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Summary: Effects of the antiepileptic drug valproate on 
sodium and potassium currents in the nodal membrane of 
peripheral nerve fibers of Xenopus iaevis were deter- 
mined by voltage- and current-clamp experiments. Under 
voltage-clamp conditions, a reduction of both sodium and 
potassium conductance (in a ratio of 2: l )  was observed. 
Typically, 2.4 mM (400 mg/L) valproate reduced the so- 
dium current 54% and the potassium current 2695, at a 
membrane potential of 5 mV. Valproate did not affect the 
leakage conductance. The reduction of potassium con- 
ductance was voltage dependent, being more pronounced 

Since the discovery of its antiepileptic action 
(Meunier et al., 1963), valproate (valproic acid, di- 
propylacetic acid) has become an antiepileptic drug 
of major importance. Several hypotheses on its 
mechanism of action have been proposed, mostly 
in terms of an enhancement of GABAergic trans- 
mission (see Chapman et al., 1982). Reviewing ex- 
perimental data, Johnston (1984) proposes three 
main hypotheses for the mechanism of action of 
valproate: ( 1 )  increase of GABA levels in the brain, 
(2) potentiation of postsynaptic GABA responses, 
or (3) direct membrane effects on neurons. He con- 
cludes that none of these hypotheses are ade- 
quately supported by experimental data, and the 
third hypothesis has not attracted much attention. 
Direct membrane effects were already suggested by 
some early papers: Slater and Johnston (1978) pre- 
sented some indirect evidence for a dose-dependent 
increase of potassium conductance in Aplysiu 
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at more positive membrane potentials. For the sodium 
system, a voltage dependency of the blockage could not 
be established. Under current-clamp conditions, Val- 
proate caused a reduction of excitability of nerve mem- 
brane: amplitude of the action potential and maximum 
rate of rise were decreased, whereas threshold potential 
was increased. The ability to follow high-frequency stim- 
ulation was impaired. Key Words: Valproate-Sodium 
conductance-Potassium conductance-Excitability- 
Antiepileptogenic. 

neurons. Nosek (1981a,b) inferred a decrease of 
both sodium and potassium conductance from mea- 
surements of action potentials in giant crayfish 
axons. Because these results conflict, a direct mea- 
surement of the effect of valproate on membrane 
conductances may solve this problem. 

Therefore, we examined the effect of valproate 
on sodium and potassium conductance using a 
standard preparation: the node of Ranvier of a 
single peripheral nerve fiber. Sodium and potas- 
sium currents were studied by a voltage-clamp 
technique. In addition, we studied effects of Val- 
proate on the ability to generate nodal action po- 
tentials. An abstract of a preliminary part of these 
experiments has appeared elsewhere (VanErp and 
VanDongen, 1984). 

METHODS 

Preparation 
Single myelinated nerve fibers were dissected 

from the sciatic nerve of the clawed frog Xenopus 
luevis (Stampfli and Hille, 1976). The fibers were 
mounted on a macrolon chamber that contained 
five fluid compartments. A total of nine Ag-AgC1 
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electrodes connected the fluid pools with a modi- 
fied Nonner clamp (Nonner, 1969; VandenBerg and 
Rijnsburger, 1980; Rijnsburger et al., 1985) which 
was used for both voltage- and current-clamp ex- 
periments. The nodes were externally perfused 
with Ringer's solution (in mM: 109 NaC1, 2.5  
CaCl,, 0.5 MgSO,, 2.5 KCI, 5.0 Tris-HC1, pH = 
7.40). All experiments were performed at room 
temperature (20 & IOC). Sodium valproate was dis- 
solved in the Ringer's solution in a concentration of 
0.25-9.6 mM. The cut axoplasm ends were im- 
mersed in a solution containing 118 mM KCI and 2 
mM NaCl. For our investigations, we used 20 
fibers. 

Voltage-clamp measurements 
The holding potential was set to a value at which 

the sodium inactivation was 30%, which was as- 
sumed to be -70 mV. Currents were elicited by 
step depolarizations from holding potential. Linear 
leakage currents were estimated from hyperpolar- 
izing voltage steps and subtracted by an analog cir- 
cuit. Capacity currents (which decayed to 5% of the 
initial peak within 5-15 ps) were blanked for 0-30 
p s  before low-pass filtering (5-20 kHz, 24 dB/oct). 
The remaining voltage- and time-dependent sodium 
and potassium currents were digitized with a Bio- 
mation 1010 and stored on disk by computer (pdp 
1 1/34). Internodal resistances necessary to calibrate 
the currents were measured according to Vanden- 
Berg and Rijnsburger (1980). 

As a measure of sodium and potassium conduc- 
tance, peak inward and steady-state outward cur- 
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rents were determined. To obtain a current-voltage 
relationship, membrane potential was stepped from 
holding potential ( - 70 mV) to potentials ranging 
between -65 and + 100 mV. Peak sodium and 
steady-state potassium currents were then plotted 
as a function of voltage. 

Current-clamp measurements 
The membrane potential was set by a DC cur- 

rent. For determination of shape and threshold of 
the action potential, current pulses of varying am- 
plitude and with a duration of 0.2 ms were applied 
to the membrane. Threshold potential was defined 
as the lowest potential at which the action potential 
started. The ability of the fiber to follow high-fre- 
quency stimulation was studied with trains of 20 
suprathreshold current stimuli. Intervals between 
the pulses were  varied between 2 and 10 ms 
(100-500 Hz). Data acquisition was the same as 
with voltage-clamp experiments. For determination 
of the maximum rate of rise and decline of the ac- 
tion potential, voltage traces were differentiated 
digit ally. 

RESULTS 

Voltage-clamp experiments 
The effect of valproate on sodium and potassium 

currents is shown in Fig. 1 .  The membrane poten- 
tial was stepped, once every 60 s,  from holding po- 
tential ( -  70 mV) to - 5 mV, a value at which both 
the initial peak inward sodium current and the de- 
layed outward potassium current can easily be 
measured. In control Ringer's solution, these am- 
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FIG. 1. A: Development of blockage of both sodium and potassium current, after introduction of 2.4 mM (400 mg/L) valproate. 
Currents are elicited by 30-ms step depolarizations (upper trace) from holding potential (-70 mV) to -5  mV, once every 60 s. 
After lO.min, the peak sodium current and the steady-state potassium current (indicated by arrows) are reduced 54 and 26%, 
respectively, of the initial value. Note change in time base after 0.6 s. 6: Plot of steady-state potassium and peak sodium current 
versus time after introduction of 9.6 mM (1,600 mglL) valproate, elicited by step depolarizations from -70 mV to + 10 mV, once 
every 10 s. After 200 s in valproate, a stationary state is obtained, in which the reduction of the peak sodium and steady-state 
potassium current is 60 and 30%, respectively, of the initial value. 
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plitudes will not change > I %  in 10 min. When per- 
fusion was switched to Ringer’s solution with 2.4 
mlM valproate (400 mg/L), both sodium and potas- 
sium current were seen to decrease (Fig. ]A). After 
10 min, the reduction was 54% and 26%, respec- 
tively. In other experiments, a new value was at- 
tained after 3-  15 min, depending on concentration 
and preparation. Figure IB shows the reduction of 
the peak inward and steady-state outward current 
as a function of time after application of 9.6 mM 
(1600 mg/L) valproate. After 200 s, the reduction of 
sodium and potassium currents was 60% and 30%, 
respectively. In both experiments, the sodium cur- 
rent was reduced to a greater extent than was the 
potassium current. In most experiments, sodium 
and potassium currents were reduced in a ratio of 
2:l. In addition to this initial relatively fast reduc- 
tion, a slowly developing decrease of both currents 
was observed. After return to control Ringer’s so- 
lution, these effects proved to be poorly reversible: 
in only one fiber was a partial recovery of the cur- 
rents seen. A concentration of 0.25 mM can be con- 
sidered a threshold concentration because it pro- 
duced a small effect (<3%) in one fiber, whereas no 
effect was seen in others. At a concentration of 0.5 
mM, a clear effect was seen in all tested fibers (n = 
5 ) ,  although the reduction of the currents varied 

Peak sodium and steady-state potassium currents 
were studied as a function of membrane voltage to 
obtain a current-voltage relationship. These mea- 
surements were repeated in valproate Ringer’s so- 
lution, after a (quasi-)stationary state was reached. 
Figure 2 gives an example of such an experiment. 
For most potentials, a reduction of both currents 
was observed. However, the effects were voltage 
dependent: the reduction of the potassium currents 
diminished for more negative potentials. This is il- 
lustrated in the inset of Fig. 2 ,  in which the relative 
blockage of the potassium current is plotted against 
membrane potential. Blockage decreased from 25% 
at +I00 mV to 12% below 0 mV. For the sodium 
system on the contrary, it proved difficult to dem- 
onstrate whether there was a voltage dependency. 

The kinetics of neither currents were severely af- 
fected, as  can be seen in Fig. 1. No consistent influ- 
ence of valproate on leakage current could be ob- 
served. 

(5-40%). 

Current-clamp experiments 
Figure 3 shows an example of an action potential 

before and after application of 2.4 mM valproate, 
together with subthreshold responses. It illustrates 
the most obvious changes: action potential ampli- 
tude and maximal depolarizing velocity were re- 

I t 

- 8  J 
- 8 0  - 4 0  0 90  80  I 2 0  

Ern(mV? 

FIG. 2. Effect of 2.4 mM (400 mg/L) valproate on current- 
voltage relationship. Peak sodium and steady-state potas- 
sium currents are plotted as a function of membrane poten- 
tial (C, control; V, valproate). Currents are elicited by step 
depolarizations from holding potential ( -  70 mV) to poten- 
tials between -65 and + 100 mV. Inset: relative blockage of 
potassium current as a function of membrane potential is 
shown. 

duced; threshold potential and subthreshold re- 
sponse were increased. There was no consistent ef- 
fect on the maximal repolarizing velocity. In Fig. 4, 
the response of a fiber on a train of pulses is shown. 
In the control situation, the fiber could follow the 
imposed frequency without interruption, every cur- 
rent pulse giving rise to an action potential. After 
the switch to valproate Ringer’s solution was made, 
only half of the applied pulses resulted in an action 
potential. This intermittent firing was observed for 
a broad range of suprathreshold stimulus ampli- 
tudes and stimulus frequencies (200-500 Hz). In 
control fibers, this intermittent firing was seen only 
for a very narrow range of frequencies and ampli- 
tudes just above threshold. 

DISCUSSION 

As shown by our voltage-clamp experiments, 
valproate decreased both sodium and potassium 
currents in a ratio of 2: 1, indicating a simultaneous 
blockage of sodium and potassium conductance 
(Figs. 1 and 2 ) .  At a concentration of 2.4 mM, at 
which most experiments were performed, this cor- 
responded to a blockage of 50 and 25%, respec- 
tively. Because the sodium and potassium currents 
were not pharmacologically separated, measuring 
the peak inward current slightly underestimated the 
peak sodium current. This small error was made 
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FIG. 3. Action potential and subthreshold response before 
(thin line) and after 2.4 mM valproate (bold line), together 
with differentiated records. Currents used in both cases 
were 2.0 and 2.2 nA, respectively. Valproate causes an in- 
crease in threshold potential from -32 to -28 mV and a 
decrease of the amplitude of the action potential from +47 
to +34 mV. The positive and negative peak in the differen- 
tiated records provide the maximum rate of rise and decline 
of the action potential, respectively. The maximum rate of 
rise is decreased from 1,200 to 840 Vis by the introduction of 
valproate. The maximum rate of decline is increased from 
290 to 340 Vls. 

both in control and valproate conditions. Assuming 
that valproate does not severely affect the kinetics 
of the currents, this is not likely to affect our con- 
clusions. 

Blockage of sodium currents is an effect that is 
known for almost all commonly used antiepileptic 
drugs (Courtney, 1983; Schwarz and Vogel, 1977; 
Neurnan and Frank, 1976). However, blockage of 
potassium current has not yet been reported for any 
other antiepileptic drug. This unique property of 
valproate may be related to its special status among 
antiepileptic drugs. 

Blockage of potassium currents appears to be 
voltage dependent: it is more pronounced at more 
positive potentials (Fig. 2, inset). This can be ex- 
plained -by a voltage-dependent interaction of val- 
proate with the potassium channels. The nature of 
this voltage-dependent blockage is presently being 
investigated in further detail. 

For the sodium system, it could not be clearly 
established whether blockage was voltage de- 
pendent. This was partly due to the small ampli- 
tudes of the currents outside the range of - 30 mV 
to +30 mV. 

Current-clamp experiments showed changes, in- 
duced by valproate, that resulted in a decrease of 
excitability: threshold potential of the action poten- 
tial increased, as did the subthreshold response. 
The amplitude and maximum rate of rise de- 
creased. These effects correlated well with the ob- 
served changes in sodium and potassium conduc- 
tance. The reduction of both maximum rate of rise 
and amplitude of the action potential can be ex- 
plained by the reduction of sodium conductance. 
The increase of the threshold potential was in line 
with the observed reduction of both sodium and po- 
tassium conductance in a ratio of 2: l .  The increase 
in subthreshold response was consistent with a re- 
duction of total conductance. The impairment of 
the ability to follow trains of pulses with a fre- 
quency of 200-500 Hz indicated an increase of the 
refractory period. This might have been the result 
either of a reduction of potassium conductance or 
of a change in sodium inactivation. 

Nosek (1981a,b) inferred a decrease of both so- 
dium and potassium conductance by valproate from 
measurements of action potentials in giant crayfish 
axons. Our direct measurement support his conclu- 
sions. Our results seem to conflict with those of 
Slater and Johnston (1979), who found some indi- 
rect evidence for an increase of potassium conduc- 
tance in Aplysia neurons. In those experiments, 
however, very high concentrations (5-30 mM) 
were used, and they were performed at only one 
membrane potential ( - 50 mV). 

The concentrations used in our experiments 
ranged from 0.25-9.6 mM, the lowest concentra- 
tions nearing therapeutic serum concentrations in 
humans. The effects of the lowest concentrations 
did not reproduce very well, whereas the effect of 
valproate on the currents saturated at a concentra- 
tion between 2.4 mM and 9.6 mM, as can be seen 
by comparing Fig. 1A and B. Therefore, most of 
the experiments were performed at a concentration 
of 2.4 mM (400 mg/L). This concentration is not 
higher than that used in many GABA-oriented ex- 
periments (cf. Harrison and Simmons 1982). A 
comparison of human therapeutic serum levels and 
concentrations, used in animal experiments, is dif- 
ficult owing to the great variance in sensibility (see 
Chapman, 1982). 

The poor reversibility of the changes induced by 
valproate is remarkable. Due to rundown, it is diffi- 
cult to keep a voltage-clamped single-fiber prepara- 
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FIG. 4. Effect of 2.4 mM (400 mg/L) valproate on high-frequency firing behavior. A train of action potentials is elicited by 20 
suprathreshold current pulses with a frequency of 500 Hz and a duration of 0.2 ms. Only the first 13 rns of the records are shown. 
A: Before valproate was added, every current stimulus produced an action potential. B: After valproate was added, the ability of 
high-frequency firing was lost: only every other stimulus elicited an action potential; the other stimuli produced only a sub- 
threshold response. Such intermittent firing behavior was observed for frequencies between 200 and 500 Hz. 

tion in a stable condition for > 2  h. Therefore, it is 
impossible to determine whether reduction of ef- 
fects of valproate after washout takes place on a 
time-scale of hours. This poor (or slow) reversibi- 
lity may explain the persistence of the therapeutic 
effect of valproate in patients while serum concen- 
tration has already dropped (Rowan et al., 1979). 

Direct effects of valproate on nerve membranes 
in the mammalian central nervous system were re- 
ported by Heinemann et al., ( I  984, 1985): after syn- 
aptic transmission in hippocampal slices was 
blocked by lowering of calcium concentration, 
spontaneous epileptiform activity appeared. Val- 
proate in a concentration of 1.5-5 mM reduced this 
activity. 

Evidence exists for the  presence of GABA-re- 
ceptors in peripheral nerve trunks on both unmy- 
elinated (Brown and Marsh, 1978) and myelinated 
sensory nerve fibers (Morris et al., 1983a,b). Stim- 
ulation of GABA B-receptors in hippocampal py- 
ramidal cells activated an inward-rectifying K +  cur- 
rent (Gahwiler and Brown, 1985). No voltage- 
clamp data are available for the effect of GABA on 
myelinated nerve fibers. Therefore, it is difficult to 
predict how an effect of valproate of these GABA- 
receptors would manifest itself in our measure- 
ments. 

The results presented here give strong support in 
favor of the hypothesis that valproate, in low 
doses, has a direct effect on nerve membranes, spe- 
cifically on sodium and potassium conductances. 
The observed reduction of both sodium and potas- 

sium conductance and concomitant reduction in ex- 
citability may well contribute to the antiepileptic 
action of valproate. 
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RESUME 
Les effets du Valproate sur les courants sodium et potassium 

au niveau de la membrane nodale de nerfs pkripheriques de 
Xenopus laevis ont ete determines par des experiences utilisant 
la rnethode de voltage et de courant imposes. Dans les condi- 
tions de voltage impose on a observe une reduction de la con- 
ductance au sodium et au potassium (dans une proportion de 
2: I ) .  Typiquement, 2,4 mM (400 mg/l) de Valproate reduisaient le 
courant sodium de 54% et le courant potassium de 26%, pour un 
potentiel de membrane de 5 mV. Le Valproate ne modifiait pas la 
fuite de conductance. La reduction de la conductance au potas- 
sium etait voltage-dependante, et ce d’autant plus que les poten- 
tiels de membrane etaient plus positifs. Pour le s y s t h e  sodium 
il n’a pas ete possible d’etablir la condition de voltage impose du 
blocage. Dans les conditions de courant imposC le Valproate en- 
trainait une reduction de I’excitabilite de la membrane nerveuse. 

On observait une diminution d’amplitude du potentiel d’action 
alors que le seuil du potentiel Ctait augmente. La propriete de 
suivre des frkquences de stimulation elevees Ctait modifiee. 

(Charlotte Dravet, Marseille) 

RESUMEN 
Se han estudiado 10s efectos del valproato sobre las corrientes 

de sodio y potasio en la membrana nodal de las fibras del nervio 
periferico del Xenopus laevis mediante experimentos de clam- 
paje de la corriente y 10s voltajes. Bajo las condiciones de clam- 
paje del voltaje se observ6 una reduccion de la conductancia del 
sodio y del potasio en una relacion de 2: 1. Tipicamente, 2.4 mM 
(400 mgll) de valproato reducen la corriente de sodio en un 54% 
y la corriente del potasio en un 26% cuando el potencial de 
membrana es de 5 mV. El valproato no afecto la perdida de con- 
ductancia. La reduccion de la conductancia del potasio es vol- 
taje-dependiente siendo mas intensa con potenciales de mem- 
brana positivos mas elevados. No se ha podido establecer, para 
el sistema del sodio, que el bloqueo fuera voltaje-dependiente. 
Bajo condiciones de clampaje de corriente el valproato causo 
una reduccion de la excitabilidad de la membrana del nervio: la 
amplitud del potencial de accion y la elevacion al maximo rango 
estaban deprimidas, mientras que el umbra1 del potencial estaba 
aumentado. Se observo un defect0 en la habilidad de seguir la 
estimulacion de aka frecuencia. 

(A. Portera Sanchez, Madrid) 

ZUSAMMENFASSUNG 
Die Wirkung des Antiepileptikum Valproat auf die Natrium- 

und Kaliumstrome in der Schnurringmembran peripherer Ner- 
venfasern von Xenopus laevis wurden durch Spannungs- und 
Stromklemmenexperimente bestimmt. Unter Spannungsklem- 
menbedingungen wurde eine Reduktion der Natrium- und 
Kalium-Leitfahigkeit (in einem Verhaltnis 2: 1) beobachtet. Ty- 
pischerweise reduzierten 2,4 mM (400 mg/l) Valproat den Na- 
trium-Strom urn 54% und den Kalium-Strorn urn 26% bei einem 
Membranpotential von 5 mV. Das Valproat beeinflusste nicht die 
Leckleitfahigkeit. Die Reduktion der Kalium-Leitfahigkeit war 
spannungsabhangig, ausgepragter bei vermehrter Positivitat des 
Membranpotentials. Fur das Natrium-System konnte keine 
spannungsabhangige Blockierung gefunden werden. Unter 
Stromklemmenbedingungen bewirkte das Valproat eine Reduck- 
tion der Exzitabilitat der Nervenmembran: Die Amplitude des 
Aktionspotentials und sein maximaler Anstieg waren vermin- 
dert, wahrend das Schwellenpotential erhoht war. Die Fahigkeit 
einer hochfrequenten Stimualtion zu folgen, war beeintrachtigt. 

(D. Scheffner, Heidelberg) 
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