Fig. 18A. One can see that AM 
produced a considerable inhibition of the outward IK without noticeable changes in 
the time course or the amplitude of the inward JK. 

Similar results were obtained in experiments with NPA (Fig. 18B). The data 
suggest that influx of K+ ions hinders the binding of NPA or AM to its receptor site 
in the K channel. 

Discussion 

This paper describes the blocking action of the tertiary amine ajmaline (AM) and 
its quaternary permanently charged derivative N-propyl ajmaline (NPA) on Na 
and K channels in nerve membrane. 



Blockade of Na+ and K^-Channels by Ajmaline and NPA 255 

Fig. 18. Effects of AM (A) and NPA (B) on IK—ET relations in the node of Ranvier superfused with 
a K-rich TTX-containing solution. Abscissa: E, (in mV). Ordinate: Jk (in nA). The right ordinate is for 
/K at £T=S - 5 mV; the left ordinate is for IK at E t> - 5 mV. Circles: iK before the action of the 
blockers. Triangles: iK during action of 1.5 x 1 0 - mol.l"1 AM (A) or 10"" mol.l"1 NPA (B). In each 
pair the upper curve corresponds to the maximum IK (Im„); the lower one to its steady-state value (/„). 
A: Temperature 8°C. Fibre 14.04.80. B: Temperature 12°C. Fibre 7.04.80. 

I. Sodium channels 

Earlier it was proposed on the basis of local anaesthetics studies that uncharged 
amine drugs (free amines) prefer to interact with inactivated Na channels (Khodo
rov et al. 1976) in contrast to the charged amines (quaternary ammonium 
compounds or protonated tertiary amines) that block only (or mainly) open 
channels (Strichartz 1973). The results of the present work seem to confirm this 
hypothesis. 

A. Effects of NPA 

INTERACTION O F NPA WITH OPEN Na CHANNELS 

In experiments on both the myelinated nerve and squid giant axons it was shown 
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that permanently charged quaternary analogs of lidocaine, compounds QX314 
and 222 (Strichartz 1973) or trimecaine, QT (Khodorov et al. 1976) block Na 
channels only by internal (axoplasmic) application. By contrast the lipid-soluble 
quaternary derivative of lidocaine, QX—572 (Frazier et al. 1970; Hille 1977) is 
effective both by internal and external application. Common features of the 
use-dependent block caused by all these drugs suggested that all of them had 
a common binding site(s) ("receptor") in the inner channel mouth. External 
QX—572 reaches this receptor after having penetrated the lipid matrix of the 
membrane. Owing to the hydrophobicity of the propyl radical attached to the 
charged nitrogen NPA is also able to penetrate the membrane and to accumulate in 
the axoplasm. After the opening of the activation gate NPA enters the inner 
channel mouth, binds to the receptor and inhibits thereby the ionic current flow. 
The molecular mechanism of this inhibition is not quite clear: it may result either 
from a sterical occlusion of the pore, or from neutralization of a certain fixed 
negative charge indispensable for migration of Na ions through the channel. 

The following simplified kinetic scheme can describe the interaction of NPA 
with open Na channels during each depolarizing pulse: 

R^ o „ w i 
^ *0 • • 

[NPA] 

O* < > I* (2) 
Here R, O and I are the resting, activated (open) and inactivated states of the 
channels, respectively; k and / are binding and unbinding rate constants; [NPA] is 
NPA concentration in axoplasm. O* and I* are activated-blocked and inactiva-
ted-blocked states of the channel, respectively. 

During each depolarizing pulse a certain fraction of activated channels 
becomes first blocked by NPA (O — ^ * O*) with subsequent inactivation 
(O* —** * I*). Since channel unblocking proceeds very slowly after the end of 
a pulse, the fraction of blocked-inactivated channels (I*) rises pulse by pulse until 
a certain equilibrium level is attained. 

The fact that the kinetics of JNa decay during a depolarizing pulse does not 
undergo any appreciable change during the depolarizing pulse indicates that the 
rate constants or k and / are much smaller than the rate constant of Na channel 
transition to the inactivated state. 

The fraction of Na channels blocked with NPA during each depolarizing pulse 
is directly proportional to the NPA concentration and the kll ratio. The steady-sta-

k [NPA] 
te fraction of blocked channels equals 

k [NPA] + / 
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VOLTAGE DEPENDENCE O F CUMULATIVE EFFECTS O F N-PROPYL AJMALINE 

Both the rate and depth of the NPA cumulative block increase with voltage even at 
E , > 0 (see Fig. 7B), i.e. beyond the potential range where all Na channels are 
activated. This voltage-dependence cannot be reduced to an electrostatic interac
tion of the NPA molecule with Na+ ions in the pore, as has been found in the case 
of Na channel blockage by strychnine (Shapiro 1977), yohimbine (Revenko et al. 
1979, 1982) or QX—314 (Cahalan and Aimers 1979). Indeed, we have seen that 
at a constant £ T reduction of external Na+ ions concentration did not enhance the 
cumulative NPA block despite the fact that the amplitude of inward INa was greatly 
decreased (see Fig. 8B). 

These results suggest that the membrane potential exerts a direct influence on 
the interaction of charged NPA with its binding site in the pore. The binding site for 
charged amine blockers seems to be located in the depth of the channel (Strichartz 
1973; Cahalan 1978). Therefore a large NPA molecule should gain energy in 
moving through the membrane field (when E is positive) to reach this "receptor". 

To describe these effects in frame of the kinetic scheme (2) it is necessary to 
assume that the ratio k/l increases with voltage. 

Current independence of NPA block indicates that the binding of this drug to 
the channel receptor is tight enough to overcome the electrostatic repulsion of Na+ 

ions in the channel lumen. 

CONTRIBUTION O F INACTIVATION TO THE NPA-CUMULATIVE BLOCK 

Courtney (1975) and Hille (1976) have proposed that inactivation of Na channels 
by charged blockers stabilizes the drug-receptor complex and thus delays the 
channel unblocking on membrane repolarization. Two lines of observation support 
this notion. (1) Enzymatic destruction of Na inactivation in the internally perfused 
squid giant axon removes the use-dependent block caused by QX 314 (Yeh 1978), 
9-amino acridine (Yeh 1979) and some other (but not all) Na channel blockers 
(for a review see Khodorov 1979); (2) initiation of the hyperpolarizing prepulse 
before each depolarizing test pulse leads to a gradual release of the cumulative /Na 

inhibition produced by many amine drugs (Strichartz 1973; Courtney 1975, 1978; 
Hille 1977; Schwarz et al. 1977; Revenko et al. 1979, 1982). 

The latter observation led the authors to conclude that binding of the blocker 
to the receptor shifts the voltage dependence of sodium inactivation to less negative 
potentials, i.e. it increases the probability of the blocked -inactivated state Í* 
(Courtney 1975; Hille 1977). 

In our experiments abolishing of Na inactivation by BTX (see Fig. 10) or 
aconitine (Zaborovskaya and Khodorov 1980) eliminated the use-dependet inhi
bition of lNa NPA-treated Ranvier nodes. Similar results were obtained earlier in 
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experiments with combined action of BTX and various local anesthetics (Khodorov 
et al. 1977; Khodorov 1978; Zaborovskaya 1979) and some other amine drugs 
(Revenko et al. 1980, 1981; Bolotina et al. 1981). However this result can hardly 
be reduced to the effect of BTX and AC on the inactivation process since they also 
greatly decrease the affinity of the Na channel receptor for amine drugs (see 
below). 

A hyperpolarizing prepulse before each depolarizing test step (see Fig. 8) gave 
rise to a gradual restoration of fNa blocked by NPA. However this unblocking effect 
was relatively small as compared to that observed under comparable conditions in 
experiments with QX—314 (Strichartz 1973), QX—572 (Guselnikova et al. 1981), 
yohimbine (Revenko et al. 1979, 1982) or GEA—968 (Courtney 1975). The 
depolarizing prepulse (see Fig. 9) did not affect the time course of the NPA 
cumulative block. 

Thus we did not reveal a significant contribution of the inactivation process to 
the use-dependent inhibition of Na currents produced by NPA. 

MECHANISM O F NA CHANNEL UNBLOCKING FROM NPA 

After the end of a depolarizing pulse the normal Na channel transits from I to 
R state (see kinetics scheme 2). Within the framework of the Hodgkin—Huxley 
(1952) model this transition is considered a result of a rapid closure of m-gate and 
a slow opening of h-gate. There are some charged drugs such as pancuronium (Yeh 
and Armstrong 1978), strychnine (Cahalan and Aimers 1979), gallamine (Schauf 
and Smith 1982) that entering the open Na channel immobilize both m- and h-gate. 
This is reflected in the appearence of a "hooked" tail current after the end of 
a depolarizing pulse even if its duration is long enough to produce a complete 
inactivation of normal Na channels. All the above drugs greatly accelerate the 
falling phase of JNa during the depolarizing pulse. 

By contract, NPA like local anesthetics does not induce any noticeable 
changes in the kinetics of INa (see Fig. 4), thus following Strichartz (1973) and Hille 
(1976) one can propose that NPA does not interfere with the operation of m- and 
h-gates. If this is correct, then the following kinetic scheme of channel unblocking 
from NPA may be considered. 

After a strong membrane hyperpolarization the blocked-inactivated channels 
(I*) transit directly to R* state. In this state the h-gate is thought to be open and the 
blocking molecule is trapped in the channel behind the closed m-gate. 

At high negative holding potentials the opening of the activation gate is a rare 
event, therefore unblocking of channels after the end of a depolarizing pulse 
proceeds very slowly. The scheme of the kinetics of this process may include the 
following consecutive steps: R* * O* * O * R. 
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7 
Since the last step (O * R) associated with the closing of the 

activation gate proceeds much faster than all the preceeding ones, channels do not 
accumulate in O state, and a macroscopic inward iNa does not arise. 

The existence of such a mechanism of channel unblocking via "hydrophilic" 
pathway seems necessary, since lipid-insoluble quaternary amines such as 
QX—314, QX—222, or QT have no other possibility to leave the blocked channels 
at the resting potential. 

ORIGIN O F THE NPA-TONIC BLOCK 

At large concentrations (in the order of 10"3 mol.l"1) NPA produces a marked 
inhibition of JNa. Strichartz (1973) proposed that each Na channel is provided with 
two separate binding sites for charged amine drugs. These binding sites differ in 
their location and affinity to the blocker. The binding site (Ri) which accounts for 
the cumulative block lies in the depth of the channel and has a relatively low 
affinity to the drug. This makes the cumulative block both transient and volta
ge-dependent. The other binding site (R2) which is responsible for the tonic block is 
thought to be located near the axoplasmic opening of the Na channel, and it has 
a high affinity to the blocker. 

Since repetitive membrane depolarization accelerated greatly the develop
ment of the tonic block, Strichartz proposed (1973) that R2 is also located behind 
the activation gate of the Na channel although beyond the region which could 
support an electric potential gradient. 

The tonic block produced by large concentrations of NPA does not require 
conditioning stimulation. Therefore one can accept that NPA is either still capable 
of interacting with resting (closed) Na channels, or that after accumulation in the 
axoplasm at large concentrations it blocks rapidly Na channels during their random 
opening at a high negative holding potential. 

Further investigations are required to clarify this question. 

B. Effects of AM 

Unlike NPA, AM (3 x 10~ 5 - 10"4 mol.1"1) produced as a rule both use-depen
dent and tonic inhibition of JNa (see Table 1). Long-lasting membrane depolariza
tion enhanced greatly the blocking action of AM but not NPA (see Fig. 6A), 
suggesting its ability to interact with inactivated Na channels. 

These differences may be related to the fact that AM as a tertiary amine exists 
in solution in two forms, neutral and protonated. Neutral AM is lipid-soluble; it 
therefore accumulates in the membrane (preferentially at its two boundaries with 
the polar medium), where it interacts with resting and inactivated Na channels. 
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INTERACTION O F AM WITH INACTIVATED CHANNELS 

Our experiments suggest that the tertiary AM like tertiary amine local anesthetics: 
procaine, trimecaine (Khodorov et al. 1976), or lidocaine (Hille 1977b) is able to 
interact with inactivated Na channels. The kinetic scheme of such an interaction 
during a conditioning depolarizing step proposed earlier (Khodorov et al. 1976) is: 

Síij £ 
$ ( A M ) 

- ^ - S* 

Here, H are Na channels with open h-gate (resting or open channels); I are Na 
channels with closed h-gate (fast inactivation state); S* are Na channels with closed 
h-gates modified by AM. 

At the beginning we denoted S* the state of "slow Na inactivation" (SSI) 
taking into account the slow time course of I ^ > S* and S* ^ > H 
transitions (Khodorov et al. 1974, 1976). Later on, we used the term "slow 
drug-induced sodium inactivation" (Khodorov 1979) to distinguish S*-state from 
the normal slow (or ultra-slow) Na inactivation (Fox 1976; Rudy 1978). 

To date it is not quite clear whether S- and I- states described earlier (see 
kinetic scheme 2) are identical or have a different nature. According to Hille 
(1977b) charged and uncharged drugs share a common receptor in the Na channel, 
but they reach this receptor via different pathways, "hydrophilic" for charged and 
"hydrophobic" for uncharged lipid-soluble molecules. The alternative is that there 
are separate receptors in the channel that account for S*- and I*-states. Discussion 
on this problem is beyond the scope of this paper. 

INTERACTION O F PROTONATED AM WITH OPEN NA CHANNELS 

The cumulative block produced by AM resembles in many respects that caused by 
NPA. Of special interest is the fact that the voltage-dependence of AM-block 
extends beyond the potential range (at E > 0 mV) where all the Na channels are 
activated (see Fig. 7C). Such a voltage-dependence differs drastically from that 
revealed in studying the interaction of amine drugs with inactivated Na channels : 
the S„—E curve (S„ is the fraction of channels free from the slow sodium 
inactivation) is saturated at potentials where fc„ approaches zero, i.e. at E > 
- 40 mV. 

Therefore it is logical to assume that the cumulative inhibition of 7Na during 
repetitive pulsing results from interaction of the protonated form of AM (AM+) 
with open Na channels. Free amine AM diffuses from the membrane pool into the 
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axoplasm; there it becomes protonated according to the inner pH, and in charged 
form (AM+) it blocks Na channels after opening their activation gate by 
a depolarizing pulse. In the frame of such a hypothesis AM+ and NPA+ share 
a common receptor in the Na channel. 

II. Interaction of NPA and AM with neurotoxins 

Experiments with lipid-soluble (BTX, AC, VER) and polypeptide (anemone) 
neurotoxins allowed to obtain some new information on the properties of NPA and 
AM receptor(s). 

EFFECTS O F BATRACHOTOXIN AND ACONITINE 

BTX or AC-modified Na channels proved to be very resistant to the blocking 
action of NPA and AM. At a concentration of 10"4 mol.l"1 these blockers did not 
produce either tonic or cumulative block of modified channels whereas normal 
channels in BTX- or AC-treated node underwent an unusual NPA (AM) blockage 
(see Fig. 10). At larger concentrations NPA and AM caused a tonic inhibition of 
iNa in BTX-modified channels, however no cumulative block appeared (see Fig. 
11). Qualitatively similar effects were observed earlier in experiments on myelina
ted nerves with amine local anesthetics and some other amine blockers: BTX 
totally eliminated the cumulative and decreased the tonic block produced by 
procaine, trimecaine, QX—572 (Khodorov 1978; Zaborovskaya 1979), ethmozine 
(Bolotina and Revenko 1981), yohimbine (Revenko et al. 1982), or quinidine 
(Revenko et al. 1982). The influence of AC on the sensitivity of Na channels to the 
blocking action of amine drugs has not been studied thoroughly as yet. It has been 
established, however, that AC increases the dissociation constant, Ku of the 
procaine-Na channel complex from 0.27 to 1.32. 

There are two possible reasons for such an antagonism between BTX (AC) 
and amine blockers. The first is competition between BTX and amine drugs for 
a common receptor site(s); the other is the allosteric interaction between separate 
channel receptors for these chemicals. The results obtained in the present study 
give strong evidence in favour of the latter possibility. We could see that the 
blocking action of large concentrations of AM and NPA (see Fig. 11) on the 
BTX-modified Na channels was readily reversible: the modified currents recove
red after a washing of the node with drug- and toxin-free Ringer's solution. This 
means that the blockers do not displace BTX from its receptor in the Na channel. 
Of special interest is the fact that the unblocking of BTX-modified Na channels 
during washing of the node proceeds much faster than unblocking of normal Na 
channels (see Fig. 11). This suggests that a decrease in the affinity of Na channels to 
NPA and AM under the action of BTX results primarily from its effect on the 
dissociation (unbinding) rate constant (/) for these blockers. 
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All these effects of BTX and AC cannot be reduced to the abolishment 
(complete or partial) of Na inactivation as experiments with squid axons indicated 
that "destruction" of the inactivation gate by intraaxonal application of pronase or 
N-bromacetamide did not decrease the sensitivity of Na channels to the tonic 
blocking action of local anesthetics (Cahalan 1978). The principal effect of pronase 
and N-bromacetamine was a complete or partial elimination of the cumulative 
block produced by amine drugs. This allows to propose that abolishment of the 
cumulative NPA-block produced by BTX and AC is also due to the effects of these 
neurotoxins on the inactivation process. 

An alternative explanation of the effects observed is that the receptor for 
a cumulative block is affected by BTX and AC to a much greater extent than the 
receptor for a tonic block. 

EFFECTS O F VERATRIDINE (VER) 

According to Catterall (1975, 1980) VER and BTX share a common receptor in 
Na channel. VER, like BTX or AC, can therefore be expected to protect Na 
channels from the blocking action of NPA. Our experiments have however shown 
that in nerve membrane 10"4 mol.l"1 NPA produces a time-dependent cumulative 
inhibition of VER-modified INa both during and after the end of the membrane 
depolarization (see Fig. 12). 

This result as well as the differences in changes of the JNa kinetics produced by 
BTX, AC and VER suggest that the receptors of these toxins do not coincide 
completely. Beyond doubt these receptors consist of multiple binding sites; some 
of these sites are common to these toxins, others are separate and it is just these 
sites that account for distinctive features of Na channel modification by a given 
neurotoxin. From this viewpoint VER-receptor in nerve membrane lacks some 
binding sites that are a prerequisite for the "negative cooperative interaction" with 
receptor(s) of amine blockers. 

EFFECTS O F ANEMONE TOXIN 

Unlike BTX, AC and VER lipid-soluble polypeptide toxins of anemone and 
scorpions affect mainly the inactivation process making it slow and incomplete. We 
examined the blocking action of NPA and AM on Na channels modified by a toxin 
(ATX) from the Anthopleura xanthogrammica. Both the peak and slowly inactiva
ting components of /Na were inhibited. ATX did not decrease either the tonic or the 
cumulative block of INa. By contrast an increase in the duration of the channels 
open state even promoted the development of time-dependent inhibition of INa 

during a 25 ms depolarizing step which accumulated over the course of repetitive 
pulsing (see Fig. 13). 
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Thus we did not reveal any indication of a cooperative interaction between 
anemone receptor and the binding site(s) for amine blockers of the Na channel in 
the nerve membrane. 

B. Potassium channels 

In addition to Na channels NPA also blocks open K channels. In this respect effects 
of NPA are similar to those of quaternary derivatives of local anesthetics 
(Strichartz 1973), quinidine (Revenko et al. 1982) and strychnine (Shapiro 1977); 
they however differ from those of pancuronium which blocks only Na channels 
(Strichartz 1973; Yeh and Narahashi 1977). 

The blocking action of NPA on K+ channels develops only at E>EK, i.e. 
under the condition when IK has an outward direction (see Fig. 18B). Such 
a dependence of the block on the current direction was revealed earlier in studying 
the IK block by TEA and its derivatives (Armstrong 1971). There is little doubt 
that NPA binds in the K channel to the "universal receptor" for charged amines. 
The receptor is located internally and the drug must cross the lipid matrix of the 
membrane and enter the inner channel mouth after the opening of the activation 
gate. Inhibition of the outward IK is time- and voltage-dependent. The analysis of 
this effect (see p. 252) led us to conclude that the binding rate constant k for NPA 
rises with voltage while the unbinding rate constant / remains practically constant. 

Note that TEA-derivatives blocked K channels with voltage independent rate 
constants k and / (Armstrong 1971), while in the case of strychnine k rose and / 
fell with voltage (Shapiro 1977a). 

Such difference may be accounted for by the size and some chemical 
properties of blocking molecules which affect their movement within the pore to 
and from the receptor. 

Due to a relatively low affinity of the K channel receptor to NPA the influx of 
K+ ions impedes NPA binding to the receptor site; this binding becomes possible 
only when the outflux of K+ ions gets larger than their influx, i.e. at E>EK. At 
smaller E the binding site for NPA in most of the channels is occupied by K+ ions 
moving through the pore in a single file. Unblocking of K channels from NPA 
proceeds much faster than that of Na channels. This indicates that the dissociation 
rate constant, /, (see kinetic scheme 1) in K channels is larger than that in Na 
channels. 

The blocking action of AM on K channels proved to be qualitatively similar to 
that of NPA: AM like NPA, inhibited only the outward IK, and this inhibition was 
both time- and voltage-dependent. The main difference concerned the effect of 
AM and NPA on the peak value (Jmax) of the outward IK: 10"4 mol.l"1 NPA did 
not affect appreciably Ima%, while 1.5 x 10"4 mol . I"1 AM decreased it markedly 
(see Fig. 14). 
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The similarity in the current-, time- and voltage-dependence of the blocking 
effects of AM and NPA can easily be explained if one assumes that AM blocks 
K channels in the charged (protonated) form after having penetrated the lipid 
bilayer of the membrane in the uncharged (free amine) form. The kinetic analysis 
of these effects of AM (see kinetic scheme 1) led us to conclude that the blocking 
(k) and unblocking (1) rate constants for AM are larger than those for NPA. A fast 
interaction of protonated AM with open K channels can explain the decrease in Jmax 

mentioned above. It is not clear as yet whether uncharged AM also contributes to 
this decrease in Imax. From Hille's (1977b) viewpoint one could expect that AM in 
the uncharged form will penetrate the closed K channels via "hydrophobic 
pathway". However there is no evidence to the existence of such an effect. 

Conclusion 

A comprehensive analysis of the effects of ajmaline (AM) and N-propyl ajmaline 
(NPA) on ionic currents in the nerve membrane made it possible to clarify the 
blocking action of these amine drugs on Na and K channels. From the results 
obtained it is inferred that NPA and charged (protonated) AM, like cationic local 
anesthetics, interact with the binding sites located in the inner (axoplasmic) 
compartment of Na channels. Opening of the activation gate seems to be 
a prerequisite for this interaction. However, for K channels this condition is 
insufficient since NPA and AM inhibit iK only when the latter acquires the outward 
direction, i.e. at E>EK. The inward IK protects K channels from the blocking 
action of NPA and AM. In Na channels the blocking action of NPA and AM does 
not depend on the current direction suggesting a tighter binding of the blocker to its 
receptor sites. 

Uncharged AM in contrast to NPA is able to interact with closed (resting and 
inactivated) Na channels. Interaction with resting channels results in a decrease in 
the maximum sodium permeability (a "tonic" block), whereas binding to inactiva
ted channels increases the fraction of blocked Na channels during maintained 
depolarization. The problem of whether charged and uncharged blockers under 
consideration have separate binding sites, or whether they share a common 
"receptor" in the Na channel and differ only in their access pathways is yet to be 
resolved. 

Experiments with neurotoxins revealed a strong allosteric interaction between 
the specific receptor for batrachotoxin (BTX) and aconitine (AC) on one and the 
binding sites for NPA and AM on the other hand. Due to this interaction 
("negative heterotopic cooperativity") binding of BTX or AC to their receptor(s) 
removes completely the use-dependent block and decreases considerably the tonic 
blocking action of AM and NPA. 
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By contrast veratridine and sea anemone toxin did not affect appreciably the 
blocking action of NPA and AM. 

We began this work with a hope that a study of the blocking action of AM and 
NPA on Na+ and K+ channels in the nerve membrane would promote forthcoming 
investigations of the effects of these drugs on the ionic channels in myocardial cells. 

During the preparation of this paper an outlined study of NPA effects on Na 
channels in rat myocardial cells was performed (Zilberter et al. 1983). Using the 
patch-clamp method it was shown that the blocking action of NPA on iNa in the 
myocardium is qualitatively similar to that in nerve fibre: NPA interacts with open 
Na channels and produces a cumulative block that increases with voltage and 
frequency of pulsing. The results obtained by these authors confirmed the 
suggestion based on indirect data on the increase of the threshold, decrease in the 
maximum action potential upstroke velocity that NPA and AM block Na currents 
in myocardial cells (Homburger and Antoni 1974; Shigenoby et al. 1974; Sorokin 
et al. 1980). 

As a whole, our results are in good agreement with the hypothesis that the 
use-dependent (cumulative) inhibition of sodium currents is a characteristic feature 
of most of the existing antiarrhythmic drugs (Courtney 1975, 1980; Khodorov et 
al. 1976; Hille 1978). 
Acknowledgement. We are very indebted to Dr. Weidner, J. Daly, B. Witkop, M. Blaustein and R. 
Stämpfli for providing substances used in this study (see Materials and Methods). We thank Dr. 
Peganov for his help in this work. 

References 

Adelman W.. Palti Y. (1969): The effect of external potassium and long duration voltage conditioning 
on the amplitude of sodium currents in the giant axon of the squid. J. Gen. Physiol. 54, 589—606 

Armstrong C. (1971): Ionic pores, gates interaction of tetraethylammonium ion derivatives with the 
potassium channels in giant axons. J. Gen. Physiol. 58, 413—437 

Armstrong C , Bezanilla P. (1977): Inactivation of the sodium channel. J. Gen. Physiol. 70,567—590 
Bergman C , Dubois J., Rojas E. (1976): Decreased rate of sodium conductance inactivation in the 

node of Ranvier induced by a polypeptide toxin from sea anemone. Biochim. Biophys. Acta 455, 
173—184 

Bolotina V., Revenko S., Khodorov B. (1981): Stimulus-dependent ethmozine blockade of sodium 
channels in the Ranvier node. Neirofiziologiya 13, 380—388 (in Russian) 

Bussmann W., Schreiber S., Kaltenbach M. (1978): Oral prajmalium bitartrate and intravenous 
lidocaine in the control of arrhythmias in acute myocardial infarction. Deut. Med. Wochenschr. 48, 
1910—1915 

Cahalan M. (1978): Local anesthetic block of sodium channels in normal and pronase-treated squid 
giant axons. Biophys. J. 23, 285—311 

Cahalan M., Aimers W. (1979): Interaction between quaternary lidocaine, the sodium channel gates 
and tetrodotoxin. Biophys. J. 27, 39—56 

Catterall W. (1975): Cooperative activation of Na+ ionophore by neurotoxins. Proc. Nat. Acad. Sci. 
USA 72, 1782—1786 



266 Khodorov and Zaborovskaya 

Catterall W. (1980): Neurotoxins that act on voltage-sensitive sodium channels in excitable membra
nes. Annu. Rev. Pharmacol. Toxicol. 20, 15—43 

Cillespie J., Meves H. (1980): The effect of the scorpion venoms on the sodium currents of the squid 
giant axon. J. Physiol. (London) 308, 479—499 

Conti F., Neumcke B., Hille B., Nonner W., Stampfli R. (1976): Conductance of the sodium channel in 
myelinated nerve fibres with modified sodium inactivation. J. Physiol. (London) 262, 729—742 

Courtney K. (1975): Mechanism of frequency-dependent inhibition of sodium channels in frog 
myelinated nerve by the lidocaine derivative GEA—968. J. Pharmacol. Exp. Ther. 195,225—236 

Courtney K. (1980): Structure-activity relations for frequency-dependent sodium channel block in 
nerve by local anesthetics. J. Pharmacol. Exp. Ther. 213, 114—119 

Dodge F., Frankenhaeuser B. (1958): Membrane currents in isolated frog nerve fibre under voltage 
clamp conditions. J. Physiol. (London) 143, 76—90 

Fox J. (1976): Ultra-slow inactivation of ionic currents through the membrane of myelinated nerve. 
Biochim. Biophys. Acta 426, 232—244 

Frazier D., Narahashi T., Yamada M. (1970): The site of action and active form of local anesthetics. II. 
Experiments with quaternary compounds. J. Pharmacol. Exp. Ther. 171, 45—51 

Guselnikova G., Zaborovskaya L., Khodorov B. (1981): Study of the properties of local anesthetic 
binding sites in sodium channel of nerve fibers. In Physico-Chemical Biology. USSR—Sweden III 
Symposium, Abstract, 210—211, Tbilisi 

Hille B. (1968): Charges and potentials at the nerve surface. Divalent ion and pH. J. Gen. Physiol. 51, 
221—236 

Hille B. (1971): The permeability of the sodium channel to organic cations in myelinated nerve. J. Gen. 
Physiol. 58, 599—619 

Hille B. (1977a): Ionic channels in excitable membranes. Current problems and biophysical approaches. 
Biophys. J. 22, 283—294 

Hille B. (1977b): Local anaesthetics: hydrophilic and hydrophobic pathways for the drug-receptor 
reaction. J. Gen. Physiol. 69, 497—515 

Hille B. (1978): Local anaesthetic action on inactivation of the sodium channel in nerve and skeletal 
muscle; possible mechanisms for antiarrhythmic agents. In: Biophysical Aspects of Cardiac Muscle 
(Ed. M. Morad) pp. 55—74, Academic Press, New York, London 

Hodgkin A., Huxley A. (1952): A quantitative description of membrane current and its application to 
conduction and excitation in nerve. J. Physiol. (London) 117, 500—544 

Homburger H , Antoni H. (1974): Electrophysiologische Effecte von N-propyl-ajmalinum hydrogen-
tartrat (NPAB) am isolierten Säugetier-Myocard. In: Herzrhythmusstorungen. Neue experimen-
telle Ergebnisse und klinisch-therapeutische Gesichtspunkte (Eds. H. Antoni, S. Effert), pp. 
180—195, Stuttgart, New York 

Khodorov B. (1978): Chemicals as tools to study nerve fibre sodium channels. Effects of batrachotoxin 
and some local anesthetics. In: Membrane Transport Processes (Eds. D. Tosteson, Y. Ovchinnikov, 
R. Latorre). pp. 153—174, Raven Press, New York 

Khodorov B. (1979): Some aspects of the pharmacology of sodium channels in nerve membrane. 
Process of inactivation. Biochem. Pharmacol. 28, 1451—1459 

Khodorov B. (1983): Modification of voltage sensitive sodium channels by batrachotoxin. In: 
Structure- Function in Excitable Cells (Eds. Chang et al.), Plenum Press, New York (in press) 

Khodorov B., Shishkova L., Peganov E. (1974): The effect of procaine and calcium ions on slow sodium 

inactivation in the membrane of Ranvier node of frog. Bull. Exp. Biol. Med. 77, 10—14 (in 
Russian) 

Khodorov B., Revanov E., Revenko S., Shishkova L. (1975): Sodium currents in voltage-clamped 
nerve fibre of frog under the combined action of batrachotoxin and procaine. Brain Res. 84, 
541—546 



Blockade of Na+ and K+-Channels by Ajmaline and NPA 267 

Khodorov B., Peganov E., Revenko S., Shishkova L. (1977): Gating and selectivity of sodium channels 
in Ranvier node treated with batrachotoxin. Effects of local anesthetics. In: Proc. Internát. Union 
Physiol. Sci. 12, p. 195, Paris 

Khodorov B., Shishkova L., Peganov E., Revenko S. (1976): Inhibition of sodium currents in frog 
Ranvier node treated with local anesthetics; role of slow sodium inactivation. Biochim. Biophys. 
Acta. 433, 4 0 9 - 4 3 5 

Koppenhôfer E., Schmidt H. (1968): Die Wirkung von Scorpiongift auf die Ionenstrome des 
Ranvierschen Schniirrings. II. Unvollstandige Natrium Inaktivierung. Pfliigers Arch. 303, 
150—161 

Mozhayeva G., Naumov A., Negulyaev Yu. (1976): Effect of aconitine on some properties of sodium 
channels in the Ranvier node membrane. Neirofiziologiya 8, 152—160 (in Russian) 

Mozhayeva G , Naumov A., Negulayev Yu., Nosyreva E. (1977): The permeability of aconitine-modi-
fied sodium channels to univalent cations in myelinated nerve. Biochim Biophys. Acta 466, 
461—473 

Mozhayeva G , Naumov A., Soldatov N., Grishin E. V. (1979): Effect of Buthus eupeus toxins on 
sodium channels of Ranvier node membrane. Biofizika, 24, 235—241 (in Russian) 

Naumov A., Negulayev Yu., Nosyreva E. (1979): Change in affinity of acid group in sodium channels 
for hydrogen ions under effect of aconitine. Dokl. Akad. Nauk SSSR. 244,229—232 (in Russian) 

Neumcke B., Schwarz W., Stämpfli R. (1980): Modification of sodium inactivation in myelinated nerve 
by Anemonia toxin II and iodate. Analysis of current fluctuations and current relaxations. Biochim. 
Biophys. Acta 600, 456—466 

Peganov E., Khodorov B., Shishkova L. (1973a): Slow sodium inactivation related to external 
potassium in the membrane of Ranvier node. The role of external potassium. Bull. Exp. Biol. Med. 
9, 15—19 (in Russian) 

Peganov E., Timin E., Khodorov B. (1973b): Interrelationship between processes of sodium activation 
and inactivation. Bull. Exp. Biol. Med. 10, 7—11 (in Russian) 

Peganov E., Timin E., Khodorov B. (1973c): Experimental and theoretical analysis of the relationships 
between processes of sodium channels activation and inactivation. In: Membranes Biophysics, pp. 
502—507, Kaunas (in Russian) 

Peganov E. (1974): Study of sodium inactivation in Ranvier node. Thesis, Moscow 
Revenko S., Bolotina V., Khodorov B. (1980): Tonic and frequency-dependent block of- sodium 

channels by ethmozine. J. Mol. Cell. Cardiol. 12, suppl. I, 135 
Revenko S., Khodorov B., Shapovalova L. (1979): Blockage of Ranvier node sodium channels by 

alkaloid yohimbine. Dokl. Akad. Nauk SSSR 248, 494—498 (in Russian) 
Revenko S., Khodorov B., Shapovalova L. (1982a): Blockage of sodium and potassium channels by 

cardiac antiarrhythmic drug, quinidine. Neirofiziologiya, 14, 329—330 (in Russian) 
Revenko S., Khodorov B., Shapovalova L. (1982b): The effect of yohimbine on sodium and gating 

currents in frog Ranvier node membrane. Neurosience, 7, 1377—1378 
Revenko S., Shapovalova L. (1981): The effect of alkaloid yohimbine and tetrodotoxin on asymmetric 

displacement currents in the node of Ranvier. Neirofiziologiya 13, 438—440 (in Russian) 
Rudy B. (1978): Slow inactivation of the sodium conductance in squid giant axons: pronase resistance. 

J. Physiol. (London) 283, 1—21 
Schauf B., Smith K. (1982): Gallamine triethiodide-induced modifications of sodium conductance in 

Myxicola giant axons. J. Physiol. (London) 323, 157—171 
Schmidt H., Schmitt O. (1974): Effect of aconitine on the sodium permeability of the node of Ranvier. 

Pfliigers Arch. 349, 133—148 
Schwarz W., Palade P., Hille B. (1977): Local anesthetics: effect of pH on use-dependent block of 

sodium channels in frog muscle. Biophys. J. 20, 343—368 



268 Khodorov and Zaborovskaya 

Shapiro B. (1977a): Effects of strychnine on the potassium conductance of the frog node of Ranvier. J. 
Gen. Physiol. 69, 897—914 

Shapiro B. (1977b): Effects of strychnine on the sodium conductance in the frog node of Ranvier. J. 
Gen. Physiol. 69, 915—926 

Shigenobu K., Kasuya Yu., Ishiko Yu., Fukada H. (1974): The actions of N-propyl ajmaline on 
experimental arrhythmias and electrophysiological properties of the heart. Chem. Pharm. Bull. 22, 
2329—2336 

Shishkova L. (Zaborovskaya) (1976): A decrease in sodium permeability and slow sodium inactivation 
in the Ranvier node treated with trimecaine. Neirofiziologiya. 8, 418—424 (in Russian) 

Simon H. (1974): Herzwirksame Pharmaka, Urban Schwarzenberg, Miinchen—Berlin—Wien 
Sorokin L., Golovina B., Khodorov B. (1980): Frequency-dependent effects of an antiarrhythmic 

Neo-gilurythmal on the action potential of myocardial cells. J. Mol. Cell. Cardiol. 12, suppl. I, 158 
Strichartz G. (1973): The inhibition of sodium currents in myelinated nerve by quaternary derivatives 

of lidocaine. J. Gen. Physiol. 62, 37—57 
Ulbricht W. (1969): The effect of veratridine on excitable membranes of nerve and muscle. Ergeb. 

Physiol. Biol. Chem. Exp. Pharmakol. 61, 18—71 
Ulbricht W. (1981): Kinetics of drug action and equilibrium results at the node of Ranvier. Physiol. 

Rev. 61, 785—828 
Yeh J. (1978): Sodium inactivation mechanism modulates QX—314 block of sodium channels in squid 

axons. Biophys. J. 24, 569—574 
Yeh J. (1979): Dynamics of 9-aminoacridine block of sodium channels in squid giant axons. J. Gen. 

Physiol. 73, 1—21 
Yeh J., Armstrong C. (1978): Immobilization of gating charge by a substance that stimulates 

inactivation. Nature 273, 387—389 
Yeh J., Narahashi T. (1977): Kinetic analysis of pancuronium interaction with sodium channels in squid 

axon membranes. J. Gen. Physiol. 69, 293—323 
Zaborovskaya L. (1979): Mechanism of action of local anesthetics on the nerve membrane. Thesis, 

Moscow 
Zaborovskaya L., Khodorov B. (1980): Stimulus-dependent blockade of sodium channels in the node 

of Ranvier by the quaternary antiarrhythmic agent N-propyl ajmaline (Neo-gilurytmal). Bull. Exp. 
Biol. Med. 5, 578—580 (in Russian) 

Zaborovskaya L., Khodorov B. (1980): Stimulus-dependent inhibition of sodium currents by an 
antiarrhythmic Neo-gilurytmal. J. Mol. Cardiol. 12, suppl. I, 185 

ZilberterYu.. Khodorov B.. ShubertB. (1983): Use-dependent block of sodium channels in isolated rat 
myocardial cells by antiarrhythmic N-propyl ajmaline (Neo-gilurytmal). Bull. Exp. Biol. Med. 4, 
55—58 (in Russian) 

Received November 11, 1982 / Accepted March 2, 1983 


