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Effects of some antiepileptic drugs on the repetitive
activity of the node of Ranvier
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1 Effects of some antiepileptic drugs on the repetitive activity of the node of Ranvier have been
tested on frog myelinated nerve fibres.

2 Nerve fibres were stimulated by supraliminal direct current pulses of long duration. Motor fibres
responded with a single action potential; sensory fibres responded with repetitive firing at a
frequency of about 300/s. Chlordiazepoxide hydrochloride (0.1 mM), phenobarbitone sodium
(0.25 mM) or diphenylhydantoin sodium (0.5 mM) suppressed the repetitive activity.

3 Sensory and motor nerve fibres stimulated by a 10 kHz alternating current of strength twice the
threshold responded with repetitive firing at a frequency of 400—-500/s. Superfusion of the node with
chlordiazepoxide hydrochloride (0.2 mM), phenobarbitone sodium (0.5 mM) or diphenylhydantoin
sodium (1.7 mM) reduced the frequency of firing by 50% either in sensory or in motor fibres
activated by a.c. stimulation; at the same concentrations, the drugs altered amplitude of the action
potential and threshold for electric excitability by less than 10%.

4 Unlike local anaesthetics, chlordiazepoxide, phenobarbitone and diphenylhydantoin are more
selective in inhibiting repetitive firing than in reducing the amplitude of the action potential or
increasing the threshold for electric excitability.

§ Trimethadione (up to 5 mM) was ineffective on repetitive firing elicited either with direct or with

alternating current.

Introduction

Most types of epileptic seizure are initiated by a
high-frequency firing from an epileptogenic focus in
the brain; under suitable precipitating circumstances
this abnormal activity may spread to neighbouring
normal neurones so that large parts of the brain, or
even the whole brain, undergo a paroxismal activa-
tion. It is believed that, once initiated, the seizure is
maintained by re-entry of excitatory impulses as in a
feedback loop which may also become independent
of the triggering focus. Antiepileptic drugs are be-
lieved to act mainly on the normal neurones by
lowering their responsiveness to epileptogenic
stimuli originating in the focus and by controlling the
spread of excitation. The specific pharmacological
effects reported are: elevation of excitatory synaptic
threshold, potentiation of presynaptic or postsynap-
tic inhibition, prolongation of refractory period and
reduction of post-tetanic potentiation (for references
see: Jasper, Ward & Pope, 1969; Woodbury, Penry
& Schmidt, 1972). Apart from their actions on the
membranes of nerve cell soma, dendrites and synap-
tic endings, some antiepileptic agents can modify
permeability and excitability of the axonal mem-
brane (Rosenberg & Bartels, 1967; Blaustein, 1968;
Toman & Sabelli, 1969; Lipicky, Gilbert & Stillman,
1972; Mitolo-Chieppa & Marino, 1972; Grossman
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& Jurna, 1974; Neuman & Frank, 1977; Schwarz,
1979), as well as of other cell membranes, namely of
cardiac muscle (Strauss, Bigger, Basset & Hoffman,
1968) and smooth muscle (Melacini, Furlanut, Fer-
rari & Dalla Volta, 1975).

In the present study we have examined the effects
of some antiepileptic drugs on spike frequency in the
isolated nerve fibres of the frog. In order to obtain a
model of regular repetitive firing allowing a quantita-
tive evaluation of the effects of the drugs, various
techniques were envisaged. Spontaneous firing of
axons may be induced by lowering the external Ca?*
concentration in the bathing medium (Rosenberg &
Bartels, 1967; Toman & Sabelli, 1969; Neuman &
Frank, 1977). In frog node of Ranvier, repetitive
activity may be induced by lowering by 95% or more
the external Ca?* concentration and adding tet-
raethylammonium (5 mM) to the medium (Bergman,
Nonner & Staempfli, 1968). Such a procedure was
discarded in our experiments since modification of
ion concentrations and presence of tetraethylam-
monium could affect the activity of the drugs under
investigation. Another procedure which generates
repetitive activity is an appropriate technique of
stimulation; when stimulated by a long lasting pulse
of direct current, sensory fibres, but not motor fibres,
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respond with repetitive firing (Schmidt & Staempfli,
1964). In contrast, as shown by Bromm and Rahn
(Bromm, 1968; Bromm & Rahn, 1969, Bromm,
1975), alternating currents with frequencies between
4 and 20 kHz and of appropriate strength cause both
sensory and motor fibres to fire repeatedly, even for
seconds, at frequencies up to 550/s. In the present
experiments we used these techniques of stimulation
in order to obtain from frog isolated fibres a long
lasting and regular repetitive firing at high frequen-
cies. Under these experimental conditions, we
studied the modifications in the frequency of the
action potential induced by superfusion of the node
of Ranvier with chlordiazepoxide, phenobarbitone,
diphenylhydantoin or trimethadione. The first three
drugs (listed in decreasing order of potency) reduced
the frequency of firing considerably, whereas
trimethadione did not induce significant modifica-
tions.

Methods
Preparation of the isolated node of Ranvier

Single myelinated nerve fibres, dissected free from
the sciatic nerve of the frog, Rana esculenta, were
transferred to a special chamber (as described by
Staempfli, 1959) where one node of Ranvier was
continuously superfused with Frog Ringer solution.
The superfused node was placed in a small slit across
a thin polyethylene tube that was connected to a
special stopcock which allowed a rapid change from
one bathing medium to another. The neighbouring
nodes and the nerve trunks on either side of the
dissected region rested in separate compartments
filled with 1% cocaine-Ringer solution in order to
avoid activity of other nodes apart from that under
study; the compartments were separated by air gaps
from the tube containing the test node. Electrical
contact with the compartments and the tube was
made through KCl-agar bridges by means of Ag-
AgCl electrodes. The temperature of the bathing
medium was 19-21°C.

Electrical stimulation of the node with direct or
alternating current and recording of action potentials

The direct current stimulation was performed with
supraliminal rectangular pulses (about 20mV) of
long duration (20-25 ms). The alternating current
stimulation was performed with alternating positive
and negative rectangular pulses of about 20 mV; the
duration of each pulse was 50 us and their frequency
was 10 kHz. The pulses were strictly symmetrical to
the zero line. For further technical details, consult
Bromm (1975). Trains of 100 ms duration were ap-

plied between one compartment and the tube which
was held at ground potential. The activity of the
superfused node was recorded by use of the air-gap
method (Staempfli, 1959). Potential differences be-
tween the node and the other compartment were
recorded by means of a differential amplifier of high
input impedance in a negative feedback arrangement
(Schmidt & Staempfli, 1966) connected to a double
beam oscilloscope.

Experimental protocol

The experiments were carried out on sensory and
motor nerve fibres. During superfusion with Ringer
solution, the fibres were first stimulated by supralimi-
nal direct current pulses of long duration. The motor
fibres, which accommodate quickly, responded with
a single action potential; the sensory fibres, which
accommodate very slowly, responded with repetitive
firing (Schmidt & Staempfli, 1964); such stimulation
enabled us to test the drugs only on the repetitive
activity of sensory fibres. A regular repetitive firing
of high frequency was obtained either for sensory or
for motor fibres by trains of 100 ms duration of a
10 kHz alternating current. The strength of the cur-
rent was increased progressively till a single action
potential was obtained (threshold strength). Then
the current strength was set at twice threshold
strength and the frequency of response of the node
was recorded under superfusion, first with normal
Ringer solution (controls) and then with the test drug
dissolved in Ringer. Reversibility upon drug with-
drawal was checked.

Solutions and drugs

The Ringer solution had the following composition
(mM): NaCl 110.5, KCl1 2.5, CaCl, 1.8 and NaHCO;
2.4. The following drugs were used: phenobarbitone
sodium (Bracco); chlordiazepoxide hydrochloride
(Hoffman-La Roche); trimethadione (Abbott);
diphenylhydantoin sodium (Sigma Chemical Co.);
lidocaine hydrochloride (Byk Gulden). The concent-
rations refer to the active component. At the con-
centrations used in this study, all the drugs were
readily soluble in Ringer solution. Solutions were
adjusted to pH 7.1-7.2 with Tris buffer.

Results

Figure 1 shows the repetitive activity of about 300/s
frequency, recorded from a sensory fibre stimulated
by a long lasting pulse of direct current, during super-
fusion with Ringer only (control, Figure 1 (a)) and
during superfusion of one of the anticonvulsants
dissolved in Ringer (phenobarbitone, Figure 1 (b)).
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Figure 1 Effect of phenobarbitone (0.25mM) on
repetitive activity of sensory fibre, stimulated by direct
current pulses of long duration. Abscissa scale:
2 ms/square; ordinate scale: 20 mV/square.

Chlordiazepoxide (0.1 mMm), phenobarbitone
(0.25 mMm) and diphenylhydantoin (0.5 mM) suppres-
sed the repetitive activity leaving almost unaltered
the first action potential; slightly lower concentra-
tions tested for each drug were ineffective and a
dose-related reduction of spike frequency was not
found. Trimethadione, even at concentration as high
as 5 mM, did not produce any significant effect. Fig-
ure 2 shows the electrical activity recorded from one
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node of Ranvier stimulated with trains of 10kHz
alternating current of twice the threshold strength. In
this figure, for convenience of demonstration, a time
of stimulation of only 35 ms has been chosen; stan-
dard experiments were performed with 100 ms
stimulation. As long as the nerve fibre was stimu-
lated, the node responded with a regular repetitive
firing and the mean ‘resting’ potential (between
spikes) depolarized slightly. Figure 2 (a) shows the
activity during superfusion of the node with Ringer
solution only (control): under these conditions the
frequency of spikes ranged from 350 to 550/s. When
the same node was superfused with one of the an-
ticonvulsants dissolved in Ringer, the frequency of
firing, under identical conditions of stimulation,
might be altered, according to the drug used and its
concentration (e.g., Figure 2b; see also Table 1). In
order to examine whether there is a difference in
responsiveness between sensory and motor nerve
fibres, the mean percentage reductions in the fre-
quency of firing (with reference to the controls) at
different concentrations of drugs were calculated in a
set of sensory and in a set of motor fibres, respective-
ly. Figure 3 shows the corresponding log
concentration-inhibition curves. These results show
that sensory and motor nerve fibres activated by
alternating current stimulation do not differ signific-
antly from each other in their responsiveness to the
tested drugs. Table 1 presents the mean frequencies
of firing in the controls and during treatment with
chlordiazepoxide, phenobarbitone, diphenylhydan-
toin or trimethadione, at different concentrations;
for statistical comparison between the means the
ttest for paired observations (Steel & Torrie, 1960)
was used. The first three drugs, at appropriate con-
centrations, reduced significantly the frequency of
firing, whereas trimethadione, even at concentra-
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Figure 2 Motor nerve fibre of frog stimulated by an alternating current (10 kHz) symmetrical to the zero line and of
strength twice the threshold. The fast change in polarity of the alternating current (every 50 us) is not visible in the
time scale of the records; consequently the stimulus (lower trace) appears as two parallel straight lines equidistant
from the zero line and the record of the membrane potential (upper trace) appears as a broad band since it oscillates
with the same frequency as the stimulating current around a mean value. Duration of the stimulation = 35 ms. (a) The
fibre is perfused with normal Ringer (control). Estimated frequency of firing = 450 spikes/s. (b) The same fibre
perfused with Ringer plus phenobarbitone (0.25 mm). Estimated frequency of firing = 290 spikes/s.
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Figure 3 Reduction in the frequency of firing follow-
ing treatment with some anticonvulsants: Chlor=
chlordiazepoxide; Phen = phenobarbitone; Diphen=
diphenylhydantoin; Trim = trimethadione. Unbroken
line: motor fibres (5 experiments). Broken line: sensory
fibres (5 experiments). No statistically significant differ-
ence between sensory and motor nerve fibres. Ordinate
scale: mean percentage reduction in the frequency of
spikes, with reference to the controls. Abscissa scale:
(log scale): concentration of the drug (mM). Curves
drawn by eye.

tions as high as 5 mM, did not significantly alter the
frequency. The concentrations which produced a
50% decrease in the frequency were respectively:
chlordiazepoxide 0.2 mM, phenobarbitone 0.5 mM,
diphenylhydantoin 1.7 mM; with ratios of relative
inhibitory potency approximately 8.5:3.4:1.

After exposures of up to 15 min, the effects of the
drugs were promptly reversible upon withdrawal and
washing with normal Ringer solution. It is notewor-
thy that although the concentrations tested in our
preparation cannot be related to those achieved clini-
cally since they are 5-10 fold higher, the ratios of the
relative potency of the drugs in vitro are consistent
with the ratios of their antiepileptic activity in vivo

(Rall & Schleifer, 1980). Table 2 shows the effects of
chlordiazepoxide, phenobarbitone, diphenylhydan-
toin and trimethadione on spike frequency, amp-
litude of the action potential and threshold for elec-
trical excitability. The concentration that reduced the
spike frequency by 50%, reduced the amplitude of
the action potential and the threshold for electrical
excitability by less than 10%. In contrast, during
superfusion with lidocaine, the three effects ap-
peared to run in parallel.

Discussion
Effects of antiepileptic drugs on repetitive firing

The present investigation was concerned with the
action of some antiepileptic drugs on the rate of
repetitive firing in nerve fibres in vitro. Repetitive
activity was induced by stimulating nerve fibres with
direct current (sensory fibres) or high-frequency al-
ternating current (Bromm, 1968; Bromm & Rahn,
1969; Bromm, 1975). This procedure enabled us to
test the effects of some antiepileptic agentsin a highly
reproducible preparation, without altering the ion
concentrations in the medium. Our results show that
superfusion of the node with chlordiazepoxide,
phenobarbitone or diphenylhydantoin significantly
reduces the frequency of firing; this effect is promptly
reversible upon withdrawal of the drugs. Under these
experimental conditions trimethadione has practical-
ly no action on spike frequency. No difference in
responsiveness to the drugs was found between sen-
sory and motor nerve fibres as shown in the experi-
ments with alternating current which allowed exami-
nation of the repetitive activity in both sensory and
motor nerve fibres (see Figure 3). Thus, it can be
stated that the nerve fibre, either motor or sensory,
can be considered purely as a channel for information
transmission. Our results are in agreement with those

Table 1 The frequency of action potentials (expressed as mean number of spikes/s + s.e.) as influenced by some

anticonvulsants, at different concentrations

Concentration (mM) Chlordiazepoxide Phenobarbitone Diphenylhydantoin Trimethadione

0.00 450+21 430+19 480*20 470%23
(Control)

0.12 330+18
0.25 200+23 310+20
0.50 100+ 20 21017 38015
1.00 11022 320+18 430+ 25*
2.00 220+19 400+27*
5.00 12021 400+ 30*

Each result is calculated from 10 experiments on sensory and motor nerve fibres. The differences between the
frequencies recorded under treatment and in the controls are all statistically significant (P<<0.01), except for the

results marked with an asterisk (trimethadione).
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Table 2 Effects of some anticonvulsant drugs and lidocaine on spike frequency, amplitude of the action potential
and threshold for electric excitability in sensory and motor fibres (10 experiments)

Drugs (mm) Spike frequency Action potential Threshold
(% reduction) (% reduction) (% increase)
Chlordiazepoxide 0.10 25 0 0
Chlordiazepoxide 0.25 50 <10 <10
Phenobarbitone 0.25 25 0 0
Phenobarbitone 0.50 50 <10 <10
Diphenylhydantoin 0.80 25 0 0
Diphenylhydantoin 2.00 50 <10 <10
Trimethadione 5.00 0 0 0
Lidocaine 0.10 25 25 40
Lidocaine 0.20 50 50 80

of other investigators; in fact, Rosenberg & Bartels
(1967) have tested the effects of the antiepileptic
drugs on repetitive activity induced by altering the
ion concentrations in the bathing medium; under
their experimental conditions, diphenylhydantoin,
mephenytoin and phenobarbitone were found to
block the spontaneous activity in squid giant axons
exposed to sea water containing 25% of the usual
concentration of Ca?* and Mg?*. Toman & Sabelli
(1969) showed that diphenylhydantoin and
phenobarbitone inhibit spontaneous firing resulting
from immersion in decalcifying media or inisosmotic
phosphate solutions, both in frog sciatic nerve and in
squid giant axon; trimethadione proved to be ineffec-
tive in this respect. Neuman & Frank (1977) found
that diphenylhydantoin and phenobarbitone have a
selective ‘action in blocking spontaneous activity by
any mechanism which reduces sodium conductance
in nerves made hyperexcitable by lowering the Ca?*
concentration in the medium. In the guinea-pig
taenia coli also, diphenylhydantoin reduces the rate
of repetitive discharge during sustained depolariza-
tion (Melacini, Furlanut, Ferrari & Dalla Volta,
1975).

Selectivity of antiepileptic drugs in reducing repetitive
firing

Inhibition of repetitive firing is brought about not
only by some anticonvulsants, but also by other
drugs, especially some antiparkinsonian compounds
and some local anaesthetics (Rosenberg & Bartels,
1967). This raises the question, for each of these
drugs, of its relative selectivity in inhibiting repetitive
firing, in comparison with other electrophysiological
effects on the axonal membrane.

The effects of chlordiazepoxide, phenobarbitone
and diphenylhydantoin on action potential and
threshold in the single node of Ranvier of nerve fibres
have been studied in parallel with the actions of these
drugs on repetitive activity (see Table 2). All the
drugs mentioned, at appropriate concentrations, re-

duced the amplitude of the action potential and
increased the threshold for electrical excitability of
the node. However, at the concentrations that re-
duced the frequency of firing by 50%, the threshold
for electrical excitability and amplitude of the single
action potential were altered by less than 10%. Thus,
it is apparent that for chlordiazepoxide, phenobar-
bitone and diphenylhydantoin the inhibitory action
on repetitive firing is more specific than other phar-
macological actions of the drugs on the nodal mem-
brane; viz., the reduction in the spike frequency is
apparently independent of the increase in the
threshold for excitability or the decrease of amp-
litude of the action potential. For comparison, we
have tested the relative potencies of the local
anaesthetic, lidocaine hydrochloride, in reducing the
frequency of firing as well as the amplitude of the
action potential and in increasing the threshold. As
shown in Table 2, the three effects appeared to runin
parallel. Our results are consistent with those re-
ported by several investigators who have dealt with
different classes of compounds that inhibit repetitive
firing and also modify other functional parameters of
the nerve fibre: spike amplitude and duration,
threshold and refractoriness (Rosenberg & Bartels,
1967; Blaustein, 1968; Toman & Sabelli, 1969;
Mitolo-Chieppa & Marino, 1972; Grossmann &
Jurna, 1974). Thus, Rosenberg & Bartels (1967)
compared, for several drugs, the minimal concentra-
tion which blocks repetitive firing in squid axons
maintained in media with reduced Ca?* and Mg?* to
the minimal concentration which blocks the evoked
action potential in axons maintained in an unaltered
medium. They found that local anaesthetics (pro-
caine, tetracaine) can block repetitive firing at con-
centrations 1/5 to 1/10 of those required to inhibit
the action potential, whereas the antiepileptic agents
(diphenylhydantoin, mephenytoin, trimethadione
and phenobarbitone) are already effective in block-
ing repetitive firing at much lower relative concentra-
tions, i.e. 1/30 to 1/100 of the concentrations inhibit-
ing the action potential. Toman & Sabelli (1969)



54 MARIA R. CARRATU, V. DI GIOVANNI & DELIA MITOLO-CHIEPPA

reported that diphenylhydantoin, at concentrations
that have negligible effects on the normal parameters
of the electrical activity of large myelinated fibres of
the frog sciatic nerve, is effective in inhibiting repeti-
tive firing induced by lowering the external Ca?*
concentration.

In conclusion, at least some of the antiepileptic
agents are much more selective in inhibiting repeti-
tive firing than other drugs, such as local anaesthetics
which produce unselective effects.

Axonal mechanisms of action of the anticonvulsant
agents

Obviously, the anticonvulsant action of the an-
tiepileptic agents is to be related mainly to mechan-
isms operating on the nerve cell body (and dendrites)
or at sites of synaptic contacts (Jasper et al., 1969;
Woodbury et al., 1972). Yet, the experimental inves-
tigations on the axon reveal that some antiepileptic
drugs have important pharmacological actions on its
membrane. Among them, the inhibitory action on
repetitive firing seems to be pre-eminent, though by
no means specific since it is lacking in some anticon-
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