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Tolperisone - a Novel Modulator of Ionic Currents 
in Myelinated Axons 

D HlNCK AND E KOPPENHOFER 

Institute of Physiology University of Kiel, 
Kiel, Germany 

A b s t r a c t . The actions of tolpensone on single intact Ranvier nodes of the toad 
Xenopus were investigated by means of the Hodgkm-Huxley formalism Adding 
tolpensone to the bathing medium (100 /xmol/1) caused the following fully reversible 
effects 

1 The sodium permeability P^a was decreased by about 50% m a nearly po­
tential-independent manner while the so-called sodium mactivation curve was 
shifted in the negative direction by about 3 mV 

2 The remaining parameters of the sodium system, i e m, r m and r^, did not 
change 

3 The potassium permeability P ^ decreased at strong depolarizing potentials 
(V > 60 mV), hence the permeability constant P K decreased by about 8% 
However weak depolanzations (V < 60 mV) caused P ^ to increase b \ about 
7% 

4 The potassium ac tua t ion cuive was shifted in the positive direction by about 
9 mV and the exponent of n, b, was reduced from about 3 5 to about 1 5 

Concentiation-iesponse íelations for i eduction of the sodium permeability con 
stant Piva and of the potassium permeability constant P K yielded appaient disso­
ciation constants of about 0 06 mmol/1 and 0 32 mmol/1, respectively The increase 
of P ^ at \' = 40 mV, however was largely concentration-independent 

Our findings show that , in contrast to the prevailing view, tolperisone cannot 
be said to have a so-called hdocaine-hke activity, because its effect on potassium 
permeability m the threshold region is fundamentally different from that of other 
known local anaesthetics We infer tha t this effect, in combination with the de 
crease m sodium permeability, is responsible for the tendency of tolperisone to 
reduce excitability and hence for the antispastic action of tolperisone documented 
bj clinical observations 
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Introduction 

Spasticity, in the sense of a prolonged pathologically elevated tone of skeletal mus 
cles, frequently causes severe pain to those affected, particularly in cases of mul­
tiple sclerosis (MS) (Jellmger 1984) It is often possible to alleviate their suffering 
rapidly by administering suitable potassium-channel blockers, which as a specific 
symptomatic therapy for demyehnating diseases can compensate for the deteno 
ration of impulse conduction in demyehnated axons A particularly suitable agent 
for this purpose is 5-methoxypsoralen (5-MOP), because it presents a low risk of 
undesirable side effects The efficacy of 5-MOP in MS, as well as in myelm-sheath 
defects of quite different origins, has been examined in several previous single-case 
studies (Bohuslavizki et al 1993b, 1995, Bautz'as et al 1995, Ditzen et al 1995, 
Koppenhofer et al 1995, Bautz et al 1996, Hansel et al 1998), which m turn pro­
vided an incentive for extensive in vitro investigations (Bohuslavizki et al 1993a, 
1994b, During et al 1997, Mix et al 1998, Wissel et al 1998, Wulff et al 1998 a,b) 
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Figure 1. Molecular structure of tolpensone 

Another drug, tolperisone (see Fig 1), has also been thought to have an anti-
spastic action, in particular for MS patients (Lehoczky 1961, Hift and Sluga-Gasser 
1962, Szobor 1993) Because its structure resembles that of the local anaesthetic 
hdocaine (Fels 1996), tolperisone has been said to have "lidocame-hke activity", 
implying that tolperisone acts like a typical local anaesthetic in blocking primarily 
the sodium channels of axonal membranes, it has been proposed that this so-called 
membrane stabilizing action may participate in spinal reflex inhibition produced 
by tolpensone (Ono et al 1984, Monkawa et al 1987) 

The objective of the present study was to test this hypothesis about the action 
of tolperisone in in vitro experiments on intact myelinated axons In particular, we 
wanted to clarify whether the antispastic action of tolpensone, as exhibited e g , in 
MS, is likely to reside in an ability to block potassium channels, perhaps resembling 
that of 5-MOP Some of the results of this study have been reported previouslj 
(Hrnck and Koppenhofer 1997) 
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Materials and Methods 

Preparation and experimental setup The experiments were done on isolated myeli­
nated nerve fibres (median diameter 24 3 ^m, range 20 3 to 28 4 fim, N — 10) 
from the sciatic nerve of the toad Xenopus laevis Membrane currents were mea­
sured by a state-of-the-art potential clamp system (Bethge et al 1991, Bohuslav­
izki et al 1994a, Zaciu et al 1996) Nevertheless, some spontaneous changes were 
still inevitable Therefore before control data were obtained m the normal bathing 
medium, i e before and after application of a test solution, all the technologically 
accessible parameters that could influence the scatter of data were checked and, 
where necessary, readjusted (for details, see During et al 2000) This allowed exper­
iments to be continued for several hours with no rundown that measurably affected 
the results This in turn brought considerable savings in the number of experiments 
and thus also in time and funds (Bethge et al 1991, Hinck et al 2001) 

Measurement conditions and calibrations For current-voltage relations various pos­
itive test pulses V at a repetition rate of 1 Hz were preceded by appropriate negative 
prepulses, so that at the beginning of each test pulse the sodium inactivation vari­
able h was unity For sodium inactivation curves the steady-state value of h was 
measured by the well-known two-pulse protocol (Frankenhaeuser 1959) Specific 
currents were calculated from membrane current records and from fibre dimensions 
(Stampfh and Hille 1976) In order to record action potentials, the measurement 
system was switched to the current-clamp configuration so that suitable stimulus 
pulses could be administered 

Data processing Membrane current recordings were corrected automatically for 
leakage currents, filtered by a low-pass fourth-order Bessel filter (corner frequency 
40 kHz) and digitized by a 12 bit A/D converter at 250 kHz (Bethge et al 1991) 
To obtain adequate signal/noise ratios even at weak depolarisations (V< 40 mV) 
the technique of signal averaging was employed 16 current recordings elicited by 
identical test pulses V at a repetition rate of 1 Hz (jitter < 100 ns) were aver­
aged together to form a single mean time course, the ensemble average (Albers et 
al 1989) In addition, for further noise reduction where necessary, the signal was 
digitally filtered in such a way as to obtain a linear average over 5 to maximally 
17 data points at a constant converting rate The transmission characteristics thus 
obtained are shown in Fig 2 In particular for broad data windows (V), the filter 
curve is clearly non-monotomc, this results from the uniform weighting of the data 
points and caused us to use digital filtering only very sparingly 

To calculate the membrane permeabilities PN S and PK from the underlying 
ionic currents the constant-field concept was applied (Bohuslavizki et al 1994b) 
The permeability constants P^a and P K were found by calculation of P^a and PK , 
respectively, by means of least square fitting from the time course of the current 
recordings 

In determining P^a the disturbing influence of the superimposed potassium 
currents was reduced by neglecting the 25 30 % close to zero of the peak sodium 
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Figure 2 Transmission characteristics of the digital filter employed Ordinate attenu 
ation of sine wave amplitudes g, in dB Abscissa test frequencies / m kHz with \ / D 
conversion at 250 kHz Window widths 5 data points (A) 17 data points (V) The arrows 
denote the apparent corner frequencies (—3 dB) of the respective filter settings Lmtai 
interpolation 

current in each case (Bohuslavizki et al 1994b) We applied the simplified equation 
(Bohuslavizki et al 1994a) 

P ' [1 - e x p ( - r - <Jŕ)/rm] e x p ( - r - St)/rh ;D 

n t h 
P' 

1 Na 
PNa 

here the parameters have their usual meaning (Frankenhaeuser 1960 D u n n g et 
al 2000 Hmck et al 2001) For sodium permeabihtv cm ves the P ^ a values weie 
plotted veisus test pulse amplitude V and fitted by the equation 

P ' 
1 

Na 1 + exp[(rP N A - \ )/k 
(3) 

P N a 

(Bohuslavizki et al 1994a, During et al 2000 Hinck et al 2001) IK re \ P N r t reprc 
sents the position of the inflection point of the curve on the potential axis /.PN-I i s 

the maximal slope and P^a is the extrapolated maximum of the calculated cuive 
Note that after setting P N Ä = 1, Eq (3) is n u m e n c a l h identical to the conespond 
mg sodium activation curve, m-^ versus V (Frankenhaeuser 1960, Albers et dl 
1989) 

The simple pioccchue foi separating sodium from potassium currents descnbed 
above by delimiting the evaluated potential and time ranges in the current recoid 
mgs, does not piovide any useful d a t a on potassium activation For this íeason 
the subtraction method proposed bv Hinck and cowoikers (Hmck et al 2001) was 
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employed for this purpose. In this method all current recordings made in ordi­
nary Ringer solution, as well as those under tolperisone, were replicated: once with 
gallamine triethiodide added to the bathing solution and once without. In the 
potential range of interest here, gallamine at 1 mmol/1 is an almost perfect selec­
tive potassium blocker, eliminating more than 90% of the potassium currents at 
the membrane of the Ranvier node (Hinck et al. 2001). Hence subtraction of these 
sodium-only recordings from the corresponding non-gallamine recordings, in Ringer 
solution or under tolperisone, reveals the shape of the potassium currents after the 
sodium currents have been eliminated. For curve fitting we used the siqmplified 
equation 

P K = P K • [1 ~ exp(-r - c5i)/r„]6 (4) 

with 
Pk=PK-nb

QO (5) 

(Frankenhaeuser 1963). Note that for St in this case the numerical values found 
previously from the curve fittings with Equation (1) were used. 

It is known that the potential dependence of P K does not conform to a sigmoid 
curve (Frankenhaeuser 1962; Bohuslavizki et al. 1994b; During et al. 2000; Hinck 
et al. 2001). Therefore for potassium permeability curves the data that describe 
the decay of P K at strong depolarizations (V > 100 mV) were discarded and the 
remaining data were fitted by an equation corresponding to Equation (3), namely 

P* = P K l + exp[(VPK-V)/kpK] ( 6 ) 

so that the value extrapolated from the calculated curve gave the permeability 
constant P K - Repetition of this procedure with P K = 1, taking into account that 
b =ŕ 1, finally gives the potassium activation curve, rooo versus V. 

In order to quantify the blocking properties of tolperisone, blockages of P N & 

and P K were defined as 

B N a = = ^ = - (7) 
-* Na control 

with 
A P N a = ° N a control — P N a t e s t 

and _ 

BK = = ^ - (8) 
P K control 

with 
A P K = - P K control ~ PK test 

respectively and plotted semilogarithmically against the test concentration c. The 
data were fitted with the equations 

0 -ONamax ' C /r»\ 
-°Na = p (9j 

Cx + £>NaC50 



418 Hmck and Koppenhofer 

and 

P K = 
P K I 

(10) 
Cy + BK C50 

(Hinck et al 2001). The fits yielded values for the apparent dissociation constants 
of blockage, 5NaC50 and P K C S O , and for the respective steepness parameters x 
and y. 

As a measure of quality of the curve fitting we used the nonlinear regression 
coefficient rn\ (Sachs 1984). It was at least 0.9805. 

Chemicals and solutions. The normal bathing medium was Ringer solution (in 
mmol/1): NaCl 107.0; KC1 2.5; CaCl2 2.0; N,N bis (hydroxyethyl)-2-aminometha-
nesulfonic acid/Na OH buffer (BES) 5.0. Test solutions were produced by adding 
tolperisone (2,4'-dimethyl-3-piperidinopropriophenone) as the hydrochloride (kind­
ly supplied by S t ra thman AG, Hamburg, Germany) to the Ringer solution in an 
amount such tha t the test concentration was 100 /imol/1 if not stated otherwise 
In some experiments, to both Ringer solution and test solution the potassium 
channel blocker gallamine triethiodide (2,2',2"-[l,2,3-benzenetriyltris (oxy)] tris 
[N,N,N-triethylethanaminium] triiodide) (Sigma-Aldrich Chémie, Steinheim, Ger­
many) was added in an amount such tha t in both solutions the gallamine concentra­
tion was 1 mmol/1 (see page 417). The pH of all solutions was 7.2; the tempera ture 
was 10 °C. 

R e s u l t s 

Current-voltage relations. The membrane currents elicited by positive test pulses 
conformed to the known time course (Dodge and Frankenhaeuser 1958) and were 
unchanged by tolperisone (not shown). The potential dependence of the peak 
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Figure 3. Current voltage relations of peak sodium currents (squares and diamonds) and 
of steady-state potassium currents (triangles) before and after application of test solution 
(open symbols) and under tolperisone (filled symbols) Test concentration 100 /imol/1 
The curves were obtained by spline interpolation The arrows denote the maximum of the 
respective curves on the potential axis All data from one individual experiment 
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sodium currents and the steady-state potassium currents is shown in Fig. 3 Under 
tolperisone (filled symbols) there is a completely reversible, marked decrease in the 
peak sodium currents (median: by 48%; range: 37.9-63%; N = 16) and a less pro­
nounced decrease in the steady state potassium currents (at V = 130 mV; median: 
by 18%; range 6-21%; N = 16). Furthermore, the maximum of the peak sodium 
current-voltage relation (dashed line) is shifted in the negative direction (median: 
by 5 mV; range: 0.0-6.5 mV; iV = 16). 

Parameters of the sodium permeability. The curve fittings with Eq. (1) produced 
numerical values not only for the permeability P^ a (Fig. 6A) but also for m^ and 
the time constants r m and T^ (Fig. 4) as well as the so-called delay time St of the 
measuring system (Fig. 10). P^ a was about halved by tolperisone in a potential-
independent manner while the potential-dependence curves for r m , T/J and 77100 
have the well-known shape and were not clearly influenced; a striking feature of 
the Tm and T^ curves, however, is a remarkable increase in the scatter of the data 
during weak depolarizations. The inactivation curve, on the other hand, was clearly 
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Figure 4. Potential dependence of parameters of the sodium permeability Note that 
Tm, TH and moo were found by curve fitting while hoo was measured conventionally (see 
page 415) Open symbols normal Ringer solution, filled symbols under tolpensone A., 
B . linear interpolation, medians and ranges, N = 12 C , D . curves were calculated by 
Eq (2) this paper and by Eq (6) from Bohuslavizki and coworkers (1994b), respectively, 
two typical experiments 
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Figure 5. Potential dependence of para­
meters of the potassium permeability, rioo, 
TYI and 6 Note that for appropriate elim­
ination of sodium currents both in Ringer 
solution (open symbols) and under tolperi­
sone (filled symbols) gallamine (1 mmol/1) 
was used (see page 418) A. curves were 
calculated by Eq (5) B . linear interpo­
lation C. linear regression Medians and 
ranges, N = 12 

shifted in the negative direction by tolperisone (median: by 4.1 mV; range: 4.5-3 0 
mV; N = 3). 

Parameters of the potassium permeability The curve fittings with Eq (4) produced 
numerical values not only for the permeability PK but also for n^, r n and the 
exponent of n, b. The potassium activation curves (Fig. 5A) were measurable only 
down to V = 20 mV even though all technically possible means of noise reduction 
(see page 415) were employed; hence the fitting of curves to the data by means 
of Eq (5) gave only approximate values for n^ at the resting potential (V = 0) 
The potential dependence of the time constant rn had the known shape (B). As 
observed for the time constant of sodium permeability, however, the scatter of 
the data increased markedly and largely masked the slight increase in r„ caused 
by tolperisone (filled symbols). The exponent b (C) was independent of potential 
under control conditions (open symbols), with a value of about 3.5 as previously 
published (Koppenhofer 1967). Under tolperisone (filled symbols) it fell to about 
1 5 Here again, as in B, the data are surprisingly widely scattered, especially under 
control conditions. 

Permeability-voltage curves For sodium permeability curves (Fig. 6A) Eq. (3) was 
fitted to the PjJ,a values measured in Ringer solution The extrapolated maximum 
of the calculated curve gave the permeability constant P N S in Ringer solution, 
which was then used to normalize the values of PjJ, found for Ringer solution and 
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Figure 6. Potential dependence of mem­
brane permeabilities in Ringer solution 
(open symbols) and under tolperisone 
(filled symbols). A. sodium permeability 
P^a! ordinate: P^ a as normalized to the 
maximum of the continuous curve, which 
was fitted to the data in Ringer solution; 
both curves were calculated by Eq. (3). 
B . potassium permeability P K ; ordinate: 
P K as normalized to the maximum of the 
continuous curve, which was fitted to the 
data in Ringer solution; both curves were 
calculated by Eq. (6). Note that the data 
denoting the decay of P K during strong 
depolarizations were neglected. Medians; 
N = 7 and 9, respectively. 

for the test solution as well. Then Eq. (3) was fitted to the latter values, which 
gave the permeability constant P N S under tolperisone. The reduction of P ^ by 
tolperisone (100 /imol/1) was nearly potential-independent and amounted for Pjsia, 
to 4 7 % (median; range: 29-53%; N = 7). 

The same procedure was used for potassium permeability curves (Fig. 6B), 
except tha t the values found for the decline of P K following strong depolarizations 
were not included in the fitting of Eq. (6) to the data. The extrapolated maximum 
of the calculated curve gave the permeability constant P K in Ringer solution, which 
was then used to normalize the values of P K found for both Ringer and test solution. 
Then Eq. (6) was fitted to the latter values, which gave the permeability constant 
P K under tolperisone. The reduction of P K by tolperisone (100 /imol/1) amounted 
to 8% (median; range: 2 -15%: N = 9). Surprisingly, with weaker depolarizations 
the decrease in P K was converted to an increase, so that the two calculated curves 
intersected one another at about V = 60 mV. The increase in P K at V = 40 mV 
was 7% (median; range: 0-20%; N = 9). 

Concentration-response relations. In order to obtain concentration-response rela­
tions the values of #Na and P K , obtained for blocking of P N & and P K , respectively, 
were examined at various test concentrations (Fig. 7). The same procedure was fol­
lowed for the P K values calculated from the P K values measured at V = 40 mV. 
Fi t t ing of Eq. (9) to the B N a values (A, • ) and of Eq. (10) to the P K values cal-

~i 1 1 
70 140 
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Figure 7. Concentration-response 
relations for the blocking of sodium 
permeability (A) and potassium per­
meability (B) by tolpensone Ordina-
tes A block of the sodium perme­
ability constant PNR, -BNa, (•) accord­
ing Eq (7) B block of the potassium 
permeability PK, BK, defined either 
as PK = P K (A) or as P K = P ' K at 
V = 40 mV (T) The curves were cal­
culated by Eq (9) and (10), respec­
tively, and fitted to the data Medians 
and ranges, N = 3 

culated from P K (B, A) showed t ha t in both cases high tolperisone concentrations 
make complete blocking impossible. The apparent dissociation constants amounted 
to SNaC50 = 0. 06 mmol/1 at x = 1.4 and BKCSO = 0.32 mmol/1 at y = 1 3 (medi­
ans; N = 3). The increase in P K at V — 40 mV already visible in Fig. 6 exhibited 
a curious change within the concentration range tested here (Fig. 7B, • ), whereas 
the above-mentioned slight increase in P K (= decrease in P K ) was confirmed, there 
was no discernible concentration-dependence of the effect that would have enabled 
curve fitting with Eq. (10). 

Discuss ion 

Tolperisone - a typical local anaesthetic? The action of tolperisone on the ion cur­
rents at the node of Ranvier of the toad consists in a marked, reversible blocking 
of the sodium currents and a reversible but considerably weaker blocking of the 
potassium currents. In this regard, and also with respect to the observed frequency 
dependence of the spike amplitude (see Fig. 8), the action of tolperisone corre­
sponds closely to that of many local anaesthetics. Hence tolperisone can be said to 
resemble lidocaine not only in a s tructural (Fels 1996) but also in a functional sense, 
even though the apparent dissociation constants for sodium and potassium block­
ing by tolperisone are a good order of magnitude smaller than those by lidocaine 
(Ärhem and Frankenhaeuser 1974). Our assessment of the kinetics of the sodium 
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Figure 8. Frequency dependence of the effects of tolperisone (100 /tmol/1) on action 
potentials A. time course of action potentials in Rmger solution (control) and under 
tolperisone (test) Constant stimulus strength 10 mV, 2 ms Repetition rate 1 to 32 Hz 
Note increase of negative afterpotentials under tolperisone (arrow) B. spike amplitudes 
m Ringer solution (open triangles) and under tolpensone (filled triangles) versus repeti­
tion rate C. surface area underneath negative afterpotentials in Ringer solution (open 
triangles) and under tolperisone (filled triangles) m arbitrary units versus repetition rate 
Data from one typical experiment 

currents was hampered by an unusually broad scatter of the data (see Fig. 4). 
On the other hand, a marked blocking of sodium permeability by tolperisone was 
clearly evident, although the sodium activation curve was not affected. Both of 
these results also indicate a general functional similarity between tolperisone and 
typical local anaesthetics. However, the leftward shift of the sodium inactivation 
curve found here under tolperisone should not be interpreted in this sense, because 
although such a response is observed with practically every local anaesthetic, it is 
an unspecific characteristic of almost all neuropharmaceuticals that affect axonal 
sodium channels. 

The main action of tolperisone on the parameters of potassium permeability, 
apart from a slight reduction of the exponent 6, is to shift the potassium activa­
tion curve to the right and to produce a remarkable intersection of the potassium 
permeability curves, which to our knowledge has not yet been described in the 
literature: whereas during large depolarizations tolperisone seems to be a relatively 
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weak potassium-channel blocker, resembling typical local anaesthetics only in this 
regard (for references, see Stnchartz 1987), slight depolarizations in the region of 
the threshold potential increase potassium permeability Extrapolation of the PK 

curves (Fig 6B) and of the potassium activation curve (Fig 5A) to V= 0 in­
dicates that in the presence of tolpensone the normalized potassium permeability 
PK (V = 0) increases, whereas n^ (V = 0) clearly decreases None of this is typical 
of the action of known local anaesthetics 

Do our results match the properties of antispastic drugs9 The pharmacological 
therapy of neurogenic spasticity consists in reducing the pathologically elevated 
activity in spinal reflex pathways (Young 1994) An action of this kind has been 
demonstrated for tolperisone m the rat (Ono et al 1984, Farkas et al 1989) It 
can be explained by the decreased sodium permeability of myelinated axons de­
scribed here, that is, in the exemplary cases we tested (N = 3), the amplitude 
of the action potentials was decreased (see Fig 8A) so that there was a so-called 
tonic blocking of nerve conduction (Raymond 1992), the expected result of which 
would be an excitability-diminishing modulation of excitation patterns in reflex 
pathways, m the sense of a "temporal dispersion" (Waxman 1987) The observed 
frequency-dependent nature of action potentials under tolpensone (B) is typical of 
many substances and has long been known (Courtney 1975) This so-called pha­
sic blocking of the action potentials would be expected to diminish excitability 
in general, especially in cases of pathologically increased reflex activity, and thus 
to have an antispastic action Another consideration is that the inactivation of 
sodium permeability in sensory axons differs from that in motor axons (Bretag 
and Stampfli 1975), which might imply that tolpensone has a stronger excitability 
reducing action in sensory axons Although the sensitivity of motor and sensory 
axons to local anaesthetics is thought to be the same (Matthews and Rushworth 
1957), it increases as the discharge rate rises (Sotgiu et al 1992), and sensory axons 
accommodate less than motor axons (Honerjager 1968), which allows pain stimuli 
to be encoded in the form of higher discharge rates Therefore in vivo the sensory 
axons could indeed be more sensitive than motor axons to tolperisone, particularly 
in view of the special form of frequency dependence thus produced (see below) 

To answer the question of the extent to which the altered parameters of potas­
sium permeability demonstrated here also diminish the excitability of the axonal 
membrane, especially m the threshold region, it could be helpful to carry out com­
puter simulations of the threshold conditions based on the data presented here It 
should be taken into account, however, that the distribution of potassium channels 
in the axons of cold-blooded animals differs from that in humans (for references, see 
During et al 2000), and also that according to our observations tolperisone affects 
neither the leak conductance nor the resting potential at the node of Ranvier (not 
shown) 

Regarding the only slight stimulus-frequency-dependent increase of the neg­
ative afterpotential at the end of the action potential (see Fig 8C), we ascribe 
this to the greater potential-dependent potassium permeability in the region of the 
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resting potential The result expected in vivo would be a prolonged refractory pe­
riod, which in turn would decrease excitability especially in cases of pathologically 
elevated spike frequencies - tha t is, in the sense of the above-mentioned "tempo­
ral dispersion". Remarkably, however, in the range of slight depolarizations the 
potassium currents were not detectably enlarged by tolperisone (see Fig. 3) 

On the whole, therefore, our findings have revealed no similarity between the 
actions of tolperisone and those of the potassium-channel blocking agent 5-MOP, 
mentioned at the outset as an antispastic agent. The sodium-channel blocking 
produced by 5-MOP is negligible in comparison to its much stronger blocking of 
potassium channels (Bohuslavizki et al 1994b), which is not true of tolperisone 
5-MOP also differs from tolperisone in tha t the latter effect is accompanied by a 
markedly phasic time course of the potassium currents tha t are not blocked. Hence 

10 nA 
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Figure 9. Progressive noise attenuation as demonstrated by recordings elicited at V = 30 
mV and digitized at 250 kHz (12 bit) A. anti-aliasing filter (100 kHz), so-called "raw 
data" B . effect of additional low pass filtering (Bessel, fourth order, corner frequency 
20 kHz) C. effect of additional digital filtering window width 5 data points D . effect 
of window widening 17 data points E. effect of averaging of 16 recordings at 1 Hz as 
compared to B, i e without digital filtering F . effect of additional digital filtering (window 
width 17 data points) as compared to E. maximum noise attenuation 
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120 
V[mV] 

Figure 10. Potential dependence of the delay time ár of the experimental setup Open 
symbols normal Ringer solution, filled symbols under tolpensone Linear interpolation 
Medians and ranges, N = 12 

with respect to the blocking of potassium channels, whereas 5-MOP is an open 
channel blocker (During et al. 2000), tolperisone certainly is not. 

Observations on the reliability of our results. Regarding the reliability of ionic 
current recordings m Ranvier nodes and in particular, their least square fitting 
by the corresponding equations of the Hodgkin-Huxley formalism, many reports 
have been published (for references, see During et al 2000); and the problem of 
distinguishing sodium from potassium currents in the total current recordings has 
also been satisfactorily solved (Hinck et al. 2001). 

However, because of an unfavourable signal/noise ratio it has not yet been 
possible to carry out curve fitting with current recordings elicited by depolarization 
weaker than about V = 40 mV. It was only by suitably employing all technically 
possible methods of noise suppression that, in the most favourable case, it was 
possible to extend the investigated potential range to V = 15 to 20 mV. The 
additional data so obtained, in comparison to previous studies, are nevertheless 
not of equal reliability. The first reason is that the prerequisites for validity of Eqs. 
(1) and (4), namely h^ = 0 and n0 = 0, respectively, are met only imprecisely, as 
shown in Figs. 4D and 5A. Furthermore, the transfer function of the very simply 
structured digital filters we used, in particular for relatively broad data windows 
and severe damping (> 15 dB), has such an unsatisfactory shape that this kind of 
filtering was used only rarely. That we are likely to have been sufficiently cautious 
is evident in Fig. 9, from comparison of the recordings C and D (5 and 17 data 
points, respectively) with recording B. 

Discussions of the so-called delay time St of the measurement system have been 
published previously (During et al. 2000; Hinck et al. 2001). Fig. 10 (open symbols) 
shows the marked potential-dependence of St, which once again emphasizes how 
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problematic it still is, however perfected the technology, to draw any conclusions 
about rapid components in current recordings, especially in the region of negative 
membrane resistances at the Ranvier node. Whether the observed rightward shift 
of the steep rise of St under weak depolarization is a tolpensone-specific effect -
that is, whether St is not merely a purely technical parameter of the measurement 
system - has not been tested. 

There is a conspicuously large scatter in our data on current kinetics. In this 
regard we found no difference between the rapid sodium-current kinetics in com­
parison to the slower potassium-current kinetics (see Fig. 4A,B and Fig. 5B,C) 
Therefore one potential explanation, an insufficient temporal resolution in the mea­
surement system, can probably be eliminated; the same also applies to the use of 
gallamine to separate the sodium and potassium currents (see Hmck et al. 2001) As 
mentioned above, there is a difference between the kinetics of ion currents in motor 
and in sensory axons (Bretag and Stampfli 1975; Stámpfli and Hille 1976) Because 
in the present experiments, contrary to customary practice, we made a point of not 
distinguishing between motor and sensory axons, we consider it possible that the 
broad scatter reflects the dissimilarity of the axons involved 
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