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1 Lamotrigine (LTG), a new antiepileptic drug, requires long depolarizations to inhibit Na+ currents.
This suggests either slow binding of LTG to the fast inactivated state or selective binding of LTG to the
slow inactivated state of Na+ channels. To di�erentiate between these possibilities and to characterize
further the action of LTG, we studied the a�nity and kinetics of LTG binding to the Na+ channels in
acutely dissociated hippocampal neurones of the rat.

2 LTG inhibited more Na+ currents at more depolarized holding potentials. The inhibitory e�ect at
various holding potentials could be described by one-to-one binding curves, which yielded an apparent
dissociation constant of *7 mM for LTG binding to the inactivated channels (KI), and a dissociation
constant more than 200 times larger for LTG binding to the resting channels. A similar value of KI

(*9 mM) was also derived from the LTG concentration-dependent shift of the inactivation curve.

3 The recovery of LTG-bound inactivated Na+ channels was faster than the recovery of normal (drug-
free) slow inactivated channels. Moreover, the binding kinetics of LTG onto the inactivated channels
were faster than the development of the slow inactivated state, and were linearly correlated with LTG
concentrations, with a binding rate constant of *10,000 M71 s71. These ®ndings suggest that LTG
chie¯y binds to the fast inactivated state rather than the slow inactivated state.

4 We conclude that LTG, in therapeutic concentrations and at relatively depolarized membrane
potentials, may potently inhibit Na+ currents by slow binding to the fast inactivated state of Na+

channels. Like phenytoin, the slow binding rates may explain why LTG e�ectively inhibits seizure
discharges, yet spares most normal neuronal activities.
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Introduction

Lamotrigine (LTG, 3,5-diamino-6-(2,3-dichlorophenyl)-1,2,4-
triazine) is a new antiepileptic drug which shows the same ef-
®cacy as carbamazepine (CBZ) and diphenylhydantoin (DPH)
when used as monotherapy in newly diagnosed epilepsy
(Steiner et al., 1994; Brodie et al., 1995). LTD also has a si-
milar antiepileptic pro®le to CBZ and DPH in animal seizure
models (Miller, 1986), and shows a similar use-dependent
block of neuronal discharges at the cellular level (McLean &
McDonald, 1983; 1986; Lees & Leach, 1993; Xie et al., 1995).
The use-dependent block of discharges is of great mechanistic
interest as it readily explains why these nonsedative antiepi-
leptics may e�ectively inhibit seizure discharges, yet spare most
normal activities. The molecular basis of this interesting block
has been ascribed to the voltage-dependent inhibition of Na+

currents in various preparations by DPH, CBZ and LTG
(Matsuki et al., 1984; Willow et al., 1985; Lang et al., 1993;
Kuo & Bean, 1994a; Xie et al., 1995). As in the case of many
local anaesthetics (for review see Butterworth & Strichartz,
1990), the inhibition of Na+ channels by these antiepileptics is
more pronounced at more depolarized potentials, and has been
similarly envisaged with the `modulated receptor hypothesis',
which proposes that the inactivated state of the channel has a
much higher a�nity for the drug than the resting state (Hille,
1977; 1993).

However, the steady-state consideration (di�erent binding
a�nities between the drug and various gating states of the Na+

channel) cannot completely explain why there should be use-
dependent inhibition of neuronal discharges. For example,
many Na+ channels in a neurone would be transiently inacti-
vated after just one single action potential. Obviously DPH,
CBZ and LTG do not signi®cantly bind to and inhibit Na+

channels in this situation, otherwise normal neuronal activities

would not be spared with these drugs. Based on the necessity
of high-frequency discharges for the inhibition to happen, one
may reason that with one single action potential the period of
depolarization may be too short for the drug to act on the Na+

channel. Consistent with this idea, it has been directly de-
monstrated by voltage clamp studies that long (*seconds)
depolarizations are needed for DPH, CBZ and LTG to exert
their inhibitory e�ect on Na+ currents (Matsuki et al., 1984;
Lang et al., 1993; Kuo & Bean, 1994a,b; Xie et al., 1995). Thus
probably both the steady-state e�ect and the kinetics of the
development of the e�ect are important to understand the use-
dependent inhibition of Na+ channels and neuronal discharges
by these antiepileptics.

Why, then, would long depolarizations be needed for potent
block of Na+ currents by these anticonvulsants? There are at
least two possibilities. Na+ channels are voltage-gated mole-
cules whose conformational change is controlled by the
membrane potential. At hyperpolarized membrane potentials
most Na+ channels are in the resting (closed or deactivated)
state. Upon depolarization the channel quickly opens (activa-
ted) and then is quickly inactivated within a few milliseconds
(ms). This is the `fast' inactivated state which has been ex-
plained by the `ball-and-chain' model (Armstrong & Bezanilla,
1977; Armstrong, 1981). If the depolarization is sustained for,
say, a few seconds, some Na+ channels would be driven into
another inactivated conformation, the slow inactivated state
(Adelman & Palti, 1969; Schauf et al., 1976; Rudy, 1978). As
the development of slow inactivation and the development of
the inhibitory e�ect of antiepileptics on Na+ channels occur on
a similar time scale, one possibility is that the drug selectively
binds to the slow inactivated state rather than the fast inacti-
vated state. This is what has been proposed for the molecular
action of LTG (Xie et al., 1995). On the other hand, the drug
may still act on the fast inactivated state of the channel, but the
binding rate is slow. A prolonged depolarization to keep the
channel in the high-a�nity fast inactivated state is therefore1Author for correspondence.
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necessary for the inhibition to develop. The molecular action
of DPH seems to fall into this latter category (Kuo & Bean,
1994a).

To elucidate whether the molecular mechanisms of action
are really di�erent between LTG and DPH, we studied the
a�nity and kinetics of LTG binding to the Na+ channels in
mammalian central neurones. We found that similar to DPH,
LTG also inhibited Na+ currents by slow binding onto the fast
inactivated state of the channel. This process can be charac-
terized by simple one-to-one binding with a rate constant of
*10,000 M71 s71 and a dissociation constant of 7 ± 9 mM, well
within the clinical therapeutic concentration range of LTG.

Methods

Cell preparation

Coronal slices of the whole brain were prepared from 7 to 14-
day-old Long-Evans rats. The CA1 region was dissected from
the slices and cut into small chunks. After treatment for 5 ±
10 min at 378C in dissociation medium (in mM, Na2SO4 82,
K2SO4 30, MgCl2 3, HEPES 5 and 0.001% phenol red indi-
cator, pH=7.4) containing 0.5 mg ml71 trypsin (type XI,

Sigma, St. Louis, MO), tissue chunks were moved to disso-
ciation medium containing no trypsin but 1 mg ml71 bovine
serum albumin (Sigma) and 1 mg ml71 trypsin inhibitor (type
II-S, Sigma). Each time when cells were needed, 2 ± 3 chunks
were picked and triturated to release single neurones.

Whole-cell recording

The dissociated neurones were put in a recording chamber
containing Tyrode solution (in mM NaCl 150, KCl 4, MgCl2 2,
CaCl2 2 and HEPES 10, pH=7.4). Whole-cell voltage clamp
recordings were obtained with pipettes pulled from borosilicate
micropipettes (od 1.55 ± 1.60 mm, Hilgenberg Inc., Germany),
®re polished, and coated with Sylgard (Dow-Corning,Midland,
MI). The pipette resistance was 1 ± 2 MO when ®lled with the
internal solution containing (in mM) CsCl 75, CsF 75, MgCl2
2.5, HEPES 5 and EGTA 2.5 (pH adjusted to 7.4 by CsOH).
Seal was formed and the whole-cell con®guration obtained in
Tyrode solution. The cell was then lifted from the bottom of the
chamber and moved in front of an array of ¯ow pipes (Micro-
capillary from Hilgenberg Inc., Germany; content 1 ml, length
64 mm) emitting either control or drug-containing external re-
cording solutions (Tyrode solution with or without 10 ±
1000 mM LTG, Wellcome Foundation Ltd., Kent, U.K.). Ex-
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Figure 1 Inhibition of Na+ currents by lamotrigine (LTG) at di�erent holding potentials. (a) Currents in control, 10 or 100 mM
lamotrigine in a cell held at 7110 mV or 770 mV and stepped to 0 mV for 5 ms every two seconds. The dashed lines indicate zero
current level. (b) Dose-response curves for inhibition of Na+ currents by 10 ± 1000 mM lamotrigine at di�erent holding potentials
(*, 7110 mV; ~, 7100 mV; ^, 790 mV; *, 780 mV; ~,770 mV &, 760 mV). The cell, which is typical of 5 cells, was held
at 760 to 7110 mV and stepped every two seconds to 0 mV for 5 ms. The peak current in the presence of lamotrigine were
normalized to the control peak current at each holding potential and plotted against the concentration of lamotrigine in
semilogarithmic scale. The lines are best ®ts for each set of data of the form: relative current=1/(1+([lamotrigine]/Kapp)), where
Kapp is the apparent dissociation constant and was 1490, 288, 115, 53, 17 and 7 mM at holding potentials of 7110, 7100, 790,
780, 770 and 760 mV, respectively.
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cept for the 1 mM ®nal LTG concentration, which was prepared
by directly dissolving LTG in the Tyrode solution, LTG was
dissolved in dimethylsulphoxide (DMSO) to make a 100 mM

stock solution, and then diluted into Tyrode solution to attain
the ®nal concentration desired. The ®nal concentration of
DMSO (0.3% or less) was not found to have any signi®cant
e�ect on Na+ currents. Currents were recorded at room tem-
perature (*258C) with an Axoclamp 200A ampli®er, ®ltered at
5 kHz with four-pole Bessel ®lter, digitized at 20 ± 50 ms inter-
vals, and stored by a Digidata-1200 analog/digital interface
along with the pCLAMP software (Axon Instruments, Foster
City, CA). Residual series resistance is generally smaller than
1 MO after partial compensation (typically490%), and the
product of residual series resistance and cell capacitance was
520 ms. All statistics are given as mean+s.d.

Results

Stronger inhibition of Na+ currents by lamotrigine at
more depolarized holding potentials

Figure 1 demonstrates the voltage-dependent e�ect of LTG on
neuronal Na+ currents. When the holding potential was
7110 mV, 10 mM LTG showed negligible e�ect on the Na+

currents. Even 100 mM LTG inhibited only 5 ± 10% of the Na+

currents. However, at a holding potential of 770 mV, both
100 and 10 mM LTG signi®cantly inhibit the Na+ currents
(Figure 1a). Similar experiments were performed at various
holding potentials and the dose-response curves are plotted in
Figure 1b. For each holding potential the e�ect of di�erent
concentrations of LTG on Na+ currents could be ®tted by a
simple one-to-one binding curve. At a holding potential of
760 mV, LTG inhibited neuronal Na+ currents with an ap-
parent dissociation constant (Kapp) of *7 mM. In contrast, the
Kapp was *1500 mM at a holding potential of 7110 mV (a
rough estimate since even 1 mM LTG blocked only *40% of
current in this condition), indicating an a�nity change by
more than 200 times between membrane potentials 760 mV
and 7110 mV.

As the steady-state inactivation curve of Na+ channels also
showed a steep change between 760 to 7110 mV (see the
control curves in Figure 2a), the above ®nding is consistent
with the notion that LTG binds to the inactivated channels
with a much higher a�nity than to the resting channels. This
point can be illustrated in a more quantitative manner by the
following scheme:

where R and I are the resting and inactivated states of the
channel, and RD and ID are the LTG-bound resting and in-
activated states, respectively. The activated (open) state was
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Figure 2 Shift of the inactivation curve by lamotrigine (LTG). (a)
The cell was held at 7130 mV and stepped every 15 s to the
inactivating pulse (7130 to 760 mV) for 9 s. The channels which
remained available after each inactivating pulse were assessed by the
peak currents during the following short test pulse at 0 mV for 5 ms.
The fraction available was de®ned as the normalized peak current
(relative to the current evoked with an inactivating pulse at 7130 mV)
and is plotted against the voltage of the inactivating pulse. Two sets of
control data (&, ~) were obtained before and after the four sets of
data in 10 (*), 30 (~), 100 (!), and 300 (&) mM lamotrigine to

demonstrate that there was no signi®cant voltage drift during this
long experiment. The lines were ®tted with a Boltzmann function 1/
(1+exp((V-Vh)/k)), with Vh values (in mV) of 785.8, 786.5, 790.2,
792.5, 796.5, and 7103.2; and k values of 5.6, 5.7, 5.8, 6.4, 6.1,
and 5.9 for control (before lamotrigine), control (after lamotrigine),
10, 30, 100 and 300 mM lamotrigine, respectively. (b) The slope factor
k was not changed by lamotrigine. Average values of k in control, 10,
30, 100 and 300 mM lamotrigine were 6.1+0.5, 6.0+0.5, 6.4+0.4,
6.2+0.5 and 6.4+0.4 (all n=6), respectively. (c) Dose-dependent
shift of the midpoint of the inactivation curve. The shift (DV) was
determined in each cell by the di�erence between Vh in control and in
various concentrations of lamotrigine. The values of DV (in mV) were
4.3+0.8, 6.5+1.2, 11.5+1.0 and 20.1+1.98 (all n=6) for 10, 30, 100
and 300 mM lamotrigine, respectively.
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omitted because most activated Na+ channels exist so transi-
ently upon depolarization that for steady-state discussion one
may consider only the R and I states for simplicity. According
to this scheme, the fraction of channels in state R (the channels
that may be activated, or therefore the current that may be
elicited upon membrane depolarization) would be reduced by
LTG with a form expected for simple one-to-one binding and a
Kapp given by (Bean, 1984; Kuo & Bean, 1994a):

where h is the fraction of channels in state R in the absence of
drug at a particular holding potential (`fraction available' in
the control condition in Figure 2a), and KR and KI are the
dissociation constants of LTG binding to the resting and in-
activated states, respectively. This is as if the overall a�nity of
LTG toward the channel (which may be envisaged as 1/Kapp,
since the dissociation constant is inversely proportional to af-
®nity) is a weighted average of the LTG a�nity toward each
state of the channel (S fraction of a state6the a�nity toward
that state, or h/KR+(1-h)/KI). A Kapp of *1500 mM at
7110 mV, where h is 40.95, and a Kapp of *7 mM at
760 mV, where h is 50.05 (Figures 1b and 2a), would
therefore indicate that KR is somewhat larger than 1500 mM,
and is much larger than KI (*7 mM).

Measurement of the a�nity between inactivated Na+

channels and lamotrigine by shift of the inactivation
curve

As the inactivated state seems to represent the high-a�nity
conformation of Na+ channels for LTG binding, it is of great
interest to see whether a similar value of KI can be obtained
with other approaches. In the control condition, the fraction of
channels in state R at various membrane potentials can be well
approximated by a Boltzmann distribution, 1/(1+exp
((V7Vh)/k)) (the `inactivation curve', Figure 2a). According to
the foregoing scheme, in the presence of LTG the shape of the
inactivation curve (the slope factor k) should remain the same,
but the midpoint of the curve (Vh) would be shifted by DV,
with exp(DV/k) equal to (1+(D/KI)/(1+(D/KR)), where D is
the concentration of LTG (Bean et al., 1983; Benoit & Es-
cande, 1991; Kuo & Bean, 1994a). Figure 2a demonstrates the
shift of the inactivation curves by LTG. Figure 2b and c fur-
ther demonstrates that the shift is LTG concentration-depen-
dent, and the slope of the curves is not changed by LTG.
Figure 3a shows the cumulative results of DV/k, and the ex-
ponentials of the mean values of DV/k are plotted in Figure 3b,
in which a ®tted curve yielded a KI of *9 mM.

Slowed recovery of the inactivated Na+ channels by
lamotrigine

We subsequently investigated the kinetics of LTG e�ect on
neuronal Na+ channels. Figure 4 shows that the macroscopic
recovery of Na+ currents after long depolarizations is appar-
ently slower in the presence of 100 to 300 mM LTG (10 to 30
times the estimated KI). This is as if LTG binding moves the
inactivated channel from state I to state ID, a step farther
away from state R, and thus slows the recovery from inacti-
vation in Na+ channels. A closer examination of the slow re-
covery kinetics in LTG suggests that LTG mainly binds to the
fast rather than to the slow inactivated state of Na+ channels
(see Discussion).

Slow binding of lamotrigine onto the fast inactivated
Na+ channels

The binding rates of LTG onto the inactivated Na+ channels
are characterized in Figure 5. According to the shaded area in
Figure 4b, most inactivated channels had recovered after 5 ms
at the recovery potential, while the majority of LTG-bound

channels had not. The binding rate of LTG was thus assessed
by a voltage protocol similar to that in Figure 4a, but the
prepulse was gradually lengthened while the 7120 mV gap
was ®xed at 5 ms (Figure 5a). The `contaminating' e�ect of
normal slow inactivation was corrected by taking the di�er-
ence between the currents in control and in LTG, and it was
evident that the macroscopic binding rates increased as the
concentration of LTG increased (Figure 5b). Figure 5c and d
further demonstrates that the macroscopic binding rates in-
creased linearly with the increased drug concentration, sup-
porting the assumption in Figure 1b that LTG interacts with
inactivated Na+ channels via a simple one-to-one binding re-
action. The slope of the line in Figure 5d yielded a binding rate
constant of *10,000 M71 s71. Further analysis of these
binding kinetics also suggested that LTG mainly binds to the
fast but not the slow inactivated state of Na+ channels (see
Discussion).

Discussion

LTG, like DPH and CBZ, inhibited repetitive discharges and
Na+ currents in a use-dependent manner, which may be clo-
sely related to its mechanism of antiepileptic action. We in-
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Figure 3 Determination of the a�nity between neuronal Na+

channels and lamotrigine (LTG) by DV/k (for the meaning of DV and
k please refer to Figure 2 and text). (a) DV/k versus lamotrigine
concentration (data from the same cells in Figure 2b and c). DV/k
was 0.69+0.19, 1.05+0.20, 1.94+0.31 and 3.3+0.40 for 10, 30, 100
and 300 mM lamotrigine, respectively. (b) Exp(DV/k) versus lamo-
trigine concentration. The data for lamotrigine were from the mean
values in (a). The line was the best ®t of the form: exp(DV/
k)=(1+(D/KI))/(1+(D/1,500)), where D denotes concentrations of
lamotrigine in mM; 1,500 represents the presumed apparent dissocia-
tion constant between the resting state of Na+ channel and
lamotrigine (i.e. KR set at 1500 mM) and KI was 9.5 mM by the ®t.
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vestigated the molecular events underlying such a use-depen-
dent block and found that the a�nity of LTG toward the
inactivated Na+ channels (1/KI) was more than 200 times
higher than its a�nity toward the resting (deactivated) chan-

nels (1/KR). The ®ndings are quantitatively consistent with a
simple scheme that LTG preferentially binds to the inactivated
state of Na+ channels via a simple bimolecular, one-to-one
binding reaction.

As the inactivated Na+ channels seem to be the major
pharmacological `target' for LTG, a key issue in understanding
the molecular action of LTG would be to clarify the nature of
the high-a�nity inactivated state. Xie et al. (1995) proposed
that LTG selectively binds to the slow inactivated state of the
Na+ channel. This proposal is based on the ®ndings that LTG
showed no inhibition of Na+ currents with a train of short-
duration pulses (which cause only channel opening and fast
inactivation but not slow inactivation), that the inactivation
curve was substantially shifted by LTG when the inactivating
pulse was long (`slow inactivation curve') but only insigni®-
cantly shifted when the inactivating pulse was short (`fast in-
activation curve') and that LTG did not change the decaying
kinetics of macroscopic Na+ currents (`the development of fast
inactivation'). However, all these ®ndings can be equally well
explained if LTG binds to the fast inactivated state of Na+

channels with slow binding kinetics.
A detailed analysis of the kinetic data in this study revealed

interesting information about the inactivated state which LTG
binds to. The time constant of recovery from the fast inacti-
vated state is *1 ms at 7120 mV (Kuo & Bean, 1994b), and
recovery from the slow inactivated state at similar hyperpo-
larizing potentials is very much slower (Kuo & Bean, 1994a).
As a ®rst approximation, in a time course of recovery from
inactivation one may assume that all the recovery happening
within 10 ms is from the fast inactivated state, and all that is
happening after 10 ms is from the slow inactivated state. If
LTG selectively binds to the slow inactivated conformation,
then the recovery in LTG should show a major component
which is even slower than the recovery from the drug-free slow
inactivated state. However, the experimental ®ndings, shown
in Figure 4, did not indicate such a component. On the other
hand, the exponential ®ts to the recovery courses after 10 ms
yielded smaller time constants in the presence of LTG (Figure
4). This suggests that most Na+ channels, which are presum-
ably bound by LTG at the end of the long (9 s) prepulse,
recover faster than those drug-free slow inactivated channels.
The kinetics of recovery thus support a signi®cant binding of
LTG to the fast rather than to the slow inactivated state of
Na+ channels.

The binding rates of LTG onto Na+ channels are also in-
formative in this regard. If LTG signi®cantly binds to the fast
inactivated state of Na+ channels, which develops within a few
milliseconds after depolarization, then the requirement of long
depolarizations for LTG action most likely indicates slow
binding of LTG onto the inactivated Na+ channels. In other
words, if the I state in the foregoing scheme represents the fast
inactivated state, then the R to I transition is so fast that the
overall slow speed of the R to I to ID must be due to a rate-
limiting step I to ID. An important connotation from this
argument is that if the I to ID transition is accelerated by
increasing LTG concentration, the macroscopic rate of LTG
action or LTG binding should be correlatively faster. On the
other hand, if LTG selectively binds to the slow inactivated
state (i.e. that I state in the scheme represents the slow inac-
tivated state), then the macroscopic e�ect of LTG should not
develop faster than the development of the slow inactivated
state. Also, the slow R to I step in this case very likely would be
partially or even principally responsible for the slow macro-
scopic action of LTG. The binding rates of LTG thus probably
would not be tightly correlated to the LTG concentration,
which presumably changes only the rate of the I to ID step. In
Figure 5, we demonstrated that in some conditions the mac-
roscopic binding rates of LTG are remarkably faster than the
development of the slow inactivated state (e.g. the *10 s71

binding rate observed in 1 mM LTG), and that the binding
rates are linearly correlated to LTG concentrations. These
®ndings again suggest that LTG mainly binds to the fast in-
activated Na+ channels with slow binding rates rather than
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Figure 4 Slowed recovery from inactivation by lamotrigine. (a) In
control or in the continuous presence of 100 or 300 mM lamotrigine,
the cell was held at 7120 mV and then prepulsed to 740 mV for 9 s
to reach a maximal (steady-state) block of Na+ current by
lamotrigine. The cell was then stepped back to a recovery gap
potential at 7120 mV for variable length before being stepped again
to a short test pulse at 0 mV for 5 ms to assess the available current.
The pulse protocol was repeated every 15 s. The time courses of
recovery were obtained by plotting the peak current at the test pulse
against the length of the recovery gap potential. The `steady-state'
currents after long recovery periods were slightly reduced in the
presence of lamotrigine, possible resulting from mild inhibition of the
resting channels (KR *1500 mM) by 100 ± 300 mM lamotrigine. The
lines are monoexponential ®ts for the recovery course after 10 ms,
and are of the form: current (in nA)=10.0 ± 2.36Exp (-t/0.29) for
control (&, t denotes length of recovery potential in s), currrent=
9.1 ± 5.56Exp(-t/0.16) for 100 mM (*), and current=8.1 ± 6.16Exp(-
t/0.14) for 300 mM (&) lamotrigine, respectively. (b) The ®rst 500 ms
of the plot in part (a) was redrawn with an expanded scale of the
horizontal axis. The shaded area indicates that the di�erence between
the recovery in control and the recovery in lamotrigine was the most
when the recovery period was very short (eg 5 ± 10 ms), when most
currents in control have recovered but the majority of currents in
lamotrigine have not.
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selectively binds to the slow inactivated state. We therefore
conclude that the major `target' state of Na+ channels for
LTG binding is the fast but not the slow inactivated state, and
the slow recovery and binding rates may represent the key
molecular events underlying the use-dependent inhibitory ef-
fect of LTG on neuronal Na+ currents and discharges.

The steady-state block at a holding potential of 760 mV
(Figure 1) and the shift of the inactivation curve with 9 s in-
activating pulses (Figures 2 and 3) yielded very similar KI

(dissociation constants of LTG binding to the fast inactivated
Na+ channels in mammalian hippocampal neurones) of 7 ±
9 mM. The clinical therapeutic concentrations of LTG in

plasma are usually 6 ± 40 mM, but sometimes may be as high as
70 mM, especially during combined therapy with valproic acid
(Peck, 1991; Kilpatrick et al., 1996). Because 55% of total
LTG is bound to plasma proteins, the free concentration
(presumably representing the concentration of LTG in the
cerebrospinal ¯uid) is about 3 ± 18 mM, and may be as high as
30 mM. Thus the measured KI (7 ± 9 mM) is well within the
clinically relevant concentration range of LTG, and signi®cant
block of Na+ current may be expected in appropriate clinical
conditions. It should be noted that normally the Na+ current
in hippocampal neurones is very large, and inhibiting part of it
may not jeopardize the ®ring of the cell. However, during ictal
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Figure 5 Binding rate of lamotrigine (LTG) onto the inactivated Na+ channels. (a) In control (&), 30 (~), 100 (*) or 300 mM (&)
lamotrigine, the cell was held at 7120 mV and prepulsed to 740 mV for variable length. Immediately following the prepulse, there
was a recovery gap potential at 7120 mV for 5 ms so that most normal (not lamotrigine-bound) fast inactivated Na+ channels
could recover, and then the available current was assessed by a short test pulse at 0 mV for 5 ms. The pulse protocol was repeated
every 15 s. The peak Na+ current at the test pulse was plotted against the duration the prepulse to demonstrate the decay of the
peak currents as the prepulse lengthens. The decrease of the peak Na+ currents mostly re¯ects the increase of the drug-bound
inactivated channels, possibly with a little `contamination' from the concomitant increase of the normal slow inactivated channels
which is evident by the gradual decrease of the currents in the control condition. (b) To eliminate the contamination from the
normal slow inactivation, more accurate time courses of drug binding were obtained by plotting the di�erences between the currents
in lamotrigine and the currents in control (by use of the same experimental data as those in (a)) against the duration of the prepulse.
The lines were monoexponential ®ts of the form: current (nA)=5.19 ± 3.656Exp(-t/0.40) for 300 mM (&, t denotes length of
prepulse in s, the horizontal axis), current=3.62 ± 2.786Exp(-t/1.05) for 100 mM (*) and current=1.95 ± 1.436Exp(-t/1.70) for
30 mM (~) lamotrigine, respectively. (c) The macroscopic binding rates for lamotrigine (the inverses of the time constants as those in
(b)) from 5 cells were: 10.0+2.5 s71 (1000 mM), 2.8+0.8 s71 (300 mM), 1.05+0.31 s71 (100 mM) and 0.53+0.09 s71 (30 mM). (d)
Plot of the macroscopic binding rate (the mean values in (c)) against the concentration of lamotrigine. The line was a linear
regression ®t with a slope of 9,900 M

71 s71.
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discharges the prolonged depolarization might already drive a
large proportion of Na+ channels into the inactivated state,
and a little further reduction of the available Na+ channels
may abolish the generation of action potentials. Perhaps the
reduction of Na+ currents needed to stop ictal discharges is
di�erent in di�erent seizure foci, and this may be part of the
reason why the e�ective concentrations of LTG for satisfac-
tory seizure control vary markedly between patients (Kilpa-
trick et al., 1996).

The rate constant for LTG binding to the inactivated
channel was estimated to be *10,000 M71 s71 (Figure 5).
With the therapeutic free concentrations 3 to 30 mM, LTG
would have a macroscopic binding rate (the product of drug
concentration and the binding rate constant) of 0.03 to 0.3 s71.
This means that LTG requires a sustained depolarization of
the neurone for at least a few seconds to approach signi®cantly
its steady-state blocking e�ect on Na+ channels at room
temperature. At body temperature the binding should be fas-
ter. Also, as many Na+ channels have been inactivated and
become unavailable during ictal depolarization, LTG may not
have to reach its steady-state e�ect to abolish the seizure dis-
charges. It is therefore conceivable that some seizure dischar-
ges are probably stopped by LTG before the sustained
depolarization has lasted for a few hundred milliseconds.
Nevertheless, as such long depolarizations are unusual in
normal neuronal activities but are typical of many seizure
discharges (for review see Dichter & Ayala, 1987; Lothman &
Collins, 1990), the slow binding kinetics of LTG very likely
play a key role in its selective e�ect against seizure discharges
without disturbing most normal activities.

It would be interesting to make a comparison between LTG
and DPH, the ®rst nonsedative anticonvulsant still widely in
use today. Like LTG, DPH also signi®cantly binds to the fast
inactivated Na+ channels with slow kinetics via a simple bi-
molecular reaction (Kuo & Bean, 1994a), and thus also dis-
plays use- or voltage-dependent inhibition of Na+ currents.
Further comparison reveals that the similarities between these
two drugs are not only qualitative but also quantitative. The
7 ± 9 mM KI of LTG is very close to the *7 mM KI previously

found for DPH. The binding rate constant for LTG binding to
the inactivated channel (10,000 M71 s71) is also very close to
that of DPH, which is around 9,000 to 14,000 M71 s71 (Kuo
& Bean, 1994a). Thus LTG is very similar to DPH in its
pharmacological action on Na+ channels when compared on
an equimolar basis. However, the clinical e�cacy of the two
drugs could still be di�erent because of di�erences in their
therapeutic concentrations. According to a simple one-to-one
binding reaction, high therapeutic concentrations (*20 mM) of
LTG (KI 7 ± 9 mM) would exert a steady-state inhibition of the
available Na+ channels by 69 ± 74%, whereas high therapeutic
concentrations (*8 mM) of DPH (KI *7 mM) would inhibit
Na+ currents by 53%. Thus theoretically LTG would have a
higher chance of e�ective seizure control than DPH, at least
when adequate doses are used and high therapeutic concen-
trations are reached. Moreover, LTG, with its very similar
binding rate constant to DPH and its high therapeutic con-
centration *3 times higher than DPH, could have a macro-
scopic binding rate*3 times faster than DPH (when both are
at their high therapeutic concentrations). This might make
LTG more e�ective than DPH in abolishing ictal discharges
characterized by relatively short depolarizations or less fre-
quent repetitive bursts. However, the cost of LTG is much
higher than DPH. Also, the decrease of Na+ current necessary
for seizure control could be very individual and not necesarily
large in a particular patient. Thus it seems reasonable still to
try DPH ®rst, and to reserve LTG for those seizures refractory
to DPH or other `traditional' anticonvulsants inhibiting Na+

currents in a similar fashion. Combined therapy of LTG with
DPH or CBZ may also be advisable in the treatment of re-
fractory seizures, as the binding between these antiepileptics
and the inactivated neuronal Na+ channels probably is not
saturated in most clinically relevant drug concentrations.

We thank the Wellcome Foundation Ltd. (Kent, U.K., and its
branch in Taipei, Taiwan) for providing lamotrigine as a gift. This
work was supported by a grant from National Science Council,
Taiwan, R.O.C. NSC-86-2314-B-002-195.

References

ADELMAN, W.J. JR., & PALTI, Y. (1969). The e�ect of external
potassium and long duration voltage conditioning on the
amplitude of sodium currents in the giant axon of the squid,
Loligo pealei. J. Gen. Physiol., 54, 589 ± 606.

ARMSTRONG, C.M. (1981). Sodium channels and gating currents.
Physiol. Rev., 61, 644 ± 683.

ARMSTRONG, C.M. & BEZANILLA, F. (1977). Inactivation of the
sodium channel. II. gating current experiments. J. Gen. Physiol.,
70, 567 ± 590.

BEAN, B.P. (1984). Nitrendipine block of cardiac calcium channels:
high-a�nity binding to the inactivated state. Proc. Natl. Acad.
Sci. U.S.A., 81, 6388 ± 6392.

BEAN, B.P., COHEN, C.J. & TSIEN, R.W. (1983). Lidocaine block of
cardiac sodium channels. J. Gen. Physiol., 81, 613 ± 642.

BENOIT, E. & ESCANDE, D. (1991). Riluzole speci®cally blocks
inactivated Na channels in myelinated nerve ®bre. P¯ugers Arch.,
419, 603 ± 609.

BRODIE, M.J., RICHENS, A., YUAN, A.W.C. & THE U.K. LAMOTRI-

GINE/CARBAMAZEPINE MONOTHERAPY TRIAL GROUP.

(1995). Double-lined comparison of lamotrigine and carbamaze-
pine in newly diagnosed epilepsy. Lancet, 345, 476 ± 479.

BUTTERWORTH, J.F. & STRICHARTZ, G.R. (1990). Molecular
mechanisms of local anesthesia: a review. Anesthesiology, 72,
711 ± 734.

DICHTER, M.A. & AYALA, G.F. (1987). Cellular mechanisms of
epilepsy: A status report. Science, 237, 157 ± 237.

HILLE, B. (1977). Local anesthetics: hydrophilic and hydrophobic
pathways for the drug-receptor reaction. J. Gen. Physiol., 69,
497 ± 515.

HILLE, B. (1993). Ionic Channels of Excitable Membranes, pp. 408 ±
411. Sunderland, MA: Sinauer Associates.

KILPATRICK, E.S., FORREST, G. & BRODIE, M.J. (1996). Concentra-
tion-e�ect and concentration-toxicity relations with lamotrigine:
a prospective study. Epilepsia, 37, 534 ± 538.

KUO, C.C. & BEAN, B.P. (1994a). Slow binding of phenytoin to
inactivated sodium channels in rat hippocampal neurons. Mol.
Pharmacol., 46, 716 ± 725.

KUO, C.C. & BEAN, B.P. (1994b). Na+ channels must deactivate to
recover from inactivation. Neuron, 12, 819 ± 829.

LANG, D.E., WANG, C.M. & COOPER, B.R. (1993). Lamotrigine,
phenytoin and carbamazepine interactions on the sodium current
present in N4TG1 mouse neuroblastoma cells. J. Pharmacol.
Exp. Ther., 266, 829 ± 835.

LEES, G. & LEACH, M.J. (1993). Studies on the mechanism of action
of the novel anticonvulsant lamotrigine (Lamictal) using primary
neurological cultures from rat cortex. Brain Res., 612, 190 ± 199.

LOTHMAN, E.W. & COLLINS, R.C. (1990). Seizures and Epilepsy. In
Neurobiology of Disease. 4th ed. Pearlman A.L. & Collins R.C.
pp. 276 ± 298. New York: Oxford University Press.

MATSUKI, N., QUANDT, F.N., TEN EICK, R.E. & YEH, J.Z. (1984).
Characterization of the block of sodium channels by phenytoin in
mouse neuroblastoma cells. J. Pharmacol. Exp. Ther., 228, 523 ±
530.

MILLER, A.A., WHEATLEY, P., SAWYER, D.A., BAXTER, M.G. &

ROTH, B. (1986). Phramacological studies on lamotrigine, a novel
potential antiepileptic drug, I. Anticonvulsant pro®le in mice and
rats. Epilepsia, 27, 483 ± 489.

MCLEAN, M.J. & MCDONALD, R.L. (1983). Multiple actions of
phenytoin on mouse spinal cord neurons in cell culture. J.
Pharmacol. Exp. Ther., 227, 779 ± 789.

Lamotrigine inhibits Na+ channels 1237C.-C. Kuo & L. Lu



MCLEAN, M.J. & MCDONALD, R.L. (1986). Carbamazepine and
10,11-epoxycarbamazepine produce use- and voltage-dependent
limitation of rapidly ®ring action potentials of mouse central
neurons in cell culture. J. Pharmacol. Exp. Ther., 238, 727 ± 738.

PECK, A.W. (1991). Clinical pharmacology of lamotrigine. Epilepsia,
32 (suppl 2), S9 ± S12.

RUDY, B. (1978). Slow inactivation of the sodium conductance in
squid giant axons: pronase resistance. J. Physiol., 283, 1 ± 21.

SCHAUF, C.L., PENCEK, T.L. & DAVIS, F.A. (1976). Slow sodium
channel inactivation Myxicola axons: evidence for a second
inactive state. Biophys. J., 16, 771 ± 778.

STEINER, T.J., SILVEIRA, C., YUAN, A.W.C. & THE NORTH THAMES

LAMICTAL STUDY GROUP. (1994). Comparison of lamotrigine
(Lamictal) and phenytoin in newly diagnosed epilepsy. Epilepsia,
35 (supp 7), 61.

WILLOW, M., GONOI, T. & CATTERALL, W.A. (1985). Voltage clamp
analysis of the inhibitory actions of diphenylhydantoin and
carbamazepine on voltage-sensitive sodium channels in neuro-
blastoma cells. Mol. Pharmacol., 27, 549 ± 558.

XIE, X.M., LANCASTER, B., PEAKMAN, T. & GARTHWAITE, J.

(1995). Interaction of the antiepileptic drug lamotrigine with
recombinant rat brain type IIA N+ channels and with native
Na+ channels in rat hippocampal neurones. P¯uÈgers Arch. -Eur.
J. Physiol., 430, 437 ± 446.

(Received November 21, 1996
Revised March 14, 1997
Accepted April 2, 1997)

Lamotrigine inhibits Na+ channels1238 C.-C. Kuo & L. Lu


