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How Can an Na+ Channel Inhibitor
Ameliorate Seizures in Lennox–Gastaut

Syndrome?
Yun-Chu Lin, MS,1 Yi-Chen Lai, MS,2 Ping Chou, MS,1 Shu-Wei Hsueh, MS,2,3

Tien-Hung Lin, BS,1 Chen-Syuan Huang, PhD,2,3 Ren-Wei Wang, MS,1

Ya-Chin Yang, PhD ,2,3,4 and Chung-Chin Kuo, MD, PhD1,5

Objective: Lennox–Gastaut syndrome (LGS) is an epileptic encephalopathy frequently associated with multiple types
of seizures. The classical Na+ channel inhibitors are in general ineffective against the seizures in LGS. Rufinamide is a
new Na+ channel inhibitor, but approved for the treatment of LGS. This is not consistent with a choice of antiseizure
drugs (ASDs) according to simplistic categorical grouping.
Methods: The effect of rufinamide on the Na+ channel, cellular discharges, and seizure behaviors was quantitatively char-
acterized in native neurons and mammalian models of epilepsy, and compared with the other Na+ channel inhibitors.
Results: With a much faster binding rate to the inactivated Na+ channel than phenytoin, rufinamide is distinctively
effective if the seizure discharges chiefly involve short bursts interspersed with hyperpolarized interburst intervals,
exemplified by spike and wave discharges (SWDs) on electroencephalograms. Consistently, rufinamide, but not phenyt-
oin, suppresses SWD-associated seizures in pentylenetetrazol or AY-9944 models, which recapitulate the major electro-
physiological and behavioral manifestations in typical and atypical absence seizures, including LGS.
Interpretation: Na+ channel inhibitors shall have sufficiently fast binding to exert an action during the short bursts and
then suppress SWDs, in which cases rufinamide is superior. For the epileptiform discharges where the interburst inter-
vals are not so hyperpolarized, phenytoin could be better because of the higher affinity. Na+ channel inhibitors with dif-
ferent binding kinetics and affinity to the inactivated channels may have different antiseizure scope. A rational choice
of ASDs according to in-depth molecular pharmacology and the attributes of ictal discharges is advisable.
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Lennox–Gastaut syndrome (LGS) is an epileptic encepha-
lopathy characterized by cognitive impairment, behavioral

disorders, and multiple types of seizures. The seizures could
involve different levels of impaired consciousness (eg, atypical
absence), tonic/clonic/myoclonic convulsions or jerks, drop or
atonic attacks, and automatisms.1–3 The electroencephalogram
(EEG) patterns are diverse, including focal or diffuse/general-
ized, fast or slow, and spike/polyspike or spike and wave dis-
charges (SWDs), with SWDs being the hallmark of LGS.4

The SWDs in LGS are also called slow SWDs, because they

are usually slower (~1–3Hz), more diffuse, and less rhythmic if
compared to the rhythmic generalized 3Hz ones in petit mal
absence seizures.1,3 The electrophysiological and behavioral sei-
zures in LGS, however, are notorious for the intractability, with
progressive cognitive or intellectual decline.2 Many classical
and new antiseizure drugs (ASDs) have been applied to treat
seizures in LGS, including lamotrigine, valproic acid,
topiramate, clobazam, and felbamate, but with only limited
success.3,5 It is of note that except for lamotrigine, the classic
Na+ channel inhibitors (such as phenytoin and carbamazepine)
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are ineffective against, or could even aggravate, seizures in
LGS.6,7 More recently, cannabidiol and rufinamide were
approved for the treatment of LGS, with a responder rate of
~40% or slightly higher,8–15 and rufinamide has been demon-
strated to act also as an Na+ channel inhibitor.16 It is intriguing
that rufinamide could be especially effective against seizures in
LGS, and lamotrigine may have some beneficial effect, but the
other members of the same pharmacological category are gen-
erally ineffective.

Na+ channels are closed (in the resting state) at resting
membrane potentials, and opened and then “inactivated”
upon membrane depolarization. The inactivated channel is
no longer available for the generation of Na+ currents and cel-
lular activities, and must be recovered to the resting state with
membrane repolarization to be available again. All major anti-
seizure Na+ channel inhibitors in current clinical practice,
from phenytoin to rufinamide, are inactivation stabilizers,
which selectively bind to the inactivated rather than the rest-
ing states, prohibiting recovery from inactivation and decreas-
ing neuronal activities.17–19 The critical pharmacological
differences responsible for the different clinical effects among
the Na+ channel inhibitors therefore are more likely quantita-
tive than qualitative. We have previously characterized that
phenytoin, carbamazepine, and lamotrigine all bind slowly
(binding rate constants ~ 1–4 × 104 M−1 s−1) to the fast
inactivated state of the Na+ channel rather than the resting
state.20–23 The slow binding kinetics necessitate prolonged
periods of depolarization or burst discharges (longer than
those in most normal conditions) for adequate drug binding.
The inhibitory effect of these classical Na+ channel inhibitors
is therefore use-dependent and tends to spare normal dis-
charges. On the other hand, this quantitative attribute also
explains the ineffectiveness of these classical Na+ channel
inhibitors on seizure discharges in petit mal absence, myo-
clonic epilepsy, and LGS,6,7,17,19 which are characterized by
SWDs or short spikes on EEG. Such EEG patterns are indic-
ative of short burst or depolarization (too short to allow
enough drug binding) followed by a long interburst hyperpo-
larization phase, where most Na+ channels are recovered from
inactivation and drug binding is negligible. An intuitive way
for an Na+ channel inhibitor to have a significant suppressive
effect on the short bursts in SWDs then is acceleration of
binding kinetics. Here we demonstrate that rufinamide is dis-
tinct in its ultrafast binding rate (~2.7 × 105 M−1 s−1) to the
inactivated Na+ channel, and thus has a strong suppressive
effect on short neuronal burst discharges associated with
SWDs and behavioral seizures in LGS.

Materials and Methods
Preparation of Acute Mouse Hippocampal Slices
C57BL/6 mice used in this study were purchased from Bio-
LASCO (Taipei, Taiwan) or the Laboratory Animal Center of

National Taiwan University College of Medicine (Taipei, Tai-
wan). Animals were maintained in a vivarium with a controlled
12-hour dark/light cycle with free access to water and food. For
brain slice preparation, the brain was obtained from C57BL/6
mice of both sexes and aged postnatal day (p) 19 to 25 (or aged
p7–p14 for the acute AY-9944 model, or aged p30–p40 for the
pentylenetetrazol [PTZ] model) under isoflurane anesthesia and
put in ice-cold oxygenated (95% O2/5% CO2) cutting solution
(containing [in mM] 87 NaCl, 37.5 choline chloride,
25 NaHCO3, 25 glucose, 2.5 KCl, 1.25 NaH2PO4, 7 MgCl2,
and 0.5 CaCl2). Hippocampal coronal slices (270μm thick) were
then cut on a vibratome (VT1200S; Leica, Wetzlar, Germany).
The slice was incubated in the oxygenated cutting solution for
25 minutes at 30�C and then transferred into oxygenated saline
(containing [in mM] 125 NaCl, 26 NaHCO3, 25 glucose, 2.5
KCl, 1.25 NaH2PO4, 1 MgCl2, and 2 CaCl2) for 25 minutes at
30�C before electrophysiological recordings.

FIGURE 1: The apparent binding affinity of rufinamide (RFM)
to Na+ channels at −70 and −120mV. (Top) The cell was held
at −120 (left) or −70mV (right) and stepped every second to
0mV for 3 milliseconds before (Tyrode, before) and after
application of RFM (100–300μM). The inhibitory effect of
RFM is evident with a holding potential of −70mV but not
−120mV, and the effect is reversible by washout of drugs
(Tyrode, after). (Bottom) Concentration-dependent inhibition
of Na+ currents by RFM at a holding potential of −120mV
(n = 6, 6, 5, 8, and 6, respectively) or −70mV (n = 9, 8, 8, 17,
and 9, respectively). The peak current in drug is measured
when steady-state inhibition is reached (usually within
seconds), and is normalized to that in control (before drug)
to give the relative current. The lines are fits to each set of
data and are of the following form: relative current = 1/(1
+ [RFM]/Kapp), where [RFM] is RFM concentration and Kapp is
the apparent dissociation constant of RFM, and is 242.2 and
573.7μM at holding potentials of −120 and −70mV,
respectively.
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Electrophysiological Recording in Brain Slices
An acute hippocampal slice was brought to a recording chamber
with oxygenated saline stably infused by a peristaltic pump (Gilson,
Middleton, WI) at a rate of ~5ml/min. Hippocampal CA1 pyrami-
dal neurons were visualized with a ×60 water immersion objective
on an upright microscope (BX51WI; Olympus, Tokyo, Japan).
The neurons were then recorded in whole-cell current-clamp modes
at room temperature with pipettes filled with K+-based solution (in
mM, 116 KMeSO4, 6 KCl, 2 NaCl, 20 hydroxyethylpiperazine
ethane sulfonic acid [HEPES], 0.5 ethyleneglycoltetraacetic acid
[EGTA], 4 MgATP, 0.3 NaGTP, and 10 NaPO4 creatine,
pH 7.25 adjusted with KOH) and having a resistance of 3 to

6MΩ. The electrodes were made from borosilicate capillaries
(Harvard Apparatus, Holliston, MA; 1.65mm outer diameter,
1.28mm inner diameter) and by a micropipette puller (DMZ-
Zeitz-Puller; Zeitz-Instruments, Martinsried, Germany). In Figure 6,
burst discharges were elicited by intracellular injection of 5 consecu-
tive 200-millisecond step currents with 1-second intervals between
steps. The amplitude of the injected current was adjusted for each
neuron to be the minimum that reliably evokes 5 spikes in the first
step, and was generally 100 to 150pA with a baseline membrane
potential of −80mV and 50 to 80pA with a baseline membrane
potential of −60mV, yielding a rather constant plateau potential at
−50 to −55mV for both cases. We chose −80 and −60mV as the

FIGURE 2: The binding kinetics of rufinamide (RFM) and phenytoin (DPH) to Na+ channels at −70mV. (A) The cell was held at
−70mV, and stepped every 50 milliseconds to 0mV for 1 millisecond. The normalized peak current amplitude is plotted over
time before and after application of different concentrations (10, 30, or 100μM) of RFM (top row) or DPH (bottom row). The
curves are monoexponential fits to the data points after drug application, showing higher binding rates with higher
concentrations of RFM (time constants of 0.36, 0.18, and 0.12 seconds) or DPH (time constants of 3.08, 1.44, and 1.38 seconds).
(B) The reciprocals of the time constants from the monoexponential fits in A are plotted against drug concentration. The line is
the best linear regression fit to the data points with the slope and y-intercept of 3.4 × 104 M−1 s−1 and 4.0 s−1 for RFM (left,
n = 5, 8, and 8 for 10, 30, and 100μM, respectively), and 3.2 × 103 M−1 s−1 and 0.41 s−1 for DPH (right, n = 5, 5, and 4 for 10,
30, and 100μM respectively), respectively. [Color figure can be viewed at www.annalsofneurology.org]
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baseline membrane potential here based on the findings in
Figures 3–5, where the effect of rufinamide is much smaller, with a
prepulse of −80 mV rather than −60 mV. Recordings were
acquired with a Multiclamp 700B amplifier (MDS Analytical
Technologies, Sunnyvale, CA), filtered at 1kHz, and digitized at
10 to 20kHz with a Digidata-1440 analog/digital interface (MDS
Analytical Technologies).

Electrophysiological Recording in Acutely
Dissociated Hippocampal Neurons
For preparation of acutely dissociated hippocampal neurons, we
first obtained brain slices from C57/BL6 mice of both sexes and
aged p7 to p14 with procedures similar to those described above,
except that 400μm-thick slices were cut for this purpose. The

CA1 region was dissected from the slices and cut into small
chunks. After treatment for 5 to 10 minutes at 37�C in
dissociation medium (in mM, 82 Na2SO4, 30 K2SO4, 3 MgCl2,
and 10 HEPES, pH = 7.4) containing 0.25% trypsin–
ethylenediaminetetraacetic acid (EDTA; 1×; Gibco, Waltham,
MA), tissue chunks were moved to dissociation medium con-
taining no trypsin but 1mg/ml bovine serum albumin (Sigma-
Aldrich, St Louis, MO). Each time when cells were needed, 2 to
3 chunks were picked and triturated to release single neurons.
The dissociated neurons were put in a recording chamber con-
taining Tyrode solution (in mM, 150 NaCl, 4 KCl, 2 MgCl2,
2 CaCl2, and 10 HEPES, pH = 7.4). Whole-cell voltage clamp
recordings were obtained using pipettes pulled from borosilicate
micropipettes (outer diameter = 1.55–1.60mm; Hilgenberg,

FIGURE 3: The stronger inhibitory effect of rufinamide (RFM) at −60 than at −80mV. (A–C) The cell was held at −120mV, and
stepped to a test pulse 0mV for 3 milliseconds to get the control current (IControl). The cell was then held at −120mV for
1 second and stepped to an inactivating pulse at −80mV (B) or −60mV (C) for different lengths (1, 4, 7, 10, 13, 16, 19, 50,
100, 150, 200, 250, and 300 milliseconds). The second test pulse of 0mV was then applied to obtain the residual current (ITest),
which was normalized to IControl and plotted against the inactivating time. The time courses of decrease of currents with an
inactivating pulse at −80mV could not be reasonably fitted with monoexponential functions, and thus the lines connecting the
data points are drawn by hand. The time to 50% decay in current amplitude is 34, 19, 31, and 31 milliseconds in the absence
(n = 16) and presence of 30, 100, and 300μM RFM (n = 4, 7, 8), respectively (B). The time courses of decrease of currents with an
inactivating pulse at −60mV, however, are well fitted with monoexponential functions in the absence (n = 9) and presence of 30,
100, and 300μM RFM (n = 4, 5, and 4), with time constants of 24.2, 20.5, 18.3, and 17.7 milliseconds, respectively (C). (D) The
inverses of the time constants in C are plotted against RFM concentrations. The solid line is a linear regression fit to the data
points in control (Tyrode), 30μM RFM, and 100μM RFM with a slope and y-intercept of 1.2 × 105 M−1 s−1 and 43.0 s−1,
respectively. The dashed line is a linear regression fit to all 4 data points in control and 30, 100, and 300μM RFM with a slope
and y-intercept of 4.0 × 104 M−1 s−1 and 46.0 s−1, respectively. Note the apparent deviation of the data point in 300μM RFM
from the linearity set by the data points in control, 30μM RFM, and 100μM RFM. [Color figure can be viewed at www.
annalsofneurology.org]
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Malsfeld, Germany), fire polished, and filled with the standard
internal solution containing (in mM) 75 CsCl, 75 CsF, 3 MgCl2,
10 HEPES, and 5 EGTA, pH adjusted to 7.4 by CsOH. Seal
was formed and the whole-cell configuration obtained in Tyrode
solution. The cell was then lifted from the bottom of the cham-
ber and moved in front of an array of flow pipes (Microcapillary;
Drummond Scientific Company, Broomall, PA; content = 1μl,
length = 64mm) emitting external recording solutions, which
were Tyrode solution with or without different concentrations of
drugs. Currents were recorded at room temperature (~25�C)

with an Axopatch 200A amplifier, filtered at 5kHz with a 4-pole
Bessel filter, digitized at 40-microsecond intervals, and stored
using a Digidata-1322A analog/digital interface along with
pCLAMP software (Molecular Devices, Sunnyvale, CA). Series
resistance was generally between 1 and 3MΩ. The pulse proto-
cols are detailed in each figure. The interpulse interval was in
general 1 to 4 seconds, which was repeatedly checked to assure
full recovery of the inactivated channel back to the baseline or
resting state.

AY-9944 Model and Behavioral Tests
An acute AY-9944 mouse model was established by daily subcu-
taneous injection of AY-9944 (7.5mg/kg; Tocris Bioscience,
Bristol, UK) into C57/BL6 mice of both sexes from p3 to p6
according to the literature.24 In some groups of mice, 50mg/kg
rufinamide or 40mg/kg phenytoin was always coinjected with
AY-9944. Behavioral tests were performed at p7. Despite no
apparent seizure behaviors being observed, the mice receiving
AY-9944 injection showed delayed response to postural changes.
The mice were put upside down manually every 30 seconds, and
the time for tuning over from the upside-down body posture was
evaluated in a 5-minute session. After behavioral tests, acute
brain slices were obtained for electrophysiological recording. The
chronic AY-9944 mouse model was also established by consecu-
tive subcutaneous injection of AY-9944 (7.5mg/kg, Tocris Bio-
science) into C57/BL6 mice of both sexes on p2, p8, p14, and
p20 according to the literature.25–27 In vivo electrophysiological
recordings and behavioral tests were then performed on p45
to p50.

PTZ Model and Behavioral Tests
C57BL/6 mice (p30–p40 and 11–21g) were pretreated with
vehicle (75% dimethylsulfoxide [DMSO] and 0.25% methyl-
cellulose in ddH2O) or anticonvulsant drugs (50mg/kg
rufinamide or 40mg/kg phenytoin in vehicle) before injection
of 40mg/kg PTZ (in 0.9% NaCl); all treatments were given
intraperitoneally.28,29 The behavioral tests were performed
5 minutes after drug injection. When the animal had showed
no gross movement for >10 seconds, the whiskers and ears on
each side were touched twice with a cotton swab within 3 sec-
onds, and the responsiveness (presence or absence of response)
was documented. The 3-second trials were repeated every
10 seconds for a total period of 8 minutes, or would be
stopped prematurely when the animal started to move or have
high-stage seizures (Racine stage 3 or above). The difference
between the normalized numbers of trials with no response
(normalized to the total test time) before and after PTZ injec-
tion is defined as the absence index. After the behavioral tests,
acute brain slices were obtained for electrophysiological
recordings.

Animals and Stereotaxic Surgery
Three- to 5-week-old normal mice and 5- to 6-week-old AY-
9944–treated mice were anesthetized by intraperitoneal injection
of 1ml/kg of a saline mixture solution containing 50mg/ml
Zoletil 50 (Virbac, Carros, France) and xylazine (Sigma-Aldrich)

FIGURE 4: The recovery course from fast inactivation. (A) The
cell was held at −120mV, and stepped to 2 consecutive
pulses at 0mV for 20 milliseconds with an intervening gap at
−120mV of 2, 4, 6, 8, 10, 20, or 30 milliseconds. The currents
at the first and second 0mV pulses are shown, with the
length of the −120mV gap indicated above each current.
(B) The relative current is derived by normalization of the
current in the second pulse to that in the first pulse of every
sweep, and is plotted against the length of the intervening
gap to obtain the time course of recovery from fast
inactivation (n = 6).
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and were placed on a stereotaxic frame (David Kopf Instruments,
Tujunga, CA). Six parallel tungsten electrodes 0.16mm apart
from each other (0.0015 inches in diameter; California Fine
Wire Co, Grover Beach, CA) were implanted into the primary
motor cortex (anterior 1mm, lateral 1~2mm, and depth

0.16~1mm from the bregma) for local field potential (LFP)
recordings. Two screws bundled with silver wires were locked on
the nasal bone and the skull over the cerebellum for ground and
reference signals. After surgery, mice were allowed to recover for
at least 7 days before in vivo electrophysiological recordings.

FIGURE 5: The binding kinetics of rufinamide (RFM) onto the inactivated channel at −60mV. (A) The cell was held at −120mV,
and stepped to a first test pulse of 0mV for 3 milliseconds to get the control current. The cell was then held at −120mV for
1 second and stepped to an inactivating pulse at −60mV (or −80mV in E) for different lengths (1, 4, 7, 10, 13, 16, 19, 50, 150, or
250 milliseconds). The second test pulse of 0mV was then applied after an intervening gap at −120mV for 10 milliseconds to
recover most drug-free fast inactivated channels. The representative currents in the absence (Tyrode) and presence of 100μM
RFM from the same neuron are overlaid according to the time sequence of examination. The length of the intervening gap is
indicated above each current. (B) The relative current is derived by normalization of the current in the second test pulse to that
in the first test pulse of every sweep, and is plotted against the length of the inactivating pulse at −60mV. The lines are best fits
with monoexponential functions with time constant of 104, 50, 50, and 33 milliseconds in the absence and presence of 30–
100μM RFM (n = 17, 8, 6, and 5, respectively). (C) The difference between the mean values in control (Tyrode) and in RFM in B is
replotted against the length of the inactivating pulse. The lines are fits with monoexponential functions and time constant of
42.7, 28.1, and 23.4 milliseconds for 30, 60, and 100μM RFM, respectively. (D) The inverse of the time constant in C is plotted
against RFM concentration. The line is a linear regression fit to the data points with a slope and y-intercept of 2.7 × 105 M−1 s−1

and 17.0 s−1, respectively. (E) The same plot as that in B, except that the inactivating pulse is set to −80mV. The lines are best
fits of monoexponential functions with time constant of 500 and 50 milliseconds in the absence and presence of 100μM RFM,
respectively (each n = 6). [Color figure can be viewed at www.annalsofneurology.org]
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In Vivo Electrophysiological Recordings and
Analysis
In vivo electrophysiological signals were recorded via an amplifier
(Model 3600; A-M Systems, Sequim, WA), band-pass filtered
(0.3–3kHz), amplified 1,400 times, and digitized/sampled at
25kHz by an analog to digital converter (DataWave Technolo-
gies, Loveland, CO). PTZ was dissolved in normal saline.
Rufinamide and phenytoin were dissolved in 75% DMSO and

0.25% methylcellulose in ddH2O for injection. Animals were
placed into the observation box for 10-minute baseline record-
ings. A single dose of PTZ (40mg/kg) was then administered
intraperitoneally for the control experiment. On the second day,
rufinamide (50mg/kg) or phenytoin (40mg/kg) followed by PTZ
(40mg/kg) in 15 minutes was applied after baseline recordings to
investigate the drug effect. Behavioral and electrophysiological
changes were observed for 1 hour following PTZ administration.

FIGURE 6: The stronger inhibitory effect of rufinamide (RFM) than phenytoin (DPH), carbamazepine (CBZ), and lamotrigine (LMT)
on short burst discharges with hyperpolarized interburst intervals. (A) Short burst discharges with a plateau of −50 to −55mV
were elicited by 5 consecutive 200-millisecond constant step currents (interstep interval = 1 second) in a hippocampal neuron,
where the baseline membrane potential was set at either −80 (left) or − 60mV (right). Raw sweeps elicited by the first 2 current
steps are shown. (B) The spike number in each of the 5 consecutive bursts (first to fifth) and the total spike number in the
5 bursts (“All”) in each drug is normalized to that in control (without drug) to give the % Spike Count. One hundred micromolars
RFM (n = 9) and 30μM LMT (n = 10), but not 10μM DPH (n = 12), 12μM CBZ (n = 9), and 10μM LMT (n = 11), significantly
decrease the spikes in bursts when the interburst (baseline) membrane potential is −80mV. On the other hand, most of the
drugs decrease the spikes in bursts with an interburst potential of −60mV, where 100μM RFM seems to have the least
prominent effect. *p < 0.05, **p < 0.01, ***p < 0.01 compared to the RFM group by Mann–Whitney U test. [Color figure can be
viewed at www.annalsofneurology.org]
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Behavioral scores were evaluated with modified Racine stages:
stage 0, normal behavior; 0.5, behavioral arrest, absencelike
behavior; 1, facial and mouth clonus; 2, head nodding; 3, unilat-
eral forelimb clonus; 4, bilateral forelimb clonus with rearing;
5, rearing and falling; 6, wild running and jumping; 7, tonic

posturing. In AY-9944–treated mice, rufinamide (50mg/kg) was
injected intraperitoneally after 30-minute baseline recordings.
Behavioral and electrophysiological changes were documented
for another 1 hour following rufinamide administration. After
rest for 24 hours, the same procedures with phenytoin

(Figure legend continues on next page.)
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(40mg/kg) were repeated in the AY-9944–treated mice. For LFP
recordings and multiunit recordings, signals were band-pass fil-
tered at 0.3 to 100Hz and 300 to 3,000Hz, respectively. LFPs
were downsampled to 500Hz for analysis afterward. The wavelet
spectrogram of LFPs was calculated from a custom-written script
in MATLAB (MathWorks, Natick, MA). The power spectrum
was calculated by fast Fourier transformation using Welch’s
method with the Hamming window (window length = 1,024
points with half of the data overlapped, giving a frequency reso-
lution of 0.488Hz; pCLAMP 10).

Analyses and Statistics
All statistics are given as mean ± standard error of mean. Electro-
physiological data were analyzed with pCLAMP 10, SigmaPlot
12 (Systat Software, San Jose, CA), Excel 2013 (Microsoft, Red-
mond, WA), and PASW Statistics 18.0 (IBM, Armonk, NY)
software. For statistical comparison, nonparametric Mann–
Whitney U tests or Wilcoxon signed rank tests were used
(PASW statistics 18.0; or Prism6, GraphPad Software, San
Diego, CA). Methods for statistical comparison are also described
in the figure legends, with a value of p < 0.05 indicating
significant difference.

Materials
Rufinamide and lamotrigine were from Tocris Bioscience, and
carbamazepine and phenytoin were from Sigma-Aldrich, and
were dissolved in DMSO (Sigma-Aldrich) to make stock solu-
tions. The final concentration of DMSO (0.3% or less) was not
found to have significant effect on Na+ currents. AY-9944 and
PTZ were purchased from Tocris Bioscience. Isoflurane was pur-
chased from Piramal Critical Care (Bethlehem, PA), and 0.25%
trypsin–EDTA(1×) was purchased from Gibco. Bovine serum
albumin, methylcellulose, and all chemical salts used in this
study were purchased from Sigma-Aldrich.

Study Approval
This study was performed in accordance with the recommenda-
tions in the Guide for the Care and Use of Laboratory Animals
of the US National Institutes of Health. All experiments includ-
ing the care and use of animals were approved by the institu-
tional animal care and use committee of National Taiwan
University College of Medicine and that of Chang Gung Univer-
sity, Taiwan. All efforts were made to minimize animal suffering.

Results
Rufinamide Selectively Binds to Inactivated Na+

Channel
Rufinamide shows only negligible effect on neuronal Na+

currents elicited from a holding potential of −120mV, but
has manifest inhibitory effect on currents elicited from a
more depolarized holding potential such as −70mV
(Fig 1). The concentration–response curve gives a rough
estimate of the apparent dissociation constant (Kapp) of
~242mM and ~574μM for rufinamide binding to the Na+

channel (assuming a bimolecular interaction) at a holding
potential of −120mV (where most channels occupy the
resting state) and −70mV (where more channels are
driven into the inactivated states), respectively. The very
different Kapp values with the two holding potentials sug-
gest highly selective binding of rufinamide to the
inactivated rather than the resting Na+ channels, like the
cases of most other ASDs targeting Na+ channels. Because
not all Na+ channels are inactivated at −70mV,20–22 Kapp

at −70mV should be an averaged measure of the affinity
of rufinamide to a mixture of different gating states. The
true binding affinity of rufinamide to the inactivated chan-
nels (KI) therefore should be less than ~574μM. Neverthe-
less, the estimated KI value is quite higher than that (~17–
70μM) of phenytoin, carbamazepine, or lamotrigine

FIGURE 7: Inhibition of pentylenetetrazol (PTZ)-induced absencelike seizure discharges and behaviors by rufinamide (RFM) rather
than phenytoin (DPH). (A) After intraperitoneal injection of PTZ, local field potential (LFP) recordings were obtained from the
primary motor cortex (M1; layer 5) for 1 hour. Basically, three types (types A, B, and C) of electrophysiological seizure patterns
are discernible. The lower panels show the zoomed pictures for the typical segments (marked as 1, 2, and 3 in red) of types B
and C. (B) Two unipolar recordings for types B and C from 2 neighboring electrodes (S and S’) are subtracted from each other (S-
S’) to simulate the bipolar recordings on the electroencephalogram. The spike-and-wave features (yellow area) could be more
manifest in bipolar recordings (although not necessarily). Also note that the concomitant multiunit (MU) activities are grouped to
the spike rather than the wave phases in LFPs. (C, D) After treatment with RFM, type A discharges tend to persist in the PTZ
model, and could even be increased in a 30-minute period after PTZ. (E, F) Type B and C discharges are markedly decreased
(type B) or essentially abolished (type C) in the presence of RFM but essentially unaffected by DPH. (G, H) Behaviorally, the total
duration of behavioral arrest (G) as well as the maximal Racine stage ever reached (H) in a 30-minute period after PTZ is
markedly decreased by RFM but not DPH. The green triangle is a reminder that in the presence of RFM, myoclonic jerks may
persist or are even increased with Racine stage 0. For D through H, n = 5 and 4 for the RFM and DPH groups, respectively.
(I) The absence index is calculated according to mouse responsiveness to whisker and ear touching after PTZ injection. RFM
(n = 12) rather than DPH (n = 4), if compared to vehicle (PTZ, n = 15), markedly decreases the absence index. (J, K) Acute brain
slices were obtained after the behavioral experiments in I. There are significantly increased spontaneous excitatory postsynaptic
potentials (EPSPs) in hippocampal neurons from PTZ-injected mice (baseline potential of −80mV, n = 8; −60mV, n = 8) compared
to normal mice (−80mV, n = 7; −60mV, n = 6) or mice injected with both PTZ and RFM (−80mV, n = 5; −60mV, n = 4). The
number of EPSPs refers to the total count in a 30-second period of continuous recording. *p < 0.05, **p < 0.01, ***p < 0.001,
Mann–Whitney U test. See Materials and Methods for details and drug dosages.
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FIGURE 8: Amelioration of the electrophysiological and behavioral changes in the AY-9944 model by rufinamide (RFM) rather
than phenytoin (DPH). (A) In the chronic AY-9944 model, spike and wave discharges (SWDs) are discernible in the local field
potential recordings in the primary motor cortex (M1; layer 5). The SWDs are similar to type C epileptiform discharges in
Figure 7, repeating at a frequency of 2 to 7Hz (see concomitant wavelet spectrograms shown below the raw sweeps), but with
much smaller amplitude. The indicated segments (marked as 1 and 2 in red) are zoomed in the lower panels. (B) In the presence
of RFM, the SWDs regress into slow waves at 0.5 to 2Hz, or even disappear. Note the prominent shift of the major frequency of
oscillation to a lower range in the concomitant wavelet spectrograms displayed below the raw sweeps. (C) The power spectrums
of the sweeps in A and B (ie, before and after RFM, respectively) show a clear shift to the left (lower frequencies) by RFM.
(D) The total duration of SWDs in a 30-minute period (ie, 15–45 minutes after the introduction of drugs) is markedly shorter in
the case of RFM (n = 6) but not DPH (n = 6). *p < 0.05, Wilcoxon signed rank test. (E–G) In the acute AY-9944 model (n = 5), the
membrane potential plateau level (see F) and thus the depolarization block phenomenon in response to step current injection
(30–90pA) are more prominent if compared to that in normal mice (n = 5). The difference in plateau level is defined as the
difference between the lowest potentials between the first and the last 2 spikes on the plateau. The spike counts and the
interspike intervals (ISIs) of the first 3 spikes in response to step current injection are much more decreased and increased,
respectively, with coinjection of RFM (n = 6) than DPH (n = 4). (H) Mice of the acute AY-9944 model (n = 14) show significantly
delayed response to postural changes and thus increased time for tuning over from the upside-down body posture if compared
to normal mice (n = 9). The delay is markedly shortened if AY-9944 is coinjected with RFM (n = 6) but not DPH (n = 5). *p < 0.05,
**p < 0.01, ***p < 0.001, Mann–Whitney U test. See Materials and Methods for details and drug dosages.
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measured in a similar condition.20–22 The superiority of
rufinamide to phenytoin in the treatment of LGS thus is
unlikely to be ascribable to a higher affinity toward the
inactivated Na+ channels.

Rufinamide Has Faster Binding Kinetics Than
Classical Na+ Channel Inhibitors
We then investigated the binding rate of rufinamide. Neu-
ronal Na+ currents were consecutively elicited by a
3-millisecond test pulse from a holding potential of
−70mV every 50 milliseconds. The test pulse was deliber-
ately given so often as to increase the resolution of the
kinetics. In the meanwhile, the test pulse was deliberately
made short to avoid any cumulative effect of the repetitive
depolarization. Consistent with a bimolecular reaction,
rufinamide reduces the elicited currents with mono-
exponential kinetics and the macroscopic binding rates are
linearly correlated with rufinamide concentration, giving a
slope or a macroscopic binding rate constant of ~3.4
× 104 M−1 s−1, and a y-intercept or an unbinding rate of
~4.0 s−1 at −70mV (Fig 2). These rates are much faster
than that of phenytoin measured in the same condition
(~3.2 × 103 M−1 s−1 and ~ 0.41 s−1 at −70mV, respec-
tively). It should be noted that the true binding rates shall
be even faster, as not all of the channels are inactivated at
−70mV. The ratio between the unbinding rate and the
macroscopic binding rate constant gives a rough estimate
of the dissociation constant of ~118μM for rufinamide at
−70mV based on a bimolecular reaction. This is consis-
tent with the idea that the estimate from the steady-state
inhibition data in Figure 1 (~574μM) could be an under-
estimate. Because rufinamide seems to be quantitatively
distinct from the other Na+ channel inhibitors in terms of
the kinetics of action, it is desirable to have further mea-
surements on the binding rates with more channels kept
in the inactivated state. However, it is difficult to directly
measure the kinetics at −60mV or more depolarized
membrane potentials with a method similar to that in
Figure 2. If most channels are driven into the inactivated
states, the currents would be too small to be accurately
recorded. We therefore had a different approach with
gradually lengthened depolarizing pulses at −60 versus
−80mV (Fig 3). Rufinamide evidently has a stronger
effect at −60mV than −80mV. Also, the time courses of
decrease of current could not be described by mono-
exponential functions with an inactivating pulse of
−80mV, and are apparently not rufinamide dose-
dependent (the time for 50% decay does not change
monotonously with the concentration of rufinamide). In
contrast, the time courses of decrease of current could be
described by monoexponential functions with an
inactivating pulse of −60mV, and show faster decay with

higher concentrations of rufinamide. Linear regression fit
to the speed of current decay at −60mV at different con-
centrations of rufinamide gives binding rates of ~4 × 104

to 1.2 × 105 M−1 s−1 (see Fig 3D). The wide range of
variation is at least partly ascribable to the already very fast
current decay even in the control condition. The apparent
deviation from linearity of the data point in 300μM
rufinamide also suggests that the macroscopic binding rate
at such a high concentration has approached the speed of
gating (generation of the corresponding inactivated states),
and the binding step therefore is not so “rate-limiting” in
the whole process of rufinamide action.

Rufinamide Binds to Inactivated Na+ Channel
with Ultrafast Rate of ~2.7 × 105 M−1 s−1

In view of the probable uniqueness of binding kinetics of
rufinamide, we had yet another approach to have a more
accurate measurement. The time course of recovery from
inactivation shows that most of the inactivated Na+ chan-
nel shall recover within ~10 milliseconds at −120mV in
control conditions (Fig 4). It is then plausible that, in the
presence of rufinamide, most of the channels not recov-
ered by the 10-millisecond gap pulse (the “nonavailable”
channels) are rufinamide-bound. We therefore modified
the protocols in Figure 3 with the addition of a
10-millisecond gap to −120mV, and limited the concen-
tration of rufinamide to ≤100μM to avoid the probable
confounding factors from high concentrations (Fig 5).
With an inactivating pulse of −60mV, rufinamide
decreases the available channels after the 10-millisecond
gap in a dose-dependent manner. The time course of
increase of nonavailable channels is also dependent on
rufinamide concentration. The kinetics of generation of
nonavailable channels are linearly correlated with
rufinamide concentration, giving a rate constant of
~2.7 × 105 M−1 s−1 at −60mV. In comparison, the effect
of rufinamide is much smaller with an inactivating pulse
of −80mV, where 100μM rufinamide has only a slight
effect to decrease the relative current by <10%. A binding
rate constant of ~2.7 × 105 M−1 s−1 is much faster than
phenytoin, carbamazepine, and lamotrigine.20–22

Rufinamide is thus distinct among the Na+ channel inhib-
itors for the ultrafast binding rate to the inactivated Na+

channels.

Rufinamide Is Distinctively Effective against
Short Burst Discharges with More
Hyperpolarized Interburst Intervals
Seizures are typically reverberant cycles of “burst” and
“suppression” phases of neuronal activities. Most classical
use-dependent anticonvulsants (such as phenytoin) acting
on Na+ channels require sufficiently long membrane
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depolarization to ensure adequate binding as they selec-
tively but slowly bind to the fast inactivated state. In con-
trast, we found that rufinamide binds to the inactivated
channel with much faster kinetics. To demonstrate the
differential effect on seizure discharges between phenytoin
and rufinamide, repetitive short (~200 milliseconds) burst
discharges with a plateau at −50 to −55mV of CA1 pyra-
midal neurons in acute hippocampal slices were evoked
with a 1-second interburst interval set at either −80mV
or −60mV (Fig 6). The effect of 100μM rufinamide,
10μM phenytoin, 12μM carbamazepine, and 30μM
lamotrigine, roughly the highest free therapeutic concen-
tration for each drug,30–37 was documented. Because of its
very wide therapeutic range (3–30μM) and the scattered
reports of its efficacy against seizures in LGS,38,39 we also
tested the effect of lamotrigine at medium concentrations
(~10μM). Consistent with the biophysical reasoning based
on the binding kinetics, rufinamide and 30μM
lamotrigine, but not phenytoin, carbamazepine, or 10μM
lamotrigine, significantly inhibit the short burst discharges
with the interburst intervals set at −80mV (see Fig 6). On
the other hand, all drugs show an inhibitory effect on the
evoked burst discharges with the interburst intervals set at
−60mV, in which case phenytoin even shows a tendency
toward stronger inhibition than rufinamide. With its
ultrafast binding kinetics, rufinamide may have a stronger
effect on repetitive short bursts with relatively
hyperpolarized interburst intervals reminiscent of the case
of LGS. On the other hand, rufinamide is not completely
superior to phenytoin. For short bursts with more
depolarized interburst intervals (eg, −60mV), 100μM
rufinamide seems to have a smaller suppressive effect
because of the lower affinity (see Fig 1) and thus weaker
steady-state inhibition than 10μM phenytoin.

Rufinamide Is Distinctively Effective against
SWDs In Vivo
We then investigated the effect of rufinamide in vivo in
animal models with epileptiform SWDs mimicking
absence or atypical absence seizures (eg, seizures in LGS).
In the PTZ model, we identified 3 basic types of seizure
discharges (Fig 7). Type A refers to very short isolated
spikes (~20–80 milliseconds in duration). The animal
could have myoclonic jerks corresponding to the spikes,
but the behavior is otherwise normal during this period
(Racine stage 0). Type B is characterized by repetitive
spikes intermixed with waves in either unipolar or bipolar
recordings, and the animals in general show absencelike
behavior (“behavioral arrest,” Racine stage 0.5). It is also
of note that in the concomitant multiunit recordings, the
multiunit activities are grouped to the spike rather than
the wave phases in LFPs. This is consistent with the classic

view that the spike and wave in SWDs are correlated to
the burst and suppression periods of cellular activities,
respectively. Type C is apparently an advanced form of
type B, and is characterized by oscillations of larger ampli-
tude (>4 standard deviations of baseline noise) and higher
frequency (2–7Hz). Behaviorally, the animal would be in
Racine stage 1 to 5. After type C discharges, there is usu-
ally a period of marked postictal suppression, both electro-
physiologically and behaviorally, for several seconds to
minutes. Rufinamide (50mg/kg, roughly corresponding to
serum levels in therapeutic conditions40,41) markedly
decreases type B and C, but not type A discharges. Type
A discharges are even increased, presumably ascribable to
the “truncated” type B and type C discharges and sugges-
tive of the ultimate ineffectiveness of rufinamide on the
ultrashort bursts or depolarization. This is consistent with
the clinical experiences of ineffectiveness or even aggrava-
tion of myoclonic jerks in LGS with rufinamice.41 In con-
trast, phenytoin (40mg/kg, resulting in serum levels
roughly corresponding to those in therapeutic condi-
tions34,35) shows no effect on type B and type C dis-
charges. Behaviorally, the seizures associated with type B
and type C are consistently decreased by rufinamide but
not phenytoin. The overall absence index, which presum-
ably indicates the level of impaired consciousness, is mark-
edly ameliorated with rufinamide but not phenytoin. The
mechanism of action of rufinamide may also involve a
decrease of presynaptic neurotransmitter release because of
inhibition of the excessively repetitive unprovoked excit-
atory postsynaptic potentials in PTZ. In the chronic AY-
9944 model, which exhibits atypical absences mimicking
LGS,25–27 rufinamide again attenuates SWDs, with a mar-
ked shift of the power spectrum of local field potentials to
lower frequencies (Fig 8). In the acute AY-9944 model,24

rufinamide accordingly reduces the burst discharges in
slice recordings, an effect evidently stronger than phenyt-
oin. Behaviorally, the animals also show marked improve-
ment in responsiveness with rufinamide but not
phenytoin.

Discussion
Suppression of SWDs and Seizures in LGS:
Requirement and Limitation of Fast Drug
Binding
The ictal discharges and network activities in LGS are
partly similar to typical absence seizures and are character-
ized by repetitive short depolarization (burst) followed by
much longer repolarization, corresponding to a spike
(~70 milliseconds, or a slightly longer sharp wave)
followed by a wave up to 350 to 400 milliseconds in
length on EEG (eg, see Fig 7B).1 The depolarization is
too short for significant binding and action of the classical
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slow-binding Na+ channel inhibitors such as phenytoin.
We have seen that the binding rate constant of
rufinamide to the inactivated Na+ channel is >~20-fold
faster than phenytoin (see Fig 2). Together with the ~10-
fold higher therapeutic concentrations of rufinamide in
the cerebrospinal fluid,33–35 the macroscopic binding rate
of rufinamide could be extraordinarily fast (ie, >~200-fold
faster than phenytoin). Rufinamide at 100μM, roughly
the highest therapeutic concentration, may therefore take
on average only ~40 milliseconds to bind to the
inactivated Na+ channel to suppress the burst discharges
(eg, see Figs 6 and 8E). This is an estimate based on
in vitro data at room temperatures, and the action could
be faster at body temperatures. In vivo studies confirm
the suppressive effect on SWDs and the concomitant
amelioration of absencelike symptoms (eg, behavioral
arrest) in different seizure models by rufinamide, but not
by phenytoin (see Figs 7 and 8). Rufinamide therefore
could be the drug of choice for repetitive short burst dis-
charges rather than the classical Na+ channel inhibitors,
especially for those interspersed with relatively
hyperpolarized interburst intervals (eg, −80mV). This
also explains the suppressive effect of 30μM (roughly the
highest therapeutic concentration) but not 10μM
lamotrigine on short bursts (see Fig 6) and a partial clini-
cal effect of lamotrigine on LGS.38,39 These findings
underscore the critical role of fast drug binding in the
therapeutic effect on LGS, and probably also typical
absence as well as the other seizures with similar SWDs
on EEG. For instance, rufinamide is unequivocally effec-
tive in both PTZ and AY-9944 models. There are also
reports of the efficacy of rufinamide on different focal sei-
zures12 or status epilepticus, which was characterized by
regular fast activities (~21Hz) right before and after the
onset of clinical tonic seizures in a subject having failed
many other ASDs.14 These findings suggest a much wider
antiseizure scope of a drug with ultrafast binding kinetics
in clinical practice. However, it is of note that ultrashort
bursts or depolarization could persist with myoclonic
jerks in the presence of rufinamide. Because the bursts
could be “cut shorter” by rufinamide, type B and C ictal
discharges are decreased, but type A discharges
(corresponding to short spikes on EEG) may increase.
Although shorter bursts may have more limited spreading
and better preserved consciousness, “aggravation” of cer-
tain types of seizures (eg, type A discharges on EEG or
myoclonic jerks in behavioral manifestations in Fig 7)
may be documented and could be more or less an inevita-
ble result. In other words, if a clinically useful Na+ chan-
nel inhibitor has ultrafast binding kinetics, then its
steady-state affinity should not be too high. Otherwise,
inhibition of Na+ currents would ensue so quickly and

profoundly as to jeopardize many normal discharges and
preclude clinical applications. For the development and
use of the therapeutic agents targeting seizure discharges,
the effect and the adverse effect should always be consid-
ered and balanced according to individualized situations.

Use of Na+ Channel Inhibitors: Pharmacological
Considerations Correlative to EEG Patterns
Na+ channel inhibitors constitute the mainstream of
ASDs, and have usually been deemed as one group of sim-
ilar medications in the management of seizures. The
markedly different efficacy between rufinamide and phe-
nytoin (eg, see Figs 6–8), however, demonstrates that
“Na+ channel inhibitor” is an oversimplified grouping.
Most seizures involve reverberating burst discharges in the
network, or in essence a burst–suppression pattern of neu-
ronal activities, which usually results in rhythmic or
semirhythmic waves or complexes on EEG.43–48 For the
ASDs selectively binding to and stabilizing the inactivated
Na+ channel, there are then 2 primary determinants of
efficacy, namely, the length of the burst (depolarization)
phase and the membrane potential (level of hyperpolariza-
tion) of the interburst phase. In this regard, SWDs are
characterized by short bursts, which very quickly (eg,
<100 milliseconds) elicit strongly repolarizing interburst
phases to end the bursts and to recover the inactivated
Na+ channels (see also Fig 7B).49–52 The repolarization is
in general so strong in SWDs that a prominent slow wave
could be recorded on EEG, during which period drug
binding to the inactivated Na+ channel is essentially negli-
gible. Rufinamide, a fast-binding ASD, is more effective
than the others in this case because of higher chances of
adequate binding during the short bursts. For the other
epileptiform discharges on EEG, such as spikes/polyspikes,
sharp waves, or fast/slow waves with different rhythmicity,
the duration of the depolarization and the level of repolar-
ization are more implicit and variable than SWDs. For
example, rhythmic slow waves on EEG may consist of
burst and repolarization phases in the first and second half
of each wave, respectively, or the burst phase itself could
be so long as to occupy most of the wave.53,54 Phenytoin
then may be superior to rufinamide in these cases (eg, see
Fig 6). Based on the differential requirements for an anti-
seizure effect, one may also contemplate the cellular attri-
butes based on the therapeutic efficacy and look forward
to more successful use of the Na+ channel inhibitors. For
example, if phenytoin gives favorable but incomplete clini-
cal responses, it is rational to add another “similar” drug
such as carbamazepine. This is because quantitative mea-
sures indicate that the two drugs do not saturate the
inactivated channel even at the highest therapeutic con-
centrations and at the steady state (~50% and ~30%
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binding for phenytoin and carbamazepine, respec-
tively20,22). However, if there is no significant benefit with
the addition of carbamazepine, then one may consider
that the residual seizures are chiefly characterized by
shorter bursts or more hyperpolarized interburst phases,
and try rufinamide for the next move. In addition to
rufinamide, lacosamide is another new and distinct Na+

channel–inhibiting ASD. Lacosamide preferentially and
slowly binds to the slow inactivated state, which is differ-
ent from the fast inactivated state and usually takes at least
a few hundred milliseconds to develop.55–57 Conse-
quently, lacosamide may require even stronger and longer
cumulative depolarization for adequate drug binding. Lac-
osamide therefore could potentially have a narrower scope
of antiseizure action, with less interference on normal
bursts (especially those similar to seizure discharges, such
as the repetitive rebound bursts in the cerebellar nuclear
neurons triggered by the input from Purkinje neurons).58

This may partly explain why there is less ataxia and fewer
relevant adverse events associated with lacosamide in clini-
cal settings.59 In-depth considerations based on the molec-
ular actions and therapeutic responses of ASDs are always
advisable, and may in turn contribute to more pathophysi-
ological understanding and a successful therapeutic regi-
men for each individual patient.
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