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SUMMARY
The effects of nluzole, a novel neuroprotective drug with anti-
convulsant and anti-ischemmc properties, were studied on cur-
rents carried by cloned rat brain IIA sodium channel a subunits
expressed in Xenopus oocytes. (I) When the oocytes were held
at strongly hyperpolarized potentials to close the sodium chan-
nels and riluzole was added to the external solution, the current
elicited by test depolarizing pulses was reduced within a few
minutes and recovered upon washout of the nluzole. Although
the currents were reduced, nluzole did not shift the peak current-
voltage relationship. An inhibitory constant of 30 pM was esti-

mated for the low affinity block of closed channels. (ii) Riluzole
did not affect the time course of inactivation, and repetitive
stimulation at frequencies that did not result in significant accu-

mulation of inactivation did not affect current block. These results
suggest that nluzole did not block open channels. (iii) Riluzole
increased steady state inactivation by shifting its voltage de-
pendence in the hyperpolarizing direction, by prolonging the
recovery from inactivation, and by blocking more effectively at
high stimulation frequencies. According to the modulated recep-
tor theory, these results suggest that nluzole binds selectively
to inactivated channels, with an inhibitory constant estimated at
0.2 pM. These results show that the nluzole binding site is on
the a subunit of the sodium channel, and they suggest that

stabilization of the inactivated state may underlie the neuropro-
tective properties of nluzole.

Ischemia and hypoxia are leading causes of neurological

disability and death (1). Riluzole (2-amino-6-trifluoromethox-

ybenzothiazole) is a novel neuroprotective agent with anti-

ischemic properties in experimental animal models of these

clinically important disorders (2, 3). Riluzole was first described

as an anticonvulsant (4, 5), suggesting that it is a neuroprotec-

tive agent with a broad spectrum of actions and therefore is of

interest for the treatment of epilepsy and ischemia (2).

The cellular pathogenesis in ischemia is thought to be me-

diated by the excitotoxic effects of excitatory amino acids, in

particular glutamate, released as a consequence of high levels

of neuronal discharge (6-8). The initial expectation was that

riluzole acted as a glutamate antagonist, but the drug was not
found to interfere with binding of radioactive ligands to any of

the known glutamate receptor subtypes (9, 10). However, rilu-

zole can block the activation of N-methyl-D-aspartate and

(RS)-a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid

subtypes of glutamate receptors ( 1 1), as well as glutamate
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release from nerve terminals (9, 10). Interaction of riluzole with

voltage-dependent ion channels has also been demonstrated.

At the frog node of Ranvier, riluzole at concentrations of 10

pM or more reduces sodium and potassium currents; at lower

concentrations, riluzole causes a more selective block and sta-

bilization of inactivated sodium channels (12). Interestingly,

sodium channel inhibition has been correlated with postische-

mic neuronal protection (13-15).

If riluzole selectively blocks inactivated sodium channels in

the mammalian brain, as described for the frog channels (12),

then this could account for the selective stabilization of depo-

larized neurons and sparing of unaffected cells that is believed

to underly the neuroprotective effects of this drug. However,
important structural and kinetic differences, including the in-

activation properties, exist between sodium channels in differ-

ent preparations (16), so that the results obtained with frog

nerve may not simply be extrapolated to the mammalian brain.

To examine the effects of riluzole specifically on mammalian
brain sodium channels in the absence of other channel types,
we have tested its effects on sodium currents recorded in

voltage-clamped Xenopus oocytes expressing the a subunit of

the predominant rat brain sodium channel (RIIA) (17). Our

results demonstrate a selective block of inactivated RIIA by
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riluzole and support a stabilizing effect of this neuroprotective
drug in the mammalian brain.

A

Materials and Methods

Expression of the RIIA a subunit. RIIA cDNA was linearized
with CISI and transcribed in vitro with T7 RNA polymerase, as de-

scribed previously (17, 18). Individual oocytes (stage V-VI) were in-

jected with 7 ng of mRNA. Oocytes were incubated for 2-3 days at 20’
in Barth’s solution [88 mM NaCl, 1 mM KC1, 0.33 mM Ca(NO)2,

0.41 m�i CaCl2, 0.82 mM MgSO4, 2.4 mM NaHCO3, 10 m.i HEPES, pH
7.6]. If longer incubations were required, the oocytes were incubated in

modified Liebowitz’s L-15 medium; 1 volume ofL-15 medium (GIBCO-
BRL) was mixed with 1 volume of water, supplemented with 0.735 g/

liter L-glutamine and 80 mg/liter gentamicin, and buffered with 15 mM

HEPES and NaOH to a pH of 7.6.

Voltage-clamp recordings. The control recording solution con-
sister! of 96 mM NaC1, 2 mM KC1, 1.8 mM CaCl2, 1 mM MgCl2, and 5

mM HEPES, pH 7.5. Oocytes injected with RIIA mRNA were perfused
with this solution containing riluzole at the desired concentration.

Riluzole was diluted from a 1 M stock solutin prepared in 0.2% HC1.

All experiments were performed at 20-22’. Sodium currents were
recorded using a two-electrode voltage clamp with a virtual ground

circuit (Warner Instruments, Hamden, CT). Voltage electrodes were

filled with 3 M KC1, had resistances of 1-2 Mt�, and were connected to
a driven shield. To improve the clamp speed (lSO-25O-psec rise time
constants for voltage steps), current electrodes were broken to tip
diameters of 15-20 pm. To prevent leakage of the electrolyte and

damage to the oocytes, the tips were filled by aspiration ofa 1% agarose

(Pharmacia) solution containing 3 M KC1, which was allowed to solidify,
and then the electrode shaft was filled with 3 M KC1; electrode resist-
ances were �0. 1 Wi. The current electrodes were connected to a
grounded shield. Because the uncompensated series resistance of the

virtual ground current recording circuit was �1 kfI, currents no larger

than 7 pA were analyzed in detail, because larger currents resulted in
voltage instabilities. The current signal was filtered with an eight-pole

Bessel filter at a -3-dB cutoff frequency of 10 kHz (faster response

time than the clamp). Linear passive and capacitive currents were
eliminated by subtraction of equivalent records in the presence of 400

nM tetrodotoxin.

Sodium channels expressed in Xenopus oocytes have both fast and

slow inactivation. Fast-mode currents, which more closely resemble

native currents, could be isolated due to their rapid recovery from

inactivation using the following step protocol (iSa) unless indicated

otherwise. The oocytes were stepped from a holding potential of -100

mV to 0 mV for 50 msec (to inactivate all channels) and then returned

to -100 mV for 5 msec (to allow only fast-mode channels to recover)

before currents were recorded for subsequent test depolarizations.
Pulses were applied at a rate of 1 Hz, unless indicated otherwise.

Current and voltage signals were acquired at a sampling frequency of
10 kHz and analyzed using a TL1-DMA interface and pCLAMP
software (Axon Instruments, Burlingame, CA). Boltzmann curves were

fit using Number Crunching Statistical Software (NCSS, Kaysville,

UT).

Results

Effects of riluzole on RIIA activation. We tested the

effects of several concentrations of riluzole on sodium currents

expressed in Xenopus oocytes after injection of mRNA tran-

scribed from the cDNA clone encoding the RIIA a subunit. To

illustrate the effects of riluzole, we recorded inward currents

elicited by depolarizing test pulses from a holding potential of

-100 mV (see Materials and Methods). These currents reached
peak levels within 1 msec after initiation of the pulses (Fig.
1A). Addition of riluzole at concentrations of 1-100 pM reduced,
within a few minutes of application, the amplitude of the peak

-25 0
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Fig. 1. Effects of nluzole on RIIA sodium currents expressed in Xenopus
oocytes. A, Traces of RIIA currents expressed in a Xenopus oocyte. The
oocytes were stepped from a holding potential of -1 00 mV to 0 mV for
50 msec and then returned to -1 00 mV for 5 msec before currents were
recorded with a step to -1 0 mV for the same oocyte, in the absence
and presence of 10� to 1O� M nluzole. B, Current-voltage relationship
for RIIA sodium current. Mean peak inward current is plotted versus test
potential. Currents from oocytes treated with 10� M (0), 10� M (A), and
1 0-s M nluzole (0) and control currents for the same oocytes (#{149})(n = 5
in each case) are indicated.

sodium currents in a concentration-dependent manner. The
current amplitude recovered within a few minutes of riluzole
being washed out, demonstrating reversible inhibition.

Fig. lB shows the averaged peak current-voltage relationship
obtained at various riluzole concentrations. Concentrations of
riluzole as high as 100 pM had no effect on the shape of the

current-voltage relationship (Fig. 1B), indicating that riluzole

did not affect voltage-dependent activation of the channels.

Effects of riluzole on RIIA inactivation. To test for an

effect of riluzole on the rate of inactivation, the time course

observed at different test potentials in the presence and absence
of riluzole (10 pM) was fit with a monoexponential function.

The time constants of inactivation calculated from these fits

are plotted as a function of the test potential in Fig. 2 and show
that riluzole had no effect on the time course of inactivation.

Repetitive pulses at frequencies (10 Hz or less) that did not
result in significant accumulation of inactivation did not in-

crease the block by riluzole (Fig. 3).
In contrast to its lack of effect on the onset of inactivation,
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Fig. 2. Effect of nluzole on the time course of inactivation. Time constants
were determined by fitting exponential functions to the decay phase of
current traces elicited by test pulses to -1 5 mV (as described in the
legend to Fig. 1), of the form 1(t) = l�exp(-t/r), where l� is the current
corrected for inactivation (see Materials and Methods) and r iS the time
constant of fast inactivation. Values of the time constants determined in
the absence (#{149})and presence (0) of 10 pM nluzole are shown. The time
constants are plotted as a function of test potential. Values are means
± standard deviations, unless these values were smaller than the sym-
bols (n = 5 for both determinations).
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Fig. 3. Stimulation frequency dependence of nluzole block. Oocytes were
held at a potential of -1 00 mV and were repetitively stimulated with 5-
msec test pulses to -1 5 mV at a frequency of 1 0 Hz (circles) or 50 Hz
(squares), in the absence (open symbols) or presence (closed symbols)
of 1 pM nluzole. The peak amplitudes and standard errors (n = 5) of the
currents elicited by each of 10 successive pulses were normalized to
that observed for the first pulse.

riluzole prolonged the time course of recovery from inactivation

(measured using a twin-pulse protocol), as shown in Fig. 4.

Although the recovery of RIIA from inactivation in the absence

of riluzole is accelerated at hyperpolarized potentials (19),

recovery in the presence of riluzole was not noticeably voltage

dependent (data not shown). At high stimulation frequencies

(e.g., 50 Hz), the peak currents gradually decreased to a steady
level due to accumulation of inactivation (Fig. 3), and exposure

to riluzole (1 pM) further reduced the current levels, demon-

strating use-dependent block.

When oocytes were held at depolarized potentials, riluzole

application resulted in a proportionally lower current elicited

by depolarizing test pulses, causing a hyperpolarizing shift of

2 3 4 5 6 7 8 9 10
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Fig. 4. Effect of nluzole on the recovery from inactivation. Recovery of

4 0 currents was assayed using a two-pulse protocol in which both pulses

were 50 msec in duration, to a voltage of -1 5 mV, and were separated
by a return to the holding potential of -1 00 mV for the interval indicated.
The peak current, relative to that seen after 40 msec, is plotted for each
interval at varying nluzole concentrations [0, 10 �M (n = 4); E�, 1 pM (n
= 4); 0, 0.1 pM (n = 4); #{149},control currents (no drug, n = 5)J. Data are
means ± standard errors and the fits are the means of single-exponential
functions used to determine the time constants of recovery in each
experiment, which were 2.6 ± 0.2 msec (#{149}),3.2 ± 1 .4 msec (0), 6.5 ±
1 .6 msec (Lx), and 1 7.5 ± 2.3 msec (0).

Fig. 5. Effect of nluzole on steady state inactivation. A three-pulse
protocol was used to measure steady state inactivation of isolated fast-
mode currents, as follows: (i) channels were inactivated with a 50-msec
pulse to 0 mV, (ii) the membrane potential was stepped to various
prepulse voltages for 20 msec to allow only fast-mode channels to
recover, and (iii) a test pulse to 0 mV was elicited. Oocytes were exposed
to nluzole concentrations of 10 pM (n = 4) (0), 1 pM (n = 4) (is), or 0.1
pM (n = 4) (0) or no drug (control currents, n = 5) (#{149}).Data are means
± standard errors. Solid lines, two-state Boltzmann fits of the data to
the equation IlL, 1/[1 + exp(V - Vos)/Ah], where V0.5 is the voltage
for half-maximal inactivation and A5 is the number of millivolts required
to produce an e-fold change in steady state inactivation. The values of
the parameters are listed in Table 1.

the steady state inactivation curve that was dependent on the

riluzole concentration (Fig. 5; Table 1). Interestingly, even a
very low riluzole concentration (0.1 pM) significantly shifted
the inactivation curve. This suggests that riluzole increased

inactivation at all potentials by high affinity block of macti-

vated channels (see below).
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TABLE 1

Effects of riluzole on the steady state inactivation parameters
Values are means ± standard deviations (n = 5) for the Boltzmann parameters Ah
(millivolts required for an e-fold change) and V05 (voltage for half-maximal inactiva-
tion) obtained for fits of the steady state inactivation data; �1V0.5 is the shift in this
parameter relative to the control value.

R�uzole
concentration A5 V0.,

mV mV mV

Control 7.2 ± 0.6 -73.1 ± 1.2

0.1 pM 7.5 ± 0.2 -77.1 ± 1.2� -4.0�
1 pM 9.0 ± 1 2 -81 .9 ± 0.8�
10pM 11.9±0.9a -96.5±1.5’ �23.4’
Wash 8.0 ± 0.8 -75.5 ± 2.5 -2.4

a Value significantly different (p < 0.05, Student’s t test) from that for the control

set.
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Fig. 6. Dose-response curves for the effects of riluzole on isolated fast
sodium currents. Peak currents were measured in steps (see legend to
Fig. 1) from a holding potential of -100 mV (n = 6) (A), in some cases
preceded by a large negative prepulse to -1 40 mV for 1 sec (n = 5) (D).
Data are means ± standard errors. The continuous curves were calcu-
lated according to eqs. 1 and 3, as described in the text.

To estimate whether riluzole could block closed channels,
the oocytes were hyperpolarized to -140 mV to ensure that

inactivation was completely removed (Fig. 6). Sodium currents

were then elicited by a depolarizing test pulse and the dose-

response curve for riluzole inhibition was determined by testing

the effects of various drug concentrations. As shown in Fig. 6,

after the hyperpolarizing pulse the peak current amplitudes

observed in the presence of riluzole (IR), relative to control
currents in the absence of drug (‘Ct!), decreased as the riluzole

concentration (ER]) was increased and could be fit by a satu-

rating function:

IR/Icti = [1/(1 + Kc[R])]” (1)

with a Hill coefficient (n) of 0.6 and an inhibitory constant

(Ks) estimated at 30 pM. These results suggest a low affinity
block of closed (noninactivated) channels at sites with reduced

affinity at higher concentrations.

Discussion

Selective block of inactivated channels. Our results

suggest that high concentrations (>10 pM) of riluzole block
closed (noninactivated) RIIA channels, whereas low concentra-

tions preferentially block inactivated channels. The confor-

mation-selective block by riluzole is formally similar (12) to

the block of sodium channels by local anesthetics proposed in

the “modulated receptor” model (20, 21). Accordingly, the in-
teractions of riluzole with the channel can be summarized by

the following simplified state diagram:

____‘v Open

Closed 4 � Inactivated

� Riluzole
Closed/Blocked 4 � Inactivated/Blocked

This model makes the simplifying assumption that single

closed and inactivated states of the channel bind riluzole.

Nonetheless, it is consistent with several key observations,

namely (i) the lack of effect of riluzole on the time course of

inactivation, (ii� the lack of use-dependent block of open chan-

nels at low stimulation frequencies (i.e., for which inactivation

did not accumulate), (iii) the use-dependent block observed at
high stimulation frequencies, and (iv) the prolonged (voltage-

independent) recovery from inactivation of blocked channels.
The time course and components of the recovery from macti-

vation for blocked channels are a function of the rate constants
for several of the transitions shown in the model and are thus
not simply related to the riluzole binding steps (see Ref. 22).

Although we could not estimate the riluzole dissociation con-

stant for block of inactivated channels from the kinetics of the

recovery from inactivation, we were able to obtain estimates
from the steady state observations.

To estimate the affinity of riluzole for inactivated channels,

the shifts in the mid-points of the steady state inactivation

curves obtained in the presence of riluzole (z�Vo.5) (see Fig. 5

and Table 1) were used to calculate the inhibitory constant for

riluzole binding to the inactivated state (K1), according to the

following equation (23):

K1 = [R]/[(1 + [R]/Kc)/exp(�VO.l/Ah) - 1] (2)

where ER] is the riluzole concentration, K� = 30 pM (from eq.

1), and A,, 7.2 mV, i.e., the slope factor for the Boltzmann fit

to the control data in Fig. 5. The value of K1 was estimated at

0.2 ± 0.1 pM, 150-fold lower than the value estimated for K�,

demonstrating a highly selective block of inactivated channels.
This model assumes that A,, is constant, whereas it was ob-

served to increase with the riluzole concentration. The altered

voltage dependence of inactivation in the presence of riluzole

may be related to more complicated interactions than those

assumed in the simple state diagram presented above. As a

separate measure of the relevance of this estimate of K1, we fit
the dose-response data obtained at a holding potential of -100

mV (Fig. 6), at which more inactivation was present than at

-140 mV for the estimate of K� described above, with the

following equation incorporating terms for both forms of chan-

nel block (24):

IR/Icti 1/11 + (Ii� x [R]/Kc) + [(1 - h�) x [R]/K1]� (3)

where h� = 0.9, according to the Boltzmann fit for the data

obtained in the absence of riluzole (Fig. 5). The approximation

of this fit to the data is consistent with a more selective block
of inactivated RIIA by riluzole.

Our results are similar to previous findings at the frog node

of Ranvier (12), in which affinity constants of 90 pM and 0.29
pM were estimated for closed and inactivated sodium channels,
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repectively. The several hundred-fold greater affinity estimated

for riluzole binding to the inactivated state of the channels is

one of the most specific state-dependent drug affinities re-

ported. In our study only a subunit mRNA was injected into

the oocytes, demonstrating that riluzole binding does not re-

quire the presence of other subunits of the sodium channel.
Relevance to neuroprotection. We observed that riluzole

block of the sodium current was potentiated at high stimulation

frequencies, i.e., the block was use-dependent. Riluzole is thus
expected to preferentially block depolarized-hyperactive neu-

rons in seizure loci and around ischemic zones of quiescent

cells because their sodium channels are more often in the

inactivated state compared with the sodium channels of normal
neurons. Because selective inhibition of hyperactive neurons is

the preferred manner of seizure control (25), these results argue

strongly for the development of riluzole and its derivatives as

a new class of neuroprotective drugs.

By acting preferentially on neurons in a depolarized state,

such as during seizures or ischemia, and preventing them from

additional firing and depolarizing, riluzole could have the added

advantage of not interfering with normal cellular electrical

activity, avoiding undesirable side effects (such as cardiac ar-
rhythmias) ofchannel blockade observed with other compounds

such as benzocaine and charged local anesthetics (26-30). Com-
pounds that have effects similar to those of riluzole on steady

state inactivation and recovery have been described, including

neutral benzocaine (24, 31), diphenylhydantoin (32), and to-

cainide (33). However, these compounds have lower affinities

for the inactivated state than does riluzole, which provides its

advantage as a neuroprotective drug.

Although riluzole selectively blocked inactivated sodium

channels at low concentrations, it also blocks with lower affin-

ity both sodium and potassium channels at the frog node of

Ranvier (12) and rat brain glutamate receptors (11). The lower

affinity site may therefore be a nonspecific site or conformation

common to a variety of ion channels, whereas the high affinity

site appears to be specific for inactivated sodium channels,

suggesting that the latter is the principal site at which riluzole

effects its pharmacological actions. Interestingly, many drugs

and toxins modify sodium channel gating properties (including

inactivation), whereas blockers of potassium channels act pref-

erentially on open channels, although some may also block

closed channels (34). These observations suggest that the re-

gions involved in inactivation are important sites for pharma-

cological regulation of the sodium channel. Previous studies of

cloned sodium channels have identified several regions that are

important for inactivation (35). The mutagenesis approach may
therefore be of use in identifying the sites of interaction of

riluzole and the inactivation mechanism of the sodium channel.
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