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Abstract. The effects of some potassium channel blockers on the ionic currents
and on the so-called K "-depolarization in intact myelinated nerve fibres were
studied. 4-AP, and in particular, Flaxedil, proved to be selective K *-current
blockers. However, TEA, a crown ether (DCH I8C6), a longchained triethylam-
monium compound (C,,-TriEA), capsaicin, and the extract from the medicinal
herb Ruta graveolens proved not to be selective K *-current blockers; they all
block Na " -currents as well, although to a lesser extent. The sodium inactivation
curve did not change under TEA and Flaxedil but was shifted on the potential
axis in negative direction by DCH18C6, 4-AP, capsaicin and the Ruta extract
whereas C-TriEA caused a shift of both sodium inactivation and activation
parameters in positive direction. Regarding to the kinetics of the persisting
K *-current fraction, two different kinds of blockade were found: 1. Unchanged
K "-kinetic which is typical for the effects of TEA, 4-AP, Flaxedil, and C,-
TriEA. 2. Clearly changed K "-kinetic, characterized by K *-transients; which is
typical for the effects of capsaicin and in particular, for those of DCH18C6 and
of the Ruta extract. The possibly different modes of action of both groups of
blockers are discussed in terms of current models for the action of potassium
channel blockers.

Key words: Node of Ranvier — lonic currents — K7 -channel blockers —
K *-transients — K *-depolarization

Introduction

Selective pharmacological blockers of either sodium or potassium ionic currents
are considered useful tools for a better understanding of the function of the
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Fig. 1 General molecular structures of the compounds tested.

potential dependent ionic channels in nerve membrane. From a theoretical point
of view potassium channel blockers are of great interest because of their dual
effects on action potential and resting potential.

Apart from this, recent clinical interest in factors influencing nerve conduc-
tion defects in demyelinating diseases, e. g. multiple sclerosis (MS) and a variety
of peripheral neuropathies, led to attempts to improve nerve function by the use
of the potassium channel blocker 4-aminopyridine (Jones et al. 1983; Davis et
al. 1986; Stefoski et al. 1987). The reason is that, although 4-aminopyridine has
minimal effects on the action potential waveform of intact mammalian nerve
fibres (Schwarz and Eikhof 1987), it has dramatic effects on spike waveform
following demyelination (Sherrat et al. 1980; Targ and Kocsis 1985) because
plenty of potassium channels are abnormally exposed in demyelinated nerve
fibres (Chiu and Ritchie 1982; Grissmer 1986; Chiu and Schwarz 1987; Jonas
et al. 1989). They may either "tend to hold the membrane close to the potassium
equilibrium potential”* (Waxman 1987) or otherwise, they may give rise to a
decrease in membrane potential by increasing the external potassium concentra-
tion in the direct vicinity of the membrane. At any rate, nerve function would



Potassium Channel Blockers in Myelinated Nerve 227

get rendered difficult (Brismar 1981). Therefore, potassium-channel blocking
agents could possibly serve as a symptomatic therapy in MS (Bostock et al.
1981), all the more since, in experimentally demyelinated nerve fibres, the bared
axonal membrane remains capable of conducting action potentials (Bostock
and Sears 1978).

The aim of the present study was to evaluate the effects of some known
potassium channel blockers (see Fig. 1) in the light of current hypotheses on the
time course of potassium currents and in connexion with our working hypothe-
sis on malfunction in demyelinated axons (Bautz et al. 1989b). '
We carried out in vitro experiments on the effects of tetraethylammonium ions
(Hille 1967; Koppenhdofer 1967; Schonle and Koppenhofer 1983), some long-
chained triethylammonium compounds (Armstrong 1971; Swenson 1981),
Flaxedil (Smith and Schauf 1981), capsaicin (Dubois 1982), the crown ether
dicyclohexano-18-crown-6 (Arhem et al. 1982; Kristbjarnarson and Arhem
1985), 4-aminopyridine (Pelhate and Pichon 1974; Ulbricht et al. 1982) and in
addition, of a still unknown potassium current blocker derived from the medici-
nal herb Ruta graveolens. Extracts of Ruta are believed to exhibit positive effects
on the clinical symptoms in MS (V. Carstens, personal communication).
Parts of the results have been published previously (Bohuslavizki et al. 1988;
Bautz et al. 1989a).

Materials and Methods

Chemicals and solutions: Tetracthylammonium chloride (TEA) was purchased from Merck (Darm-
stadt, Germany), gallamine triethiodide (Flaxedil) from Aldrich-Chemie (Steinheim, Germany),
8-methyl-N-vanillyl-6-nonenamide (capsaicin), dicyclohexano-18-crown-6 (DCHI18C6) and 4-ami-
nopyridine (4-AP) were obtained from Sigma Chemie (Deisenhofen, Germany). All drugs including
the Ruta extract (see below) were added substance to the respective bathing medium except of
capsaicin and DCH18C6 of which stock solutions, made by ethanol of 10 mmol/l and 400 mmol/l
respectively, were diluted by the normal bathing medium to give the final concentrations.
The ethanol effects per se were negligibly small (Arhem and van Helden 1983).
Measurements were not started until the drug effects became stationary. This was regularly the case
after 1 to 3 minutes. The duration of subsequent wash-out intervals was chosen to obtain best
reversibility. It varied between less than 1 minute (TEA, Flaxedil, Ruta extract) and one hour
(DCHI18C6). All drug effects in this study proved to be fully reversible if not noted otherwise. The
effects of 4-AP are known for being not reversible (Arhem and Johansson 1989); therefore, wash-out
was not tried.

The normal bathing medium was either Ringer solution (containing in mmol/l: NaCl 107.0; KCl
2.5; CaCl, 2.0; N, N-bis (hydroxyethyl)-2-amino-ethanesulfonic acid/NaOH buffer (BES) 5.0) or
a K*-rich solution (KCl: 80 mmol/1) in which the required amount of Na* was replaced by the
equivalent amount of K*. The artificial intracellular fluid contained (in mmol/1): KCI 108 . 0; NaCl
5.0; BES 5.0. The pH of all solutions was adjusted to 7.2 + 0.1 at 10.0 + 0.5°C.

Synthesis of triethylammonium compounds: One part alkyl bromide and 1.2 parts triethylamine
dissolved in nitromethane were refluxed for 1 hour, allowed to cool to room temperature and then
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Fig. 2 Schematic diagram of the experimental setup. The nerve fibre (rop) is laid across four fluid
pools of the recording chamber (not shown) which are separated by thin vaseline seals (hatched
arcas) and connected via conventional electrodes (open triangles) to control circuits formed by
operational amplifiers A, A, and A,. Ax: axis cylinder bounded by the axonal membrane (heavy
border line). My: myelin lamellae enwrapping the axis cylinder except the region of the Ranvier
node under investigation (central pool) where the myelin is absent. Stippled areas: simplified
Schwann cell structures. NG: nodal gap substance, in the running text termed “series resistance"".
P: adjustment of electronic compensation for the voltage drop across the series resistance. E:
membrane potential. /: membrane current. [7] : command pulses. DAC 1 and DAC 2: digital/
analog-converters. ADC: analog-digital converter. F: switchable low-pass filter (/= 80, 40,
20 kHz, respectively). LCC: leakage current subtractor. HD: hard disk. For further details, see text.

stirred for 24 hours. After evaporating of the solvent under reduced pressure the product was washed
with dry ether and recrystallized from a mixture of dry ethanol and ethylic acetate. The dried
compounds were tested for purity using thin-layer chromatography.

Treatment of Ruta plant material: For our studies the plant material (stems and leaves) was collected
on Ibiza (Spain) and air-dried. The powdered material (a total of 463 g) was macerated with
petroleum ether for one day and thereafter, for 5 days with methylene chloride. The solvent was
removed in a rotavap. Finally, the obtained paste-like extracts were pooled for drying on a thin layer
of kieselgur.
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Statistics: The significance of effects was tested on the ¢ = 0.05-level by the two sided statistical sign
test (Dixon and Mood 1946). Results are given as medians and ranges throughout (Sachs 1984;
Koppenhéfer and Bohuslavizki 1988).

Preparation: The experiments were carried oul on isolated intact myelinated nerve fibres from the
sciatic nerve of the toad Xenopus laevis. The dissection procedure (Koppenhofer et al. 1987)
delivered nerve fibres of 24.3 um in diameter (18.9 to 29.7 ym: n = 36) which were mounted across
four fluid pools of a recording chamber (see Fig. 2. above) in a fashion that the Ranvier node under
investigation was placed in the central pool which was continuously perfused by the respective
bathing medium. The lateral pools containing the cut ends of the axon were filled with artificial
intracellular fluid.

The rationale of mechanical manipulations of the nerve fibres was that any artificial stretch i.e. any
loss of reserve length (Clarke and Bearn 1972; Koppenhofer et al.1987) of the fibres was strictly
avoided up to the very end of measurements. Consequently, the preparations survived for 2.5 hours
(1.4 1o 7.2 h) without clear indications for “rundown* (Fox 1976). The unspecific changes of steady
state potassium currents, leakage currents. and of the so-called series resistance (see below) with
time amounted to —9 % 'hour (—30to 16 % /h). 14 % /hour ( —11 to 142 %/h), and 5 % /hour (—12
to 42 % /h), respectively (n = 36). No significant changes of peak sodium currents with time were
detectable.

Experimental setup: Measurements of membrane potentials and membrane currents were carried
out by means of an improved version of the Frankenhaeuser potential clamp system (Dodge and
Frankenhaeuser 1958) which enabled compensation for the ohmic component of the electrical
resistance of the Schwann cell structures (see Fig. 2, NG) in series with the nodal membrane, i.e. the
so-called series resistance (Wiese and Koppenhofer 1988). For optimum compensation the poten-
tiometer P was set to give symmetrical peak sodium current-voltage relations in Ringer solution; this
corresponded to a median series resistance of 413 k€2 (224 to 916 k&2: n = 36). A, and A, are
operational amplifiers which were connected to the respective fluid pools of the recording chamber
via Ag/AgCl electrodes (Fig. 2, open triangles), thus forming two feedback loops. £ and [ represent
membrane potentials and membrane currents, respectively. The rectangular symbol (J7) stands for
command pulses which enable membrane potential steps. Regarding the benefit of long-lasting
experiments such axons are obviously superior to those which were available previously (see. e.g.
Koppenhofer and Vogel 1969: Keana and Stampfli 1974).

Measuring conditions: The holding potential, £y, was adjusted under the assumption of a steady
state value of the sodium inactivation variable 1 = 0.8 (sce page 234). For current-voltage relations
(see page 230) various positive test pulses were preceded by negative prepulses of sufficient amplitude
and duration (see Fig. SD); thus at the beginning of the test pulses h was unity (Frankenhaeuser
1959). For sodium inactivation curves the potential dependence of the steady state value of the
inactivation variable, h, was measured by peak sodium currents, peak /y,. during constant test
potentials preceded by conditioning prepotentials £, of variable amplitude and sufficient duration
(see Fig. 7D).

Calibrations:Specific currents were calculated from membrane current records and from the fibre
dimensions according to the passive standard data of myelinated nerve fibres (Stampfli and Hille
1976).

Data processing: The data processing system shown in Fig. 2 was controlled by two interconnected
computers. Command pulses of variable duration and amplitude of either polarity were generated
by a 12 bit D/A-converter (DAC 1) under the command of computer 1 at a repetition rate of about
I Hz if not stated otherwise. Membrane currents, / were corrected automatically for leakage
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Fig. 3 Time c¢ourse of membrane current records, elicited by steps to various membrane potentials,
E. A and B: records at two different time scales in normal Ringer solution. Arrows: peak sodium
currents, peak Iy,. (4) and steady state potassium currents, /.. (B) respectively. (': time-idepen-
dent depression of I . (solid arrows) by Flaxedil (1 mmol/l). D: time-dependent depression of
potassium currents by Ruta extract, resulting in barely visible steady state values. I . (solid arrows)
which are preceded by larger potassium transients, peak [y, (open arrows). Dotted line: zero
membrane current.

currents assuming a time and potential independent leakage conductance (Dodge and Franken-
haeuser 1958) by LCC (driven by computer 2 via DAC 2) and filtered by a low-pass fourth-order
Bessel filter (F) of switchable corner frequency. Deliberate filtering avoided aliasing effects (Azizi
1983) and ensured decent signal to noise ratios without visible indications for the so-called over-
filtering. The filtered membrane currents were digitized by a 12 bit A/D converter (ADC) at a
minimum of 4 ps intervals and stored on a hard disk (HD) together with the respective pulse
parameters delivered by computer 1, both under program control by computer 2.

Results

Current-voltage relations. Membrane currents in Ranvier nodes change with
membrane potentials in a characteristic fashion (Dodge and Frankenhaeuser
1958). Fig. 3 shows a set of current records elicited by steps to different



Potassium Channel Blockers in Myelinated Nerve 231

1 1[nA]

20 +

- 40 -

20

-20 -

-40 -

Fig. 4 Current-voltage relations of peak sodium currents (squares and diamonds) and of steady
state potassium currents (triangles) before and after application of test solutions (open symbols).
Test solutions (filled symbols) in mmol/l: 4: TEA (10.0); B: Flaxedil (1.0); C: 4-AP (0.050); D:
C,-TrnEA (1.0). Abscissac: membrane potential during test pulse, £. Ordinates: corresponding
ionic currents, /. Holding potentials (in mV): 4: —77; B: —80; C: —79; D: —80. The curves were
obtained by spline interpolation (Wiese and Koppenhofer 1988). Note that cumulative effects of
4-AP were minimized by prolonging test pulse intervals to 1 min. Pulse protocol used. see Fig. 50.

membrane potentials at two different time scales in normal Ringer solution (A,
B). The initial transient (A) is carried mainly by sodium ions; this follows from
the fact that its peak value, peak 7, (arrows), changes its direction as soon as
the test pulse potential exceeds the sodium equilibrium potential (56 mV; 39 to
77mV; n = 68). Following the Hodgkin-Huxley-Frankenhaeuser formalism
(Hodgkin and Huxley 1952: Frankenhaeuser and Huxley 1964) sodium currents
are described by potential- and time-dependent variables, the activation variable
m and the inactivation variable 4. Both of them change with membrane poten-
tial between zero and unity.

The initial sodium transient is accompanied by a delayed potassium current
(Fig. 3B), with its steady state value, I, (arrows), increasing monotonously
with the increasing test potentials. Thus, under normal conditions or under
potassium blockers like Flaxedil (Fig. 3C) potassium currents are satisfactorily
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described by a single variable, the activation variable n. However, there are
potassium blockers like the Ruta blocker (Fig. 3D) which seem to act in a time
dependent manner: the remaining potassium currents exhibit initial transient
peak values, peak /i, (open arrows) followed by comparatively smaller steady
state values, [ ., (filled arrows).

The potential dependences of peak [, and /i are documented in the shapes of
the current-voltage relations (Fig. 4). In normal Ringer solution (open symbols)
and under proper measuring conditions the absolute slope of the two branches
of the peak 7, -voltage relation (squares and diamonds) was basically the same
as intentionally adjusted by proper setting of potentiometer P (see page 229).
Under 10 mmol/l TEA (Fig. 44) the potassium currents at £ = 80mV were
reduced by 86 % (75 to 91 %; n =9). A similar reduction was achieved by
Flaxedil (Fig. 4B) even at 1 mmol/1 (85%: 73 to 89%;:; n = 11). Moreover,
Flaxedil offers a real opportunity to selectively block potassium currents in
Ranvier nodes without any visible changes of the peak sodium current-voltage
relation. This does not hold for TEA because the minimum of the corresponding
peak [y -voltage relation increased by 3% (—3 to 12%: n = 9). These findings
are in accordance with observations of previous investigations (Hille 1967
Koppenhofer 1967; Smith and Schauf 1981; Schonle and Koppenhofer 1983).
The block of potassium currents by 4-aminopyridine 1s mostly irreversible and
clearly voltage dependent (Meves and Pichon 1977; Ulbricht et al. 1982: Arhem
and Johansson 1989). As it can be seen from Fig. 4C, 4-AP blocks potassium
currents as selectively as does Flaxedil (Fig. 4B) at lower concentrations
(0.05 mmol/l) but in an irreversible manner (not shown). In 7 experiments the
reduction of Iy, at E = 80mV amounted to 70 % (63 to 76 %).

It has been reported that a variety of triethylammonium compounds produce
a marked time-dependent block of potassium currents in the unmyelinated axon,
decyl-triethylammonium being already efficacious at a few micromolar (Swenson
1981). Hexyl-triethylammonium to undecyl-triethylammonium, phenylpropyl-
triethylammonium, and benzyl-triethylammonium were tested and found to be
several hundred times less efficacious in the nodal membrane than it has been
reported for the unmyelinated giant axon (Armstrong 1971 ; Swenson 1981). In
8 experiments | mmol/l C-TriEA (Fig. 4D) reduced I, . at £ = 80mV largely
time-independent (also see Armstrong and Hille 1972) by 62 % (44 to 73 %).
Moreover, chains longer than C; clearly shifted the negative branch of the peak
sodium current-voltage relation in positive direction. For C,-TriEA the shift
amounted to 8mV (6 to 12mV; n = 8), the minimum of the curve being
diminished by 31 % (24 to 39 %).

The observed shift of the experimental values in positive direction initiated
calculations on the underlying potential dependence of the steady state value of
the activation variable, m. We used the constant field equation, introduced by
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Fig. 5 Current-voltage relations ol peak sodium currents (squares and diamonds) and of steady
state potassium currents (iriangles) before and after application of test solutions (open symbols).
Test solutions (filled symbols): A4: capsaicin (50 pmol/l): B: DCHI8C6 (50 ymol/l), test pulse
intervals: 2s; €0 Ruta extract (corresponding to 2 g plant material/ 100 ml): Abscissae: membrane
potential during test pulse, E. Ordinates: corresponding 1onic currents. [. D: pulse protocol used
(notdrawn to scale). £ test potentials of various sizes preceded by constant prepotentials £,. Dotted
line: zero membrane potential. Holding potential £,: —80 mV throughout. The curves were
obtained by spline interpolation (Wiese and Koppenhaofer 1988).

Dodge and Frankenhaeuser (1959), in the potential range of biological re-
levance (Albers et al. 1989) for the calculation of peak Py, from peak I,. The
equation

I a
SPPUNPA S S,
(Benoit and Dubois 1987; Albers et al. 1989) was fitted to the data. Assuming
both the ratio of the time constants of sodium currents and the power of the
activation term, a = 2, to be potential independent (Frankenhaeuser 1960), and
after normalizing the data by the theoretical maximum of peak Py, peak Py, max
we obtained the so-called activation curve. In normal Ringer solution the
potential at m = 0.5, E,,, and the maximum steepness of the curve, k., corres-
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ponded to data presented previously (Albers et al. 1989), E, = —23mV (—26
to —19mV:n = 8)and k, = 14mV (13 to 16 mV). Under C,,-TriEA, however,
the curve was shifted in positive direction by 10mV (7 to 11 mV:n = 8) as it was
expected from the underlying current-voltage relation shown in Fig. 4D.
Capsaicin, the pungent principle in certain species of red pepper (Capsicum sp.),
has already been used as a tool to separate different types of potassium channels
(Dubois 1982; Roper and Schwarz 1989). In 16 experiments nominal 50 gmol/l
capsaicin reduced Iy (at £ =80mV) by 51 % (36 to 67 %) and, to a lesser
extent, the minimum of the peak [, -voltage curve by 22 % (15 to 36 %). Both
effects are shown in Fig. 54. The block of potassium currents occurred in a
time-dependent manner similar to the records shown in Fig. 3D; thus, the
steady-state values at the end of the pulses, I ., (Fig. 54, filled triangles) were
systematically smaller than the preceding potassium transients, peak /i, (filled
dots) which as compared to /i  in the untreated node were reduced by 36 % (21
to 47 %), respectively. In this respect the capsaicin block obviously resembles
the effects of crown ether and of the Rura potassium current blocker (see
below). However, under capsaicin the difference between Iy  and peak Iy varied
from experiment to experiment between nil and a number considerably larger
than that shown in Fig. 54; what this was due to, remained unclear.

From several crown ethers DCH18C6 has been found to be the only substance
to have measurable effects (Arhem at al. 1982). The potassium currents were
reduced by DCHI8C6 (50 umol/l) in a clearly time-dependent manner (Fig. 5B);
the blocks of I and peak Iy (at E=80mV) as compared to /Iy in the
untreated node were 83 % (65 t0 87 %:n = 8) and 33 % (22 to 64 %), respective-
ly. The concomitant reduction of the minimum of the peak /,-voltage curve
amounted to 45 % (34 to 67 %) and was characterized by a remarkable fact,
namely that during wash-out the peak /Iy, -values (diamonds) systematically
exceeded the corresponding initial values (squares) by 15% (3 to 32 %).

The potassium current blocking principle from the Ruta plant could not be
identified so far. Hence Ruta extract (see page 228) was added to the bathing
medium, corresponding to 2 g plant material/100 ml. In 9 experiments peak 7/,
was reduced by 44 % (23 to 55 %). The block of potassium currents exceeding
clearly the block of peak /Iy, (Fig. 5C, filled symbols) resembled that seen with
capsaicin, and with DCH18C6, i.e. the potassium currents remaining at the end
of the pulses /i (filled triangles) were obviously smaller than the peak values
of the preceding potassium transients, peak Iy (filled dots). The decrease of Iy
and peak / (at E = 80mV) as compared to I in the untreated node amounted
to 92 % (66 to 100 %) and 67 % (44 to 82 %), respectively, indicating that for
the concentrations chosen the potassium block by the Ruta extract is more
efficient than the other drugs tested.
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Fig. 6 Sodium inactivation curves in Ringer solution (open symbols) before (squares) and after
(diamonds) application of test solutions (filled symbols). Test solutions in mmol/l: 4: TEA (10.0);
B: Flaxedil (1.0); C: 4-AP (0.050); D: C,,-TriEA (1.0). Abscissae: membrane potential during
prepotentials, E. Ordinates: inactivation variable, &. The respective holding potentials are indicated
by the position of the ordinates on the abscissae. The curves were calculated by equation (2). Note
that cumulative effects of 4-AP were minimized by prolonging test pulse intervals to 1 min. Pulse
protocol used. see Fig. 7D.

Sodium inactivation. The potential depedence of the sodium inactivation vari-
able, h, was measured by peak sodium currents, peak I, elicited by the
two-pulse protocol shown in Fig. 7D. After converting peak I, in peak Py,
(Dodge and Frankenhaeuser 1959) the equation

peak Py, = peak Py, max ] (2)

I + exp [(E-Ey)/ky)
(Frankenhaeuser 1959) was applied to each set of data measured. The fit yielded
a theoretical maximum of peak Py,, peak Pn,ma., En, i.€. the potential where

peak Py, is 50 % of peak Py, ... and of the steepness factor k,. Normalizing the
experimental values by peak Py, .., delivered the so-called inactivation curve. In
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Fig. 7 Sodium inactivation curves in Ringer solution (open symbols) before (squares) and after
(diamonds) application of test solutions (filled symbols). 4: capsaicin (50 gmol/l); B: DCHI18C6
(50 gmol/l) pulse intervals: 2s; C: Ruta extract (corresponding to 2 g plant material/100 ml); Ab-
scissae: membrane potential during prepotentials, £,. Ordinates: inactivation variable, h. D: pulse
protocol used (not drawn to scale). E : prepotentials of various sizes followed by constant test
potentials E. Ey: holding potentials as given by the position of the ordinates on the belonging
abscissae in 4— C. The curves were calculated by equation (2).

normal Ringer solution (Figs. 6 and 7, open symbols) the medians of E, and &,
were —68mV (=79 to —48mV) and 7mV (6 to 9mV) respectively (n = 67);
these results agree reasonably well with corresponding data reported by Fran-
kenhaeuser (1959). The small but systematic deviations of the measuring points
from the calculated curves were obviously due to superimposed potassium
currents and disappeared upon application of potassium blockers such as TEA
(Fig. 64) or Flaxedil (Fig. 6B) which definitely did not change the inactivation
curve.

The effect of the Ruta extract on the inactivation curve is illustrated in Fig. 7C.
The experimental values (filled symbols) were shifted to more negative poten-
tials by 15mV (8 to 18 mV; n = 8). The slight decrease in steepness of the curve by
about 1 mV was in the range seen with 4-AP and C,-TriEA. Under capsaicin
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(Fig. 74) and, to a somewhat lesser extent under 4-AP (Fig. 6C) and DCHI18C6
(Fig. 7B), the inactivation curves were also shifted in negative direction by 11,
5, and 3mV (7 to 15mV; n=16;1to 7 mV; n=7; 2 to 7 mV; n=38,
respectively). C,,-TRiEA (Fig. 6D), however, shifted the sodium inactivation
curve in positive direction by 11 mV (9 to 12mV; n = 8), agreeing qualitatively
with the C,,-TriEA effects as mentioned above.

Potassium-depolarization. In accordance with common belief the decrease of the
absolute value of resting potential in potassium-rich extracellular solution, i.e.
potassium-depolarization, is due to a diffusion potential across the nodal mem-
brane predominantly permeable to potassium ions and to a smaller degree, to
sodium ions (Huxley and Stampfli 1951) (see, however, Arhem et al. 1973).
Therefore, potassium channel blockers should be expected to increase the
potassium-depolarization; however, as it has already been shown for TEA
(Schmidt 1965), just the opposite is true.

We tested the effects of various compounds on the resting potential in potass-
ium-rich solution (80 mmol/l). Under TEA (10 mmol/l) and under Ruta extract
the potassium-depolarization decreased to 46 % (32 to 81 % :; n = 9) and 56 %
(25 to 66 % ; n = 7) of their normal values. Flaxedil and C,,-TriEA (I mmol/I
each) proved less efficacious (73 %:42 to 83 % ; n =10 and 75 % 68 to 79 %
n=7) while 4-AP (0.5mmol/l), capsaicin (0.05 mmol/l), and DCHI18C6
(0.05 mmol/l) were almost inert (92 %, 80 to 100 %, n = 8; 100 %, 73 to 100 %,
n=9;95%, 91 to 100 %, n = 7, respectively).

Discussion

Selectivity. Among the drugs tested in this study 4-AP, and in particular, Flaxedil,
are the only ones which act selectively on potassium channels as shown by peak
sodium current voltage relations. Nevertheless, the well-known voltage depen-
dence of 4-AP block (Meves and Pichon 1977; Ulbricht et al. 1982; Arhem and
Johansson 1989), the slight shift of the inactivation curve by 4-AP, and the
concomitant lack of effects on the potassium-depolarization under 4-AP suggest
remarkable functional dissimilarities between these drugs. The other drugs
tested cannot be called selective potassium channel blockers, as documented by
their mostly strong effects on sodium currents.

The observed shifts of both sodium activation and inactivation curves on the
potential axis in positive direction under C,,-TriEA are in clear contrast to the
effects of most of the drugs acting on potential-controlled ion channels in nerve
membrane. They usually shift the inactivation curve in negative direction while
the corresponding activation curve generally proves less susceptible to such
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substances. Increased cation concentrations are known to cause similar shifts of
membrane parameters in positive direction (Frankenhaeuser and Hodgkin 1957
Chandler et al. 1965; Vogel 1974; Brismar and Frankenhaeuser 1975; Hille et
al. 1975): this has been referred to a so-called electrostatical screening of
negative fixed charges at the external membrane surface. Thus, it seems likely
that quarternary ammonium compounds like C,;-TriEA might interact with
fixed charges at the external surface membrane in a way similar to the hypothe-
sis suggested by Jedicke and collaborators (1988) concerning the action of some
amino benzoic derivatives at the internal surface membrane. The observation
that under C,-TriEA no shift of the curve of the activation potassium variable
n (Frankenhaeuser 1963) was detectable supports the assumption that the
charge density near the potassium channel is obviously lower than that near the
sodium channel (Vogel 1974).

The blocking effects of capsaicin, DCH18C6 and of the Ruta extract reveal two
common features: All these drugs unequivocally block both types of channels
and the remaining potassium currents are clearly time-dependent. In this con-
nexion, it should be kept in mind that Ruta extract is a largely unknown mixture
of numerous compounds (Bautz et al. 1989b).

The time course of potassium currents. The mechanisms responsible for the
time-dependence of potassium currents as seen with capsaicin, DCHI18C6 and
in particular with Ruta, are still open to question. Similarly shaped potassium
currents seen under strychnine led to the conclusion that only open channels
could be blocked (Shapiro 1977). However, starting from the Hodgkin-Huxley-
Frankenhaeuser formalism (Frankenhaeuser 1963 ; Frankenhaeuser and Huxley
1964) the observed decay of potassium currents under sustained positive pulses
could obviously reflect a markedly enhanced potassium inactivation which,
under normal conditions is so slow (Schwarz and Vogel 1971) that potassium
currents seem to reach stationary values, I ., (see Fig. 3) for a pulse length of
50ms as used in this study. This concept has already proved useful for the
description of potassium transients seen both under DCH18C6 (Arhem et al.
1982; Kristbjarnarson and Arhem 1985) and under the antiarrhythmic drug
quinidine (Wong 1981). Screening experiments revealed that in Ranvier nodes
quinidine resembles local anesthetics rather than blockers which act predomi-
nantly on potassium channels.

For an alternative interpretation of eventually time-dependent potassium cur-
rents in unmyelinated giant axons, one of the landmarks of the ionic theory of
excitation (Hodgkin and Huxley 1952) has been questioned (French and
Shoukimas 1981), i.e. the belief that the ionic concentrations on both sides of
the axonal membrane do not change during single pulses. In face of the already
well-established perinodal diffusion barrier in the myelinated axon (Dubois and
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Bergman 1975; Katalymov 1978; Attwell et al. 1980; Moran et al. 1980;
Berthold and Rydmark 1983a, 1983b) relatively long-lasting potassium currents
could give rise to potassium-accumulation and/or potassium-depletion with
time on either side of the axonal membrane; this in turn could result in a
decrease of the electromotive driving force of potassium ions and thereby in
time-dependent potassium current records. However, since in unaltered Ranvier
nodes potassium currents usually saturate monotonously it seems likely that an
effective potassium-uptake by the Schwann cell microvilli in the nodal gap,
similar to glial cells in other preparations (Orkand et al. 1966; Orkand 1977) and
known as spatial buffering of potassium (Gardner-Medwin 1983a, 1983b),
potassium- siphoning (Newman 1985), potassium-homoeostasis (Gardner-
Medwin 1986) or simply, control of the extracellular potassium-concentration
(Henn et al. 1972), might compensate effectively for such changes in the electro-
motive driving force of potassium ions.

Taking this model into account, the observed time dependence of potassium-
currents under some drugs like the Ruta extract could be explained by a
time-dependent potassium-accumulation caused by a pharmacological block of
potassium-uptake through the Schwann cell membrane. In that case the driving
force of potassium ions would become time-dependent in a way which could
qualitatively explain the observed potassium transients. This could mean that
such drugs predominantly block potassium channels of the Schwann cell mem-
brane in the nodal gap while blockers which act TEA-like predominantly reduce
the permeability constant of the axonal membrane per se, Py, (Frankenhaeuser
1963). This model seems to conflict with some observations on cultured
Schwann cells (Ritchie 1987) and in particular with our previous mode] (Bautz
et al. 1989b) explaining the beneficial effects of the Rutra potassium channel
blocker on demyelinated nerve fibres in MS. Nevertheless, the possibility that
potassium channels of the axonal membrane could be pharmacologically discri-
minated from those of the Schwann cell membrane is worthy of being thorough-
ly investigated.

Potassium-depolarization. The amplitude of potassium-depolarization in potass-
ium-rich solution was reduced by the tested drugs to various degrees. Unfor-
tunately, we have not been able to read the underlying informations of these
findings so far. Undoubtedly, the observed decrease of potassium-depolariza-
tion by potassium channel blockers favours the hypothesis that the resting
potential of Ranvier nodes is controlled by a co-operation of the unquestioned
potassium permeability with a relatively high leakage conductance rather than
with an appreciable “sodium error* (Schmidt 1965).

The unduly high scatter of data as documented by the observed wide ranges
of drug effects under high potassium concentrations (see page 237) suggests that
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membrane potential measurements in Ranvier nodes are masked by some
unkown interferences between different sites of action in the axonal membrane
and in the Schwann cell membrane. In this connexion we are aware that the
commonly accepted belief of membrane potential measurements in isolated
Ranvier nodes not being influenced by the attached Schwann cell has never been
verified. Therefore, it is likely that scaling procedures depending on membrane
potential measurements may give rise 1o an increase in scatter of experimental
data. In case of compensation of the influence of the series resistance uncertain-
ties of that kind were avoided by replacing the " E = 0**-criterion (Koppenhofer
et al. 1984; Wiese and Koppenhofer 1988; Albers et al. 1989) by the “sym-
metry**-criterion which i1s obviously less susceptible to uncertainties in mem-
brane potential measurements. Thus. in this study experiments of several hours
in duration could easily be utilized (see page 229) whereby the number of
animals to be sacrificed was considerably reduced.
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