
MOLECULAR PHARMACOLOGY, 27:549-558

549

Voltage Clamp Analysis of the Inhibitory Actions of Diphenyihydantoin
and Carbamazepine on Voltage-Sensitive Sodium Channels in

Neuroblastoma Cells

MAX WILLOW, TOHRU GON0I, AND WILLIAM A. CArFERALL

Department of Pharmacology, School of Medicine, University of Washington, Seattle, Washington, 98195

Received November 2, 1984; Accepted February 14, 1985

SUMMARY

The actions of diphenylhydantoin (DPH) and carbamazepine (CBZ) on sodium channels
in mouse neuroblastoma cells (clone N18) were analyzed using the patch voltage clamp
procedure in the whole cell configuration. DPH and CBZ reduced sodium currents without
effect on the voltage dependence of sodium channel activation. Half-maximal inhibition
was observed with approximately 30 sM of each drug. Depolarization increased and
hyperpolarization reversed channel block by these two drugs in the voltage range from
-90 to -45 mV. Repetitive stimulation at 2 Hz or greater enhanced inhibition of sodium
channels. The half-time for recovery from voltage-dependent inhibition was greater for
DPH (1.36 sec) than for CBZ (0.38 sec). A combination of prolonged depolarizing pulses
of 15 mV with superimposed brief maximal depolarizations designed to mimic the
electrical activity in an epileptic focus gave additive effects of voltage-dependent and
frequency-dependent inhibition. The results support the previous proposal that DPH
and CBZ are sodium channel-selective anticonvulsants and provide a potential basis for
specific inhibition of neurons in epileptic foci. The mechanism of DPH and CBZ action
is considered in terms of an allosteric or modulated receptor model of drug binding and
action.

INTRODUCTION

The anticonvulsant agents DPH1 and CBZ are both
extensively employed in the management of grand mal
and partial seizures. These agents inhibit sodium chan-
nels in nonmammalian nerve and skeletal muscle fibers
(1-8). Neurochemical studies have shown that they block

the binding of batrachotoxin and other sodium channel
activators to their receptor site on sodium channels in
rat brain synaptosomes and mouse neuroblastoma cells
and prevent the persistent activation of sodium channels
by these agents (9-11). The concentrations required to
block sodium channels in rat brain are closely correlated
with the brain levels of these drugs achieved during
effective prevention of experimental seizures in rats,
leading to the hypothesis that DPH and CBZ are sodium
channel-selective anticonvulsants that modify sodium
channel function as their principal mechanism of action
(10, 11). Electrophysiological examination of the actions
of these drugs in cultured mammalian spinal cord neu-
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rons and neuroblastoma cells has provided additional
support for this hypothesis (12-14).

At therapeutic doses, the anticonvulsants have a spe-
cific action to prevent seizures without causing sedation
or diminishing normal electrical activity in the brain.
General inhibition of sodium channels in central neurons
would be expected to cause nonspecific sedation. There-
fore, the hypothesis that a subclass of anticonvulsant
drugs may act primarily by inhibition of sodium channels
requires consideration of possible mechanisms whereby
their action might be selective for neurons responsible
for the generation of seizure discharges. Neurons in
experimental epileptic foci are subject to prolonged de-
polarizations which trigger trains of action potentials
(15-17). These events are called paroxysmal depolariza-
tion shifts. These unusual membrane potential tran-
sients provide a possible basis for a specific action of
anticonvulsant drugs on neurons involved in epileptoge-
nesis.

In peripheral nerve, the action of local anesthetics and
related compounds is dependent on membrane potential
and frequency and duration of sodium channel activation
(18-22). The affinity of the drug receptor is modulated
by membrane potential and sodium channel state such
that the drugs bind most rapidly to the open state of the
channel and have highest affinity for the inactivated
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state. These properties result in increased inhibition of
sodium channels upon depolarization and/or repetitive
stimulation of the nerve fibers. In the present study, we
have employed the patch clamp recording technique in
the whole cell configuration (23) to examine the time-
and voltage-dependent actions of DPH and CBZ on
sodium currents in cultured mouse neuroblastoma cells.
Particular attention has been given to comparison of the
concentration dependence of these drug actions with
therapeutic levels of drug in vivo and to determination
of the voltage- and frequency-dependent actions of these
agents which may confer selective block of sodium chan-
nels in the repetitively firing, depolarized neurons that
are considered to play an important role in epileptoge-
nesis.

EXPERIMENTAL PROCEDURES

Cell culture. N18 neuroblastoma cells were cultured in 100-mm-

diameter Petri dishes for 6 to 8 days until confluence was reached.

Details of the culture techniques have been described previously (24).
Culture medium consisted of 5% newborn calf serum, 95% Dulbecco’s
modified Eagle’s minimum essential medium. Three to 8 hr prior to

recordings, cells were harvested by mechanical trituration in Ca2�-

Mg�-free phosphate-buffered saline and reseeded in 35-mm-diameter

plastic dishes containing 1 ml of the culture medium at a cell density

of 1 x i0� cells/mi. Reseeding enabled us to record from isolated

spherical cells as required for voltage clamp measurements. Typically,
cells 20-30 �im in diameter were used for recording.

Voltage clamp recording. For recordings, the culture medium was

replaced with 2-3 ml of recording solution (150 mM NaC1, 5 mM KC1,

1.5 mM CaC12, 1 mM MgCl2, 5 mM glucose, and 5 mM Na�-Hepes, pH
7.4), and the plastic dish was mounted on a stage of an inverted phase

contrast microscope. All recordings were performed at room tempera-
ture (20 ± 1’).

The voltage clamp was based on the one-pipet, gigaseal whole-cell
recording technique of Hamill et aL (23). Glass hematocrit microtubes

were pulled in two steps, and tips of the pipets were fire-polished under
a light stream of air. The measured resistances of pipet tips following
fire-polishing were 0.2-1.0 megaohms in recording solution. Gentle

suction applied after the pipet was in contact with the cell surface
sufficed to form a seal and rupture the patch of membrane in the
orifice. After 10-15 mm, the total input resistance of pipet and cell

rose to 10�-10’#{176}ohms. The internal pipet medium contained 160 mM
CsF and 10 mM NaF. This solution blocked potassium currents and
allowed stable sodium current recordings for up to 3 hr. The voltage
clamp circuit used a single bath electrode and the patch pipet and

included a circuit for compensation of up to 1 -megohm series resistance
in the current-passing pathway. Series resistance was compensated and

leak currents were subtracted electronically in all experiments. Other

details of recording arrangements were described previously (25). In

most experiments, cells were maintained at a holding potential of -75

mV. For measurement of voltage dependence of sodium current acti-
vation, the membrane was hyperpolarized in a prepulse to -105 mV
for 90 msec to remove inactivation of sodium channels and then

depolarized to test potentials from -60 to +90 mV for 10 msec. For
measurement of the voltage dependence of sodium channel inactiva-

tion, the prepulse potential was varied from -120 to -15 mV for 90
msec followed by a test pulse to +7.5 or +15 mV for 10 msec. For
experiments examining the voltage or frequency dependence of drug

action on peak sodium currents, the stimulus conditions are described

in the figure legends.

Drug treatment. All drugs were added to the Petri dish by perfusion.

At least 15 mm were allowed for equilibration prior to recording. All
control measurements were performed in the same cell prior to the

addition ofdrugs. DPH and phenobarbital were purchased from Sigma,

diazepam was kindly supplied from Hoffmann-LaRoche (Nutley, NJ),

and CBZ was a gift from Dr. A. Camerman (University of Washington,

Seattle). Stock solutions of DPH, CBZ, and diazepam were prepared

by dissolving the compounds in ethanol followed dilution into aqueous
medium with gentle warming. Aliquots of these solutions were added

to the mammalian Ringer’s solution. Control experiments showed that
the final concentration of ethanol (0.1-1.0%) did not affect sodium

currents. The sodium salt of phenobarbital was added directly to the

recording solution.

RESULTS

Effect of anticonvulsants on the inward sodium current.
Stimulation of neuroblastoma cells with successive de-
polarizing pulses (-60 to +90 mV) evokes a family of
inward currents which are illustrated as a series of su-
perimposed oscilloscope traces in Fig. 1. Typically, max-
imum inward current (3-5 namp) is evoked in response
to test pulses between 0 and +15 mV. These inward
currents are reversibly inhibited by 1 �sM tetrodotoxin.
Their rapid time course and sensitivity to the toxin
indicate that these currents are carried by sodium ions
moving through voltage-sensitive sodium c�iannels.

DPH (40 �M) reduces peak inward current to 42% of
its control value without altering the time course of the
remaining current (Fig. 1). CBZ has similar effects (data
not shown). The peak sodium currents elicited by depo-
larizing test pulses to various potentials in experiments
like the one illustrated in Fig. 1 are plotted as a function
of pulse voltage in Figs. 2A and 3A for DPH and CBZ,
respectively. With both drugs, the sodium current is
proportionately reduced at each membrane potential
tested and the reversal potential of the sodium current
is unaffected. The same data are presented in normalized
plots of peak sodium conductance versus pulse voltage
in Figs. 2B and 3B. These data show that the voltage
dependence of sodium channel activation is unaffected
by DPH and CBZ under conditions where a substantial
fraction of the sodium current is blocked.

The concentration dependence ofthe reduction of peak
sodium current by DPH and CBZ is illustrated in Fig. 4.
Half-maximal inhibition is observed at approximately 30
�M of each drug and a clear 20% inhibition is observed
at 3 �sM. These values are in excellent agreement with
those derived from neurotoxin binding and ion flux meas-
urements on synaptosomes and neuroblastoma cells (9-
11).

Previous studies have shown that diazepam and
phenobarbital are capable of inhibiting voltage-sensitive
sodium channels in both neuroblastoma cells and rat
brain synaptosomes (10, 11). However, the concentra-
tions required to block channels are substantially in
excess of those found in the brains of laboratory animals
protected against experimentally induced seizures (10).
At concentrations between 1 and 2 zM, diazepam does
not affect sodium currents in cells maintained at a hold-
ing potential of -75 mV (data not shown). At 200 �sM, a
concentration well above the therapeutic range, pheno-
barbital produces inhibition of sodium currents in cells
maintained at a holding potential of -75 mV (data not
shown). Valproic acid and ethosuximide have no effect
on sodium channels at concentrations as high as 1 m�t
(10, 11) and were not examined in this study. Taken
together with earlier work, these results confirm our
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FIG. 1. Effect of DPH on sodium currents of N18 neuroblastoma cells under voltage clamp

Cell cultures were prepared and whole cell patch recordings were made as described under Experimental Procedures. Cells were maintained

at a holding potential of -75 mV, hyperpolarized to -105 mV for 90 msec, and depolarized to potentials from -60 to +90 mV in 15-mV intervals

to evoke the sodium currents at a frequency of 1 Hz. Data from one cell are presented and are representative of six cells studied under identical

conditions. Left, family of currents in the absence of added drugs. Calibration: 2 msec, 2 namp. Right, family of currents in the presence of 40
�M DPH in the same cell. Calibration as in the control.

FIG. 2. Effect of DPH on the voltage-dependent activation of sodium

currents in N18 cells

Data from one cell are presented and are representative of six cells
studied under identical conditions. Standard errors of the means of

normalized currents were less than 10%. A, current-voltage relationship

of peak sodium current activation in the absence (0) and presence (#{149})
of DPH (10 MM) was determined as in Fig. 1. B, normalized conduct-

ance-voltage relationship in the absence (0) and presence (#{149})of DPH

(10 �M) in the same cell used in A.

FIG. 3. Effect of CBZ on the voltage-dependent activation of sodium

currents in N18 cells
Data from one cell are presented and are representative of six cells

studied under identical conditions. Standard errors of the means of

normalized currents were less than 10%. A, current-voltage relationship

of sodium current activation in the absence (0) and presence (#{149})of

CBZ (20 tiM) was determined as in Fig. 1. B, normalized conductance-
voltage relationship in the absence (0) and presence (#{149})of CBZ (20

�tM) in the same cell used in A.
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FIG. 4. Inhibition of maximum inward sodium currents by DPH and

CBZ

The effect of DPH (0) and CBZ (#{149})on maximum currents in

response to +15-mV test pulses was studied according to the protocol

outlined in Fig. 1 in the presence of the indicated concentrations of

DPH or CBZ. Each point represents the mean of normalized data from

four to six separate cells. Standard errors of the means of the normal-

ized data were less than 10%.

conclusion that only DPH and CBZ of the several major
classes of anticonvulsants have significant inhibitory
actions on sodium channels at therapeutic concentra-
tions.

Effects of DPH and CBZ on steady state inactivation.
A significant fraction of sodium channels is inactivated
at the resting membrane potential of most neurons.
Therefore, modulation of the level of steady state mac-
tivation can have important effects on cellular excitabil-
ity. Steady state sodium channel inactivation was meas-
ured by varying the potential of a 90-msec prepulse from
-120 to -15 mV prior to a 10-msec test pulse to +7.5
mV to activate sodium channels maximally. Initial ob-
servations showed that, in this cell type, there is primar-
ily a single rapid time constant for inactivation (25). An

additional slower component of inactivation was promi-
nent in studies of N1E-115 neuroblastoma cells treated
with dimethyl sulfoxide (14). Steady state inactivation

was described by the midpoint Eh and slope K,, of the
inactivation curve obtained from the following equation
(26):

h�=

I (E-Eh)

L1-exp Kh

Both DPH and CBZ produced hyperpolarizing shifts
in the steady state inactivation curve (Fig. 5, A and B,
respectively). In the absence of anticonvulsants, the
membrane potential at which half of the sodium channels
is inactivated (Eh) is -67.0 ± 3.2 mV. DPH (40 jzM) and
CBZ (20 �tM) shifted Eh to -85 and -88 mV, respectively,
without a marked change in the shape of the inactivation
curve (Fig. 5). The concentration dependence of these
effects is illustrated in Fig. 6 for two different cells. The
threshold concentration for DPH-induced shifts in the
inactivation curve was approximately 5-10 �M. At these
concentrations, maximum inward sodium currents were

reduced by approximately 20-25% (Fig. 4). Similarly,

FIG. 5. Effect ofDPH and CBZ on steadystate inactivation of inward

sodium currents in N18 cells

Availability ofchannels was modulated by varying the prepulse (Em,
90 msec) between -120 and -15 mV prior to a 10-msec test pulse (Es)

to +7.5 mV. Cells were maintained at a membrane potential of -75
mV (Eh) between stimuli. Data from a single cell are presented which
are representative of six cells studied under identical conditions with

each drug. A, steady state inactivation relationship before (0) and after

(#{149})administration of 40 �M DPH. B, steady state inactivation rela-

tionship before (0) and after (#{149})administration of 20 �M CBZ.

CBZ shifted the inactivation curve by 5-8 mV at concen-
trations (5-10 zM) which produced approximately 20%
inhibition of maximum inward sodium currents (compare
Figs. 4 and 6). Half-maximal shifts in Eh were observed
at 18.5 and 14.5 jIM, respectively, for DPH and CBZ. At
equimolar concentrations, CBZ produced somewhat
larger shifts of Eh than did DPH (15 vs. 18 mV; see Fig.
6). Thus, the reduction of peak inward sodium current
by these anticonvulsant drugs is accompanied by a sub-
stantial shift in steady state inactivation of sodium chan-
nels to more negative membrane potentials.

Voltage-dependent inhibition of inward sodium cur-
rents by DPH and CBZ. Neurons in experimental epilep-
tic foci generate prolonged depolarizations and rapid
trains of action potentials (15-17). These characteristics
distinguish them from normal neurons and may provide
a mechanism of selective action of antiepileptic drugs on
sodium channels in epileptogenic neurons. In order to
test whether the electrical activity characteristic of epi-
leptic foci might alter the action of DPH and CBZ, we
have examined the effects of holding potential and fre-
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FIG. 6. Dose-response relationships for DPH and CBZ on producing

hyperpokirizing shifts in the steady state inactivation relationship in

N18 cells

The voltage dependence of steady state inactivation was measured
as described in Fig. 5. The effect of the indicated concentrations of

DPH (#{149})and CBZ (0) on the voltage required for half-maximal
inactivation of maximum inward current (Eh) are presented. Control

value for Eh was -67.0 ± 3.2 mV. See text for further details. The

results are from a single cell and are representative of six cells studied

with each drug.

quency of action potential generation on the action of
these drugs. When N18 cells are maintained at a holding

potential of -75 mV, peak sodium currents are inhibited
by about 35-40% in the presence of 20 �tM DPH or CBZ
(Fig. 4). In fact, the extent of block of sodium currents
is highly voltage-dependent. In Fig. 7, amplitudes of peak
sodium currents in the presence of DPH (20 zM) or CBZ
(20 �M) are shown as a percentage of sodium currents in
the absence of these agents at holding potentials over a
range of -135 to -30 mV. As the holding potential is
made more negative, inhibition by both drugs is progres-
sively reversed. The sodium current is restored to 95%

of the control value in the absence of drug by hyperpo-
larization to -120 mV and is reduced to 35-40% of the
control value by depolarization to -45 mV. The action
of CBZ is more sharply voltage-dependent than that of
DPH (Fig. 7). Thus, the inhibition of sodium currents
by DPH and CBZ is strikingly modulated by membrane
potential. This mechanism may contribute to selectivity
of drug action.

Frequency-dependent block of inward sodium current
by DPH and CBZ. Previous studies have indicated that
DPH produces a slight frequency- or use-dependent in-

hibition of sodium currents in axons and in N1E-115
neuroblastoma cells (7, 14). In the absence of added drug,
a repetitive volley of depolarizing test pulses (0 mV, 40
msec) produces only a very small alteration (2-3%) of
current in N18 cells after 20 pulses delivered at 2 Hz
(Fig. 8). CBZ (80 �M) produces a modest frequency-
dependent inhibition (8-10% decrease in current at the
end of 20 test pulses; Fig. 8) at 2 Hz. The frequency-
dependent actions of DPH (40 zM) are more pronounced,
with 18-20% reduction in current following 20 test pulses
(Fig. 8). These frequency-dependent actions of DPH and
CBZ are dependent on a number of variables including
the duration of the test pulse, the frequency of stimula-
tion, and the holding potential. For both drugs, frequency

-135 -105 -75 -45

HOLDING POTENTIAL mV

FIG. 7. Voltage-dependent inhibition of inward sodium currents by

DPH and CBZ

Families of inward sodium currents were generated in response to

test pulses (10 msec) from a range of holding potentials (-135 to -30

mV) as described in Fig. 1. A 90-msec prepulse at -105 mV preceded

each test pulse. A period of 1 mm was allowed between changes in

holding potential. The effect of DPH (S) and CBZ (0), both at 20 �M,
on maximum inward currents (measured at +15 mV) at different

holding potentials is shown. Each curve presents the mean of normal-

ized values from six cells. Standard errors of the means of normalized

data were less than 10%.
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PULSE NUMBER

FIG. 8. Frequency-dependent inhibition of inward sodium currents

by CBZ and DPH

Voltage clamp test pulses from -90 to 0 mV of 40-msec duration

were applied repetitively at 2 Hz in trains of 20 pulses. Peak sodium

current at each pulse number is normalized to the current evoked by

the first pulse. The decline in current is measured before (0) and after

(#{149})80 �M CBZ or 40 �iM DPH (#{149}).The results from an individual cell
are presented and are representative of four cells studied at 80 �M CBZ
and five cells studied at 40 MM DPH.

dependence can be abolished by shortening the test pulse,
decreasing the rate of stimulation below 1 Hz, or chang-
ing the holding potential to values more negative than
-90 mV.

An alternative method for measuring frequency de-
pendence is to stimulate the cell with paired hyperpolar-
izing and depolarizing pulses. For local anesthetic and
antiarrhythmic drugs, this procedure leads to a reversal
of drug-induced block of sodium channels by reversal of
inactivation of the drug-modified channels during the
strong hyperpolarization, followed by activation of the
modified channels during depolarization, allowing rapid
drug dissociation (19, 21). Switching off the hyperpolar-
izing prepulse while maintaining the depolarizing pulse
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leads to increased block of sodium current that is de-
pendent upon the voltage and frequency of depolariza-
tion. Return to the hyperpolarizing prepulse reverses the

frequency-dependent block. Fig. 9 illustrates examina-
tion of DPH and CBZ inhibition of sodium channels in

N18 cells using this procedure. In the control condition
(0), removal of the hyperpolarizing prepulse results in
an immediate reduction in current to about 70% of
maximal current which reaches steady state with the
first pulse (Fig. 9). This is due to increased sodium
channel inactivation without the prepulse. When the
prepulse is switched on again, the current returns to
maximal levels with the first test pulse. No cumulative
effects are observed during repetitive stimulation. In the
presence of DPH (40 �tM), about 10 test pulses are
required to reduce sodium current to a new steady state
level when the prepulse is removed (Fig. 9, #{149}).Similarly,
about seven test pulses are required for full recovery of
maximum current in the presence of the drug when the
prepulse is reinstated (Fig. 9, #{149}).A similar pattern is
observed for CBZ (80 �tM), although fewer pulses are
required for steady state reduction and recovery of the
sodium current upon respective removal and introduc-
tion of the prepulse (Fig. 9, 0). In each case, DPH and
CBZ cause a greater increase in block of sodium currents
at the steady state due to the sum of voltage- and
frequency-dependent modes of inhibition. These results
support the conclusion drawn from the data of Fig. 8
that inhibition of sodium channels by DPH and CBZ is
indeed frequency-dependent.

The block of sodium channels by CBZ reaches steady
state in a smaller number of pulses than that of DPH
(Fig. 9). This difference in rate of drug action may be
due to more rapid dissociation of the bound drug from
drug-modified, inactivated sodium channels. This possi-
bility can be examined more directly in experiments in

prepulse of f

Do.
.

I I I I I � I 11111,.

Th 25 50 75

Pulse Number

FIG. 9. Onset and recovery of frequency-dependent inhibition of so-

dium channels by DPH and CBZ
Neuroblastoma cells were incubated for 15 mm in control medium

(0), or in the presence of 40 MM DPH (#{149})or 80 �zM CBZ (0). A train

of 25 stimuli at 2 Hz consisting of a prepulse to -105 mV for 90 msec
followed by a test pulse to 0 mV for 5 msec was applied and the
resulting peak sodium currents were recorded and assigned a value of

1.0. Then 25 stimuli without the prepulse were applied followed by an

additional 25 stimuli with the prepulse. Normalized sodium currents

under each condition are presented. The results from an individual cell
are presented and are representative of four cells studied at 80 �M CBZ
and five cells studied at 40 �M DPH.

which the membrane potential is held at -45 mV for 3
sec to inactivate sodium channels and produce maximum
drug inhibition, and then stepped to -105 mV. Subse-
quent test pulses (0 mV, 5 msec) at 50 msec and each
second thereafter reveal that recovery from block in the
presence of 40 zM DPH requires three or four pulses
while the recovery in the presence of CBZ (80 �tM) is
complete on the second pulse. An estimate of drug dis-
sociation rates can be made by normalizing these results.
This is done by assigning the extent of current block
prior to the first pulse as 100% and that when maximum
currents reappear as 0%. A simple monoexponential
relationship is observed for DPH (Fig. 10). From this
function, estimates for the half-time of drug dissociation
from inactivated channels are 1.36 and 0.38 sec for DPH
and CBZ, respectively. Evidently, the more rapid disso-
ciation of CBZ from the drug-modified inactivated state
of the sodium channel accounts for its more rapid ap-
proach to steady state inhibition during repetitive stim-
ulation.

Effect of DPH and CBZ on sodium currents evoked by
stimuli in the form of paroxysmal depokirization shifts.
The results presented so far show that the inhibition of
sodium channels by DPH and CBZ is modulated by both

the membrane potential and by the frequency of impulse
generation. During a paroxysmal depolarization shift in
neurons of an epileptic focus, high frequency action
potentials are superimposed upon a prolonged depolari-
zation. Therefore, we have examined the effects of com-
bining these two forms of stimulation on DPH and CBZ
action. When neuroblastoma cells are stimulated in the
absence of drugs with a series of short-spaced (13 msec)
test pulses (0 mV, 2 msec) superimposed upon a 15-mV

Time After Hyperpolarization (sec)

FIG. 10. Rate of reversal of the inhthition of DPH and CBZ after

repolarization

Neuroblastoma cells were incubated for 15 mm in control medium

or in medium containing 40 �zM DPH (#{149})or 80 �tM CBZ (0). Individual

cells were then depolarized to -45 mV for 3 sec to give maximum

sodium channel block and repolarized to -105 mV. Test pulses to 0

mV for 5 msec were then given at 50 msec and each second thereafter
and peak sodium current was recorded. In the absence of drugs, recovery

of the sodium current is complete before 1 sec. The results from two

individual cells are presented and are representative of five cells studied
under each condition. A, time course of recovery of sodium current. B,

semilogarithmic plot of recovery. I�, sodium current before depolariza-

tion; ID, sodium current following depolarization; I�, sodium current at

the indicated time following repolarization.
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depolarizing step from a holding potential of -90 mV,
the level of current is rapidly attenuated and forms a
steady state response after five pulses (Fig. 11). This new
steady state level is about 50% of maximum current. In
the presence ofDPH (40 �tM) or CBZ (80 tiM), the current
in response to the second pulse diminishes to about 37
and 22%, respectively, compared to drug block following
the first pulse (Fig. 11). Over the course of 10 test pulses,
the current continues to decline in the presence of these

drugs (Fig. 11). Similar drug responses are observed when
the interval between test pulses is varied between 5 and
18 msec. These results indicate that the effects of mem-
brane potential and repetitive stimulation to enhance
sodium channel inhibition by DPH and CBZ are additive.
The effect of membrane depolarization is predominant
while repetitive stimulation causes an additional increase
in the fraction of channels blocked. Evidently, the pat-

tern of electrical activity observed in neurons of experi-

mental epileptic foci is appropriate to enhance block of
their sodium channels by anticonvulsant drugs.

DISCUSSION

DPH and CBZ are sodium channel-selective anticon-
vulsants. Several lines of evidence now point to inhibition
of voltage-sensitive sodium channels as the primary
mechanism of action of these two drugs. They are effec-
tive blockers of voltage-activated sodium currents in
several nonmammalian axon preparations (1-8). They
bind to and block sodium channels in rat brain at con-
centrations achieved during effective prevention of max-
imal electroconvulsive shock-induced seizures as as-
sessed from neurotoxin binding and 22Na� influx exper-
iments (9-11). Moreover, DPH blocks action potentials

and repetitive firing of intact mammalian dorsal root
ganglion or spinal cord neurons maintained in cell cul-
ture at therapeutically relevant concentrations (12, 13).
Further evidence supporting designation of the sodium
channel as the primary receptor for these drugs has now

In/I I
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Pulse Number
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FIG. 1 1 . Effect of DPH and CBZ on current responses to paroxysmal

depolarization shift stimulation

Cells are depolarized to -75 mV from a holding potential of -90

mV. Following depolarization, brief depolarizing test pulses (0 mV, 2
msec) are delivered every 13 msec (i.e., 66.6 Hz) and current responses

are expressed as a ratio of current at a given pulse to the current evoked
from the first pulse. 0, control; #{149},40 �M DPH; U, 80 �M CBZ. The
results from two individual cells are presented and are representative

of five cells studied under each condition.

been derived from patch voltage clamp analysis of DPH
action on sodium currents in clone N1E-115 neuroblas-
toma cells (14) and of DPH and CBZ action on sodium
currents in clone N18 neuroblastoma cells in this study.
Dose-response curves for block of sodium currents under
voltage clamp give apparent KD values of 30 �zM for both
drugs (Fig. 4), well within the range ofdrug levels reached
in rat brain during prevention of maximal electroshock
seizures. Taken together, these results leave little doubt
that sodium channels in rat brain are significantly in-
hibited by effective doses of DPH and CBZ.

A more quantitative estimate of the fractional inhibi-
tion of sodium channels that is required for effective

prevention of seizures can be obtained by comparison of
our dose-response curves for DPH and CBZ action with
the pharmacokinetic studies of Masuda et al. (27). These
investigators found that the minimum plasma concen-
trations of DPH and CBZ that were effective in prevent-
ing maximum electroshock seizures in rats were 22 and
16 zM, respectively. These correspond to brain levels of
21 and 25 smol/kg of brain tissue. Values for mice were
similar. A substantial, but unknown, fraction of this drug
is likely to be associated with the membrane fraction of
neurons and glia rather than free in fluid spaces. How-
ever, the sodium channel is an intrinsic membrane pro-
tein that is exposed to the hydrocarbon phase of the
neuronal surface membrane and at least some local an-
esthetics appear to gain access to their receptor site on
the sodium channel via the lipid phase (21). Thus, in the
absence of information to the contrary, it seems appro-
priate to compare brain levels in micromoles/kg of tissue
to the drug concentrations added in in vitro experiments.
Concentrations of 30 �tM DPH or CBZ give half-maximal
block of sodium currents in neuroblastoma cells at a
holding potential of -75 mV (Fig. 4). At 21 to 25 jxM as
achieved in vivo, approximately 40 to 45% of sodium
channels would be blocked. Neurons with more negative

membrane potentials and slower firing rates would have
fewer sodium channels inhibited; neurons with less neg-
ative membrane potentials and more rapid firing rates
would have more complete inhibition.

In contrast to this marked inhibition of sodium chan-
nels at therapeutic drug concentrations under physiolog-
ical conditions, other neuronal processes that have been
suggested to have a role in anticonvulsant action are not
markedly affected at therapeutic concentrations. DPH
at 100 �tM did not alter calcium-dependent action poten-
tials or enhance GABA-mediated inhibition in cultured
rat dorsal root ganglion neurons, although pentobarbital

did under identical conditions (12). No effect of DPH
(140 or 200 sM) was observed on inhibitory transmission
in the rat hippocampus or in frog motoneurons (28, 29).
Effects of DPH on GABA-mediated inhibitory responses
of cultured rat spinal cord neurons occur at 3- to 5-fold
higher concentration than effects on repetitive firing
rates that are thought to be due to actions on sodium

channels (13). Effects of DPH on calcium influx into
neuronal membrane preparations and on block of release
of neurotransmitters are observed at higher concentra-
tions that correlate with appearance of the toxic effects
of the drug (30-33). Thus, the effects of DPH and CBZ
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on repetitive firing and voltage-sensitive sodium chan-
nels occur at the lowest concentrations of any of the

described actions of the drugs. These results support
designation of DPH and CBZ as sodium channel-select-
ive anticonvulsants.

Unlike DPH and CBZ, other classes of anticonvulsants
do not have marked effects on sodium channels. Pheno-
barbital and other barbiturates, which are thought to act
by enhancing inhibitory responses to GABA, affect so-
dium channels only in concentrations well above 100 �tM

(10, 11). These actions correlate with the anesthetic
rather than the anticonvulsant effects of the barbitu-
rates. Similarly, diazepam and other benzodiazepines
also block sodium currents but only at 100-fold higher
than therapeutic concentrations (8, 10, 11). Valproic
acid, ethosuximide, and trimethadione have no effect on
sodium channels at accessible concentrations (10, 11).
Evidently, DPH and CBZ have specific effects on sodium
channels that are not shared by other anticonvulsants at
therapeutic concentrations. This action may be essential
for their effects on partial and focal motor seizures which
are not shared by other anticonvulsants.

Depolarization and high frequency stimulation enhance

DPH and CBZ action. As originally described for local
anesthetics and antiarrhythmic drugs, several lines of
evidence now indicate that inhibition of sodium channels
by anticonvulsant drugs is both voltage- and frequency-
dependent. In frog myelinated nerve and skeletal muscle
fibers, the inhibition of sodium currents by DPH was
found to be enhanced by long depolarizing pulses and
reversed by hyperpolarizing pulses (3, 5, 8). Inhibition
was enhanced by repetitive stimulation (7). More re-
cently, similar effects have been described for CBZ, and
the voltage dependence of the action of DPH and CBZ
has been ascribed to preferential binding of the drugs to
the inactivated state of the sodium channel (8). Our
results and those of Matsuki et al. (14) on DPH confirm
and extend those findings to intact mammalian neural
cells and allow a quantitative comparison with pharma-
cokinetic data on the same species. The voltage depend-
ence of DPH and CBZ action at a therapeutic concentra-
tion (20 jzM; Fig. 7) indicates that the abnormal changes
in membrane potential during paroxysmal depolarization
shifts would be expected to modulate the fractional block
of sodium channels from 15 to 60%. Sodium channels in
neurons experiencing such sustained depolarizations
would be selectively inhibited as compared to neighbor-
ing normal cells.

In addition to prolonged depolarizations, neurons in
epileptic foci also generate an abnormally high frequency
ofaction potentials (17). Repetitive firing at rates greater
than 1 Hz also enhances the inhibition of sodium chan-
nels by therapeutic concentrations of DPH and CBZ

(Fig. 8). This effect is additive with the effect of pro-
longed depolarization to give more complete inhibition
of sodium channels in depolarized, repetitively firing
neurons. Taken together, the increase in the inhibition
of sodium channels in neurons subject to prolonged de-
polarization and rapid firing rates may be sufficient to
explain the specificity of DPH and CBZ in blocking

seizures without markedly altering normal aspects of
brain function.

Mechanism of action of DPH and CBZ on sodium

channels. The mechanism of action of DPH and CBZ
has now been analyzed by two distinct approaches: volt-
age clamp mesurement of effects on sodium currents in
this and previous (1-5, 7, 8, 14) reports and neurochem-
ical studies of interactions with neurotoxins that act at
specific receptor sites on sodium channels (9-11). In this
section, we consider a unified model of drug action which
accommodates the qualitative features of the results of
these two different approaches.

Previous ion flux and neurotoxin-binding experiments
have characterized DPH and CBZ as allosteric inhibitors
of the persistent activation of sodium channels by ba-
trachotoxin, veratridine, and related neurotoxins that
act at neurotoxin receptor site 2 (9-11). These neurotox-
ins activate sodium channels by binding selectively, with
high affinity, to the open state of sodium channels and
shifting sodium channels to that state according to the
laws of mass action (34). The mechanism proposed for
this allosteric competitive inhibition is preferential bind-
ing of DPH and CBZ to nonconducting states of sodium
channels causing stabilization ofthe channels in noncon-

ducting (closed or inactivated) states (9-11). Since these
neurochemical measurements were all made at mem-
brane potentials more positive than -60 mV, sodium
channels were inactivated (see Fig. 5). Therefore, the
action of batrachotoxin and related toxins in these ex-
periments is to shift sodium channels from the macti-
vated to the open state. DPH and CBZ oppose this action
by binding preferentially to the inactivated state of the
sodium channel and stabilizing it (10). Such an allosteric
mechanism can be illustrated by Scheme 1 which illus-

M01
0-.. �- I

:�:#{176}_
M’01

SCHEME 1

trates transitions between open (0) and inactivated (I)
states of the sodium channel as influenced by drugs.
Here, the equilibrium between 0 and I states (M01) is
modified by the presence of a drug that binds with
unequal affinity to the 0 and I states according to M’0j/
M01 = K1/K0 (9-11, 34).

We consider next the dependence of the steady state
inhibition of sodium channels by DPH and CBZ on
membrane voltage observed in this and previous (3, 5, 8,
14) studies. This voltage dependence is expressed in two

ways in our experiments: changes in the holding potential
alter the fractional inhibition of sodium channels (Fig.
7) and DPH and CBZ appear to shift the voltage de-
pendence of sodium channel inactivation due to the
increased binding of the drugs at the more depolarized
potentials in the inactivation curve. Similar character-
istics of block of sodium channels by tertiary amine and
neutral local anesthetics (18-22) were interpreted in
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terms of a “modulated receptor” hypothesis which pos-
tulated preferential binding of the drugs to the macti-
vated state of sodium channels (21). This hypothesis,
like the mechanism of neurotoxin action described above,
represents an extension of the concepts of allosteric
modulation of enzyme activity to voltage-sensitive ion
channels. Voltage-dependent block of sodium channels
by DPH and CBZ can be represented by a cyclic model
like that of Scheme 1 but containing only the closed (C)
and inactivated (I) states of the channel (Scheme 2). As

M�,
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D.C �
M’�,

SCHEME 2

before, M’cj/Mcj = Kj/Kc. Thus, drugs which bind selec-
tively to the inactivated state (K1 < Kc) make the tran-
sition from closed to inactivated states more probable
(M’�1 < Mc1). This transition then occurs at more neg-
ative membrane potentials, shifting the inactivation
curve to the left (Fig. 5) and increasing drug block at
more positive membrane potentials where inactivation is
favored (Fig. 7). Evidently, the allosteric inhibition of
neurotoxin activation of sodium channels by DPH and
CBZ, the voltage-dependent channel block by these
drugs, and the shift of the inactivation curve to more
negative membrane potentials all result from preferential
binding to the inactivated state of the sodium channel.

The final aspect of anticonvulsant action which we
consider is frequency dependence. This property of DPH
and CBZ is also shared with tertiary amine local anes-
thetics and has been considered previously in the context
of the modulated receptor hypothesis (21). Frequency
dependence arises when the interaction between drug
and receptor is dependent upon the state of the sodium
channel and is too slow to reach equilibrium within a
single cycle of sodium channel activation and inactiva-
tion, that is, within a few milliseconds. Since both acti-
vation and inactivation processes are involved, a more
complete model of sodium channel function containing
closed, open, and inactivated states is required. Scheme
3 is adapted from Ref. 21. Frequency dependence may be

,C
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SCHEME 3

considered to arise from the preferential binding of DPH
and CBZ to the inactivated state of the sodium channel

that is generated during each depolarization and the
relatively slow dissociation of the bound drug molecules
from the inactivated state of their receptor (Fig. 10)
which allows accumulation of drug-bound, inactivated
sodium channels from stimulus to stimulus. Sodium
channels in the closed state first activate and then in-
activate. DPH or CBZ rapidly bind to the inactivated
state, stabilizing those channels in an inactive form and
preventing them from returning to the closed state to be
activated by subsequent stimuli. Accumulation of sodium
channels in the drug-bound, inactivated state continues
until a steady state is reached in which the rate of entry
of sodium channels into this state during a stimulus is
equal to the rate of dissociation of drug from the drug-
bound, inactivated sodium channels between stimuli,
allowing them to return to the closed state. Thus, the
extent of frequency-dependent block depends on pulse
duration and frequency and on drug dissociation rate.
The underlying basis of this property of DPH and CBZ
action, like those considered previously, is preferential
binding to the inactivated state of the sodium channel.
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