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BACKGROUND AND PURPOSE
Mutations of SCN1A, the gene encoding the pore-forming subunit of the voltage-gated sodium channel NaV1.1, have been
associated with a spectrum of genetic epilepsies and a familial form of migraine. Several mutant NaV1.1 channels exhibit
increased persistent current due to incomplete inactivation and this biophysical defect may contribute to altered neuronal
excitability in these disorders. Here, we investigated the ability of ranolazine to preferentially inhibit increased persistent
current evoked by mutant NaV1.1 channels.

EXPERIMENTAL APPROACH
Human wild-type (WT) and mutant NaV1.1 channels were expressed heterologously in human tsA201 cells and whole-cell
patch clamp recording was used to assess tonic and use-dependent ranolazine block.

KEY RESULTS
Ranolazine (30 mM) did not affect WT NaV1.1 channel current density, activation or steady-state fast inactivation but did
produce mild slowing of recovery from inactivation. Ranolazine blocked persistent current with 16-fold selectivity over tonic
block of peak current and 3.6-fold selectivity over use-dependent block of peak current. Similar selectivity was observed for
ranolazine block of increased persistent current exhibited by NaV1.1 channel mutations representing three distinct clinical
syndromes, generalized epilepsy with febrile seizures plus (R1648H, T875M), severe myoclonic epilepsy of infancy (R1648C,
F1661S) and familial hemiplegic migraine type 3 (L263V, Q1489K). In vitro application of achievable brain concentrations (1,
3 mM) to cells expressing R1648H channels was sufficient to suppress channel activation during slow voltage ramps, consistent
with inhibition of persistent current.

CONCLUSIONS AND IMPLICATIONS
Our findings support the feasibility of using selective suppression of increased persistent current as a potential new therapeutic
strategy for familial neurological disorders associated with certain sodium channel mutations.

Abbreviations
FHM3, familial hemiplegic migraine type 3; GEFS+, generalized epilepsy with febrile seizures plus; LQTS, long-QT
syndrome; SMEI, severe myoclonic epilepsy of infancy; TTX, tetrodotoxin; WT, wild type

Introduction

Mutation of SCN1A, which encodes the pore-
forming a-subunit of the brain voltage-gated
sodium channel NaV1.1 (nomenclature follows
Alexander et al., 2009), is a cause of genetic epilep-

sies ranging in severity from the typically mild gen-
eralized epilepsy with febrile seizures plus (GEFS+)
to the debilitating severe myoclonic epilepsy of
infancy (SMEI) (George, 2005; Meisler et al., 2005;
Mulley et al., 2005; Lossin, 2009). Mutation of
SCN1A has also been linked to familial hemiplegic
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migraine type 3 (FHM3) (Dichgans et al., 2005; Van-
molkot et al., 2007; Kahlig et al., 2008). A common
feature observed for several NaV1.1 channel mutants
is a significantly increased persistent current (Lossin
et al., 2002; Rhodes et al., 2004; Spampanato et al.,
2004; Kahlig et al., 2006; 2008), which can be pre-
dicted to affect neuronal excitability. Therapeutic
strategies capable of selectively inhibiting increased
persistent current might have clinical benefits in
this setting.

Ranolazine, a novel anti-anginal drug that
chemically contains a piperazine ring flanked by
lidocaine and catecholamine-like moieties, exerts its
clinical action in part by inhibiting persistent
sodium current carried by cardiac sodium channels
(Abrams et al., 2006; Nash et al., 2008). Persistent
sodium current in myocytes is predicted to alter
ionic homeostasis by raising intracellular sodium
ion concentration that in turn blunts activity of the
sodium/calcium exchanger and elevates the level of
intracellular calcium. The resulting ionic imbalance
is thought to precipitate myocardial dysfunction
leading to electrical instability, arrhythmia and
reduced contractility (Shryock et al., 2008). Ranola-
zine also inhibits sodium currents recorded from
cultured pituitary tumour GH3 neurons as well as
the neuron-like NG108-15 mouse/rat hybridoma
cell line (Chen et al., 2009; Wu et al., 2009), but the
target of ranolazine in these in vitro models is
unclear as the cell lines may express a low level of
NaV1.5 channels.

Although ranolazine exhibits activity against
other molecular targets (Allely et al., 1993; Letienne
et al., 2001; Chen et al., 2009), the primary thera-
peutic mechanism of action is thought to involve
block of persistent sodium current due to the
lidocaine moiety. This effect was first demonstrated
in a guinea pig ventricular myocyte model of long-
QT syndrome (LQTS) in which persistent current
was induced by the sea anemone toxin ATX-II (Song
et al., 2004; Wu et al., 2004). Subsequently, ranola-
zine was shown to preferentially block the increased
persistent current evoked by LQTS mutations in
NaV1.5 channels (Fredj et al., 2006; Rajamani et al.,
2009), as well as toxin- or mutation-induced persis-
tent current carried by muscle (NaV1.4; (Wang et al.,
2008) and peripheral nerve (NaV1.7 and NaV1.8;
(Rajamani et al., 2008a; Wang et al., 2008) sodium
channels. However, the ability of ranolazine to
inhibit brain sodium channel isoforms such as
NaV1.1 has not been reported.

In this study, we have demonstrated the ability
of ranolazine to preferentially block the increased
persistent current generated by mutant NaV1.1
channels. Our findings illustrate a proof of prin-
ciple that selective suppression of persistent

current may provide a useful new therapeutic strat-
egy for SCN1A-associated epilepsy and migraine
syndromes.

Methods

Expression of human NaV1.1 channel cDNA
All wild-type (WT) and mutant plasmid constructs
have been studied previously by our laboratory and
cDNA expression was performed as previously
described (Lossin et al., 2002; Rhodes et al., 2004;
Kahlig et al., 2008). Briefly, heterologous transient
expression of NaV1.1 a1 channels in combination
with human b1 and b2 accessory subunit cDNAs was
achieved by transfection of tsA201 cells using
Qiagen Superfect reagent (5.5 mg of DNA was trans-
fected at a plasmid mass ratio of 10:1:1 for a1 : b1 : b2

channel subunits).

Electrophysiology
Whole-cell voltage-clamp recordings were used to
measure the biophysical properties of WT and
mutant NaV1.1 channels, as described previously
(Kahlig et al., 2008). Briefly, the pipette solution
consisted of (in mM) 110 CsF, 10 NaF, 20 CsCl, 2
EGTA, 10 HEPES, with a pH of 7.35 and osmolarity
of 300 mOsmol/kg. The bath (control) solution con-
tained in (mM): 145 NaCl, 4 KCl, 1.8 CaCl2, 1
MgCl2, 10 dextrose, 10 HEPES, with a pH of 7.35 and
osmolarity of 310 mOsmol/kg. Cells were allowed
to stabilize for 10 min after establishment of the
whole-cell configuration before current was mea-
sured. Series resistance was compensated 90% to
assure that the command potential was reached
within microseconds with a voltage error <2 mV.
Leak currents were subtracted by using an online P/4
procedure and all currents were low-pass Bessel fil-
tered at 5 kHz and digitized at 50 kHz. For clarity,
representative ramp currents were low pass filtered
off-line at 50 Hz. Specific voltage-clamp protocols
assessing channel activation, fast inactivation and
availability during repetitive stimulation were used
as depicted in figure insets.

In vitro pharmacology
A stock solution of 20 mM ranolazine (Gilead Sci-
ences Inc., Palo Alto, CA, USA) was prepared in
0.1 M HCl. A fresh dilution of ranolazine in the bath
solution was prepared every experimental day and
the pH was readjusted to 7.35. Direct application of
the test solution to the clamped cell was achieved
using the Perfusion Pencil system (Automate, Berke-
ley, CA, USA). Direct cell superfusion was driven by
gravity at a flow rate of 350 mL/min using a 250
micron tip. This system sequesters the clamped cell
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within a stream and enables complete solution
exchange within 1 s. The clamped cell was super-
fused continuously starting immediately after estab-
lishing the whole-cell configuration. Control
currents were measured in drug-free solution. Rano-
lazine containing solutions were superfused for
3 min prior to current recordings to allow equilib-
rium (tonic) drug block. Tetrodotoxin (TTX) was
then applied in the presence of ranolazine to enable
offline digital subtraction of TTX-insensitive
current.

Tonic block of peak and persistent currents were
measured from this steady-state condition and three
sequential current traces (0.1 Hz pulsing frequency)
were averaged to obtain a mean current for each
recording condition (control, ranolazine and TTX)
that were utilized for offline analysis. Steady-state
persistent current was measured during the final
10 ms of a 200 ms voltage step to -10 mV with an
inter-pulse duration of 10 s.

Use-dependent block of peak current was mea-
sured during pulse number 300 of a pulse train
(-10 mV, 5 ms, 300 pulses) at frequencies between
10 and 135 Hz from a holding potential of -120 mV.
Two sequential pulse train stimulations were aver-
aged to obtain mean current traces for each record-
ing condition, which were then used for offline
subtraction and analysis. Use-dependent block of
persistent current was measured by first condition-
ing cells with a 10 Hz pulse train (-10 mV, 5 ms, 300
pulses) followed immediately by a 200 ms voltage
step to -10 mV (effectively the 301st pulse of the
train). TTX-sensitive persistent current was mea-
sured during the final 10 ms of the 200 ms step.

Block of ramp current was assessed by voltage
ramps to +20 mV from a holding potential of
-120 mV at 20 mV/s stimulated every 30 s. To mini-
mize time-dependent current drift, only one trace
recorded during control, ranolazine or TTX superfu-
sion was analyzed.

Concentration inhibition curves were fitted with
the Hill equation: I/Imax = 1/[1+10^(log IC50 - I)*k],
where IC50 is the concentration that produces half
inhibition and k is the Hill slope factor. The upper
and lower limits were set to 1 and 0.

In vivo pharmacology
All animal care and experimental use were approved
by the Institutional Animal Care and Use Commit-
tee, Gilead Sciences. Male Sprague Dawley rats (250–
350 g, Charles River Laboratories, Hollister, CA,
USA) were cannulated in the jugular vein and used to
study brain penetration of ranolazine in vivo. Three
rats per group were infused intravenously with rano-
lazine in saline at 85.5 mg/kg/min. After 1, 2.5 or 5 h,
animals were killed for plasma and brain collection,

and ranolazine concentrations were measured by
liquid chromatography coupled with tandem mass
spectrometry. Brain tissue was homogenized in 5%
sodium fluoride solution containing 1% 2N HCl
(final homogenate was diluted threefold). Plasma
and brain homogenate samples (50 mL) were precipi-
tated, with 300 mL of deuterated D3-ranolazine
(150 ng/mL; synthesized by PPD Discovery, Morris-
ville, NC, USA) as an internal standard, in 9:1 aceto-
nitrile : methanol, vortexed, then centrifuged at
3273¥ g for 10 min at 22°C. The supernatant (50 mL)
was transferred and diluted with water (450 mL) prior
to injection (10 mL). High-performance liquid chro-
matography was performed using a Shimadzu
LC-10AD liquid chromatograph and a Luna C18(2)
(Shimadzu Scientific Instruments, Inc., Columbia,
MD, USA), 3 mm, 20 ¥ 2.0 mm column with a mobile
phase consisting of water containing 0.1% formic
acid (solution A) and acetonitrile (solution B) carried
out under isocratic conditions (75% solution A, 25%
solution B; flow rate 0.300 mL/min). Mass spectro-
metric analyses were performed using an API3000
mass spectrometer (Applied Biosystems, Foster City,
CA, USA) operating in positive ion mode with mul-
tiple reaction monitoring for ion transition 428.1 >
98. Brain-to-plasma ranolazine ratios were calcu-
lated for each sample as ng ranolazine/g brain
divided by ng ranolazine/mL plasma.

Data analysis
Results from the electrophysiological experiments
are presented as mean � SEM, and unless otherwise
noted, statistical comparisons were made using one-
way ANOVA followed by a Tukey post hoc test in
reference to WT NaV1.1 channels.

Materials
Unless otherwise noted, all reagents were purchased
from Sigma-Aldrich (St. Louis, MO, USA).

Results

In this study, we determined the ability of ranola-
zine to inhibit WT NaV1.1 channels and a panel of
NaV1.1 channel mutants associated with GEFS+,
SMEI and FHM3 to evaluate the ability of ranolazine
to preferentially block the abnormal increased per-
sistent current carried by these mutant channels.

Ranolazine effects on activation and
inactivation of WT NaV1.1 channels
We first determined the effects of ranolazine on
activation and inactivation properties of WT NaV1.1
channels expressed heterologously in tsA201 cells.
Figure 1A illustrates representative whole-cell
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sodium currents recorded from a cell expressing WT
NaV1.1 channels in control solution (drug-free) and
the same cell during superfusion with 30 mM rano-
lazine. Application of the drug had no overt effects
on WT NaV1.1 channel function even at this high
concentration. Similarly, there was no significant
effect of the drug on peak current density recorded
during sequential application of control solution
and 30 mM ranolazine (Figure 1B). Furthermore,
30 mM ranolazine did not significantly shift the
voltage dependence of the activation or inactivation
of WT NaV1.1 channels (Figure 1C, Table 1). These
results indicate that ranolazine does not interfere
with activation of the channels. However, 30 mM
ranolazine did cause a slight but significant slowing

of recovery from inactivation (Figure 1D, Table 1)
consistent with increased stability of the inactivated
state. These results indicate that 30 mM ranolazine
has minimal effects on the function of WT NaV1.1
channels.

Preferential ranolazine block of
persistent current
We examined the concentration-dependent tonic
inhibition of peak and persistent current carried by
WT NaV1.1 and a mutant NaV1.1 channel (R1648H)
associated with GEFS+ that we previously demon-
strated to exhibit significantly increased persistent
current as the only apparent biophysical defect
(Lossin et al., 2002; Kahlig et al., 2006). Figure 2A
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Figure 1
Ranolazine effects on wild-type (WT) NaV1.1 channels. (A) Representative whole-cell sodium currents recorded during sequential superfusion of
control solution followed by 30 mM ranolazine. Currents were activated by voltage steps to between -80 and +20 mV from a holding potential
of -120 mV. (B) Peak current density elicited by test pulses to various potentials and normalized to cell capacitance recorded during sequential
superfusion of control solution followed by 30 mM ranolazine. (C) Voltage dependence of activation measured during voltage steps to between
-80 and +20 mV plotted together with voltage dependence of fast inactivation determined with 100 ms pre-pulses to between -140 and -10 mV
(symbols as defined in B). Pulse protocols are shown as panel insets and fit parameters are provided in Table 1. (D) Time-dependent recovery from
fast inactivation following an inactivating pre-pulse of 100 ms to -10 mV (symbols as defined in B). Pulse protocols are shown as panel insets and
fit parameters are provided in Table 1.
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Table 1
Biophysical parameters for activation and fast inactivation of WT NaV1.1 channels

Activation Inactivation Recovery from Inactivation§

V1/2 (mV) k (mV) n V1/2 (mV) k (mV) n tf (ms) ts (ms) n

Control -20.9 � 0.9 7.7 � 0.2 10 -62.3 � 0.8 -8.6 � 0.6 10 2.2 � 0.2 [82 � 4%] 63.5 � 12.1 [18 � 4%] 10

30 mM
Ranolazine

-21.6 � 0.8 8.0 � 0.2 10 -64.2 � 0.8 -8.0 � 0.5 10 3.2 � 0.2** [85 � 1%] 412.4 � 86.1** [15 � 1%] 10

§Values in brackets represent fractional amplitudes. Values significantly different from Control are indicated as follows **P < 0.01.
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Figure 2
Ranolazine preferentially inhibits the persistent current in NaV1.1 channels. Tonic inhibition of NaV1.1 channel peak and persistent current
measured using a 200 ms voltage step to -10 mV from a holding potential of -120 mV. Representative tetrodotoxin-subtracted whole-cell sodium
currents recorded for wild-type (WT) NaV1.1 (A) and R1648H channels (B) during sequential superfusion of control solution (black trace) followed
by 30 mM ranolazine (red trace). The dashed line indicates zero current level. (C, D) Ranolazine exhibits a concentration dependent tonic block
of WT NaV1.1 and R1648H channels peak and persistent currents. The peak and persistent current measured during ranolazine superfusion was
normalized to the current measured in control solution. Derived parameters are shown in Tables 2 and n = 5–6 for both WT NaV1.1 and R1648H
channels.
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illustrates whole-cell sodium currents recorded from
WT NaV1.1 channels during sequential application
of control solution (black trace) followed by 30 mM
ranolazine (red trace). Tonic block of the peak
current in WT NaV1.1 channels was minimal as illus-
trated by the figure inset where the data were
plotted on an expanded time scale. In Figure 2B,
which illustrates the same experimental sequence
for the R1648H mutant channels, persistent current
was substantially reduced during superfusion of
ranolazine as compared to the drug-free condition.
As observed for WT NaV1.1, 30 mM ranolazine
exerted minimal tonic block of peak current in
R1648H channels (Figure 2B inset).

Ranolazine exhibited greater degrees of tonic
inhibition of persistent current as compared with
peak current for both WT NaV1.1 and R1648H chan-
nels (Figure 2C and D, respectively). Fits of
concentration–inhibition curves with the Hill equa-
tion provided IC50 values of 871 mM for WT NaV1.1
and 490 mM for R1648H channels for tonic peak
current block (Table 2), whereas ranolazine block of
persistent current carried by WT NaV1.1 and R1648H
channels exhibited IC50 values of 53.7 mM and
30.2 mM, respectively. These results demonstrate
that ranolazine has approximately 16-fold selectiv-
ity for tonic block of persistent current carried by
either WT NaV1.1 or R1648H channels.

We also assessed use-dependent block of the peak
current in WT NaV1.1 and R1648H channels by
ranolazine. Figure 3A illustrates the whole-cell
sodium currents recorded from WT NaV1.1 channels
in response to a repetitive depolarization protocol
(5 ms, -10 mV, 300 pulses, 10 Hz) during superfu-
sion of control solution. In the drug-free control
condition, the availability of WT NaV1.1 channels
was unchanged during repetitive depolarization. In
contrast, application of 30 mM ranolazine to the
same cell caused a reduction in peak current during
repetitive pulsing consistent with use-dependent
block of the channel (Figure 3B). The concentration
dependence of ranolazine use-dependent block of
the peak current in WT NaV1.1 and R1648H chan-
nels was characterized by IC50 values of 195 mM and
138 mM, respectively (Figure 3C and D, Table 2). The

use-dependent block of persistent current was mea-
sured for R1648H channels using a repetitive depo-
larization protocol (5 ms, -10 mV, 300 pulses,
10 Hz) followed immediately by the 200 ms voltage
step necessary to elicit steady-state persistent
current (Figure 4A). Use-dependent block of persis-
tent current by ranolazine exhibited an IC50 value of
30.1 mM for R1648H channels (Figure 4B, Table 3),
which is indistinguishable from tonic block of per-
sistent current. These results demonstrated that
ranolazine was 3.6-fold and 4.6-fold more potent at
inhibiting the persistent current carried by WT
NaV1.1 and R1648H channels, respectively, as com-
pared to use-dependent block of peak current.

Ranolazine block of mutant NaV1.1 channels
We compared the degree of ranolazine block among
six NaV1.1 mutant channels representing three clini-
cal syndromes: GEFS+ (R1648H, T875M), SMEI
(R1648C, F1661S) and FHM3 (L263V, Q1489K).
Figure 5A illustrates tonic block of peak and persis-
tent current by 30 mM ranolazine for this panel of
mutant channels normalized to current amplitudes
recorded in drug-free control solution. For WT and
all mutant channels, we observed a much greater
degree of ranolazine block of persistent current as
compared to peak current. We also assessed the
ability of ranolazine to reduce the magnitude of
persistent current exhibited by mutant channels to
the level conducted by WT NaV1.1 channels. In
Figure 5B, persistent current was expressed as a
percent of peak current and was not normalized to
the drug-free condition. In general, the level of per-
sistent current carried by mutant channels was
reduced by approximately 50% (range 44–60%), and
for some mutant channels (R1648H, T875M,
L263V), the level in the presence of ranolazine was
not significantly different from that observed in WT
NaV1.1 channels in the absence of drug.

We also assessed use-dependent block of the peak
and residual currents in mutant NaV1.1 channels by
ranolazine. Figure 5C illustrates use-dependent
block of peak current for WT NaV1.1 and mutant
channels by 30 mM ranolazine. Neither WT NaV1.1
nor any mutant channel exhibited significant loss of

Table 2
Tonic block of WT NaV1.1 and R1648H channels

Tonic block of peak current Tonic block of persistent current
Log IC50 k Log IC50 k

WT NaV1.1 -3.06 � 0.13 (871 mM) -0.84 � 0.15 -4.27 � 0.04 (53.7 mM) -0.83 � 0.06

R1648H -3.31 � 0.09 (490 mM) -1.00 � 0.19 -4.52 � 0.04 (30.2 mM) -1.00 � 0.09
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channel availability in control solution by the 300th
pulse, but there was significant loss of channel avail-
ability during ranolazine application for both WT
NaV1.1 and mutant channels. However, the mutant
channels R1648H, T875M and R1648C exhibited a
significantly greater reduction in channel availabil-
ity in the presence of 30 mM ranolazine as compared
to WT NaV1.1 channels.

By dividing the degree of persistent current block
by the extent of use-dependent block of peak
current, we calculated a selectivity index for the
effect of ranolazine on mutant NaV1.1 channels.
Ranolazine exhibited the most selective block of
persistent current on L263V and F1661S, and least
selective block on R1648H and R1648C channels
with an overall rank order of L263V > F1661S >

Q1489K > T875M > R1648H = R1648C. Although
the physiological impact remains to be investigated,
these relationships may help predict molecular
subsets of NaV1.1 channel mutations that might be
more amenable to selective suppression of increased
persistent current.

Brain penetration of ranolazine
The ability of ranolazine to cross the blood–brain
barrier has not been reported previously. We mea-
sured the degree of brain penetration of ranolazine in
rats following continuous intravenous infusion of
the drug (85.5 mg/kg/min) for 1, 2.5 and 5 h. Rano-
lazine exhibited significant brain penetration at all
time points peaking after 5 h at 470 ng ranolazine/g
brain (approximately 1.1 mM, Table 4). Throughout
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Figure 3
Use-dependent block of NaV1.1 channel peak current by ranolazine. NaV1.1 channel availability during repetitive stimulation was assessed with
a depolarizing pulse train (-10 mV, 5 ms, 300 pulses, 10 Hz) from a holding potential of -120 mV. Representative whole-cell sodium currents
recorded from wild-type (WT) NaV1.1 channels during sequential superfusion of control solution (A) followed by 30 mM ranolazine (B). Only the
current traces from pulses 1, 30 and 300 are shown for clarity. (C,D) Ranolazine exhibits concentration-dependent and use-dependent block of
the peak current in WT NaV1.1 and R1648H channels (n = 5–6). Neither WT NaV1.1 nor R1648H channels exhibited use-dependent reduction in
peak current when exposed to drug-free control solution. Derived parameters are shown in Table 3.
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the time course studied, the mean brain levels of
ranolazine were approximately one-third of the cor-
responding plasma levels. Given that the therapeutic
plasma concentration of ranolazine is 2–10 mM,

brain concentrations up to 3.3 mM should be possible
to attain with systemic dosing at therapeutic levels.

Suppression of persistent current by
therapeutic ranolazine concentrations
We next examined the ability of achievable brain
concentrations of ranolazine (1 and 3 mM) to sup-
press activation of R1648H channels during slow
depolarizing voltage ramps, a phenomenon attrib-
uted to increased persistent current. Figure 6A illus-
trates representative inward currents produced in
response to a slow depolarizing voltage ramp. Cells
expressing R1648H channels exhibited an increased
depolarizing current (compared to WT; red vs. black
traces) that was blocked by 3 mM ranolazine (blue
trace). The average inward charge (pC) was calcu-
lated for multiple cells as the area under the current
trace between -40 and 0 mV and normalized to the
corresponding peak current (nA) generated by a
voltage step to -10 mV to account for variation in
channel expression. Figure 6B demonstrates that
sequential superfusion of control solution followed
by either 1 mM or 3 mM ranolazine reduced the
charge conducted by R1648H channels. Neither
1 mM nor 3 mM ranolazine produced significantly
different peak current amplitude compared to that
observed in cells expressing WT channels recorded
in the absence of drug.

Finally, we assessed use-dependent block of WT
and mutant NaV1.1 by ranolazine. Figure 6C illus-
trates use-dependent block of WT NaV1.1 and
R1648H channels at pulsing frequencies between 10
and 135 Hz. In control solution, both WT and
R1648H channels exhibited an expected degree of
frequency-dependent loss of channel availability.
Application of 1 mM ranolazine exaggerated loss of
availability at all frequencies greater than 60 Hz.
Application of 3 mM ranolazine exaggerated loss of
availability at all frequencies greater than 22 Hz
(Supporting Information Figure S1). These results
are consistent with significant use-dependent block
by ranolazine. Figure 6D shows that 1 mM and 3 mM
ranolazine produced a similar degree of block of WT
and R1648H channels up to 60 Hz.
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Figure 4
Use-dependent block of persistent current in R1648H channels by
ranolazine. (A) Use-dependent inhibition of the persistent current in
R1648H channels was measured using a conditioning pulse train
(-10 mV, 5 ms, 300 pulses, 10 Hz) followed by a 200 ms step to
-10 mV. The steady-state persistent current was measured during the
final 10 ms of the pulse (asterisk). (B) Ranolazine exhibits a concen-
tration dependent block of R1648H channel persistent current (n =
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was normalized to the current measured in control solution. Derived
parameters are shown in Table 3.

Table 3
Use-dependent block of WT NaV1.1 and R1648H channels

Use-dependent block of peak current Use-dependent block of persistent current
Log IC50 k Log IC50 k

WT NaV1.1 -3.71 � 0.02 (195 mM) -0.84 � 0.05

R1648H -3.86 � 0.02 (138 mM) -0.88 � 0.03 -4.51 � 0.04 (30.9 mM) -0.73 � 0.05
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Discussion and conclusions

Voltage-gated sodium channels are important
targets for several widely used anti-epileptic drugs
such as phenytoin and lamotrigine. These drugs act
in part by stabilizing the inactivated state, thereby
reducing sodium channel availability and limiting
the ability of neurons to fire repetitively. In addition
to reducing sodium channel availability during
repetitive neuronal activity, another potentially
important effect of these drugs may be the suppres-
sion of persistent sodium current (Stafstrom, 2007).
Several types of neurons throughout the brain
exhibit low amplitude depolarizing persistent
current resulting from incomplete sodium channel
inactivation. Persistent sodium current is active at
subthreshold potentials and contributes to amplifi-
cation of synaptic inputs and subthreshold oscilla-
tions, thereby enabling action potential generation
and propagation, as well as supporting repetitive
neuronal firing. Also, the persistent sodium current,
although small in magnitude, can influence neu-
ronal firing behaviour substantially and may be
critical to enabling spread of epileptic activity
(Stafstrom, 2007).

The importance of persistent sodium current in
the pathogenesis of epilepsy received additional
attention when the functional consequences of neu-
ronal sodium channel mutations discovered in
various epilepsies were revealed. Several mutations
in SCN1A associated with GEFS+ and other epilep-
sies result in increased persistent sodium current,
sometimes as the predominant biophysical abnor-
mality (Lossin et al., 2002; Rhodes et al., 2004;
Spampanato et al., 2004; Kahlig et al., 2006; 2008).
An abnormally large persistent current would be
predicted to accentuate subthreshold depolar-
izations, thereby facilitating action potential
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Table 4
Penetration of ranolazine into brain

Time (h) Brain (ng/g) Plasma (ng/mL) Brain/Plasma (%)

1 298 � 88.6 (0.70 mM) 777 � 255 (1.82 mM) 38

2.5 446 � 302 (1.04 mM) 1180 � 456 (2.76 mM) 38

5 470 � 300 (1.10 mM) 1590 � 488 (3.72 mM) 30
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generation and inducing neuronal hyperexcitabil-
ity. These findings highlighted increased persistent
current as a plausible pathophysiological factor in
epileptogenesis and stimulated the idea that selec-
tive suppression of persistent current may offer a
therapeutic strategy for rare familial epilepsies asso-
ciated with mutations that promote this type of
sodium channel dysfunction. Our findings in this
study suggest that therapeutic levels of ranolazine
can suppress abnormal increased persistent current
and may re-establish normal subthreshold sodium
conductance and hence normalize neuronal
excitability.

The goal of our study was to test the hypothesis
that ranolazine, a drug approved for the treatment
of chronic stable angina pectoris, was capable of
selectively suppressing increased persistent current
evoked by NaV1.1 mutant channels. This hypothesis
was inspired in part by the observation that phar-
macological suppression of increased persistent
current caused by cardiac sodium channel muta-
tions is therapeutically beneficial in subjects with
congenital LQTS (Schwartz et al., 1995; Wang et al.,
1997). We observed that ranolazine exhibited
16-fold and fivefold greater inhibition of persistent
current as compared to tonic block and use-
dependent block of peak current, respectively. This
inhibition was concentration dependent with great-
est selectivity in the low micromolar concentration
range, which matches the usual therapeutic plasma
concentration of 2–10 mM (Chaitman, 2006; Sicouri
et al., 2008). Ranolazine did not have significant
effects on current density, activation and voltage
dependence of inactivation, but we did observe
slowing of recovery from inactivation that may
indicate some degree of inactivated state stabiliza-
tion. Ranolazine also exerts use-dependent block of
WT and mutant NaV1.1 channels providing further
evidence of inactivation stabilization, but the con-
centrations required for these effects are much
higher than the usual therapeutic plasma levels of
the drug.

The binding of ranolazine to NaV1.1 channels
may involve drug–receptor site interactions reported
for other sodium isoforms. In a previous report
investigating block of NaV1.4 and NaV1.7 channels,
Wang et al. (2008) determined that ranolazine selec-
tively binds open states with minimal binding to
either closed or inactivated states. Their study uti-
lized voltage-train protocols with increasing step
durations to correlate ranolazine use-dependent
inhibition with the presentation of open conforma-
tions. The authors also reported a moderately rapid
association rate (kon = 8.2 mM-1 s-1) for NaV1.4 chan-
nels, which they suggested would allow drug
binding only after channels respond normally to

membrane depolarization. Unfortunately, to
control current magnitude, this study employed an
inverse sodium gradient (65 mM external and
130 mM internal), and the resultant non-
physiological efflux of sodium ions may have
affected drug binding kinetics, especially if ranola-
zine binds near the ion conduction pathway in
open conformations. A second study by Rajamani
et al. (2008a) also investigated the state-dependent
binding of ranolazine to NaV1.7 and NaV1.8 chan-
nels. This study used a similar voltage-train protocol
to demonstrate ranolazine binding to open chan-
nels. The authors also report significant shifts in the
voltage dependence of channel activation and inac-
tivation that were interpreted as evidence for drug
binding to inactivated states. Our findings demon-
strate that NaV1.1 channels respond differently to
ranolazine with no observable effects on voltage
dependence of activation or inactivation.

Our results combined with earlier data highlight
the diverse actions of ranolazine among sodium
channel isoforms. Nevertheless, each study investi-
gating the inhibition of sodium channels by rano-
lazine has reported preferential block of persistent
current with a selectivity of between 9 and 17-fold
(Fredj et al., 2006; Wang et al., 2008; Rajamani et al.,
2009). Further investigations are needed to deter-
mine the mechanism of persistent current block by
ranolazine. Among the possible mechanisms of
action are: (i) binding to open states and occluding
the pore; (ii) binding to open states and providing
secondary inactivation stabilization; (iii) binding to
inactivated states to directly stabilization inactiva-
tion; or (iv) a combination of each. Evidence for
involvement of the intracellular local anaesthetic
binding site was supported by the observation that
mutating the binding site in NaV1.5 and NaV1.4
channels reduces the efficacy of ranolazine (Fredj
et al., 2006; Wang et al., 2008).

At usual clinical dosages, ranolazine is well tol-
erated with a minority of patients experiencing
mild adverse effects such as dizziness, nausea, head-
ache and constipation (Nash et al., 2008). Ranola-
zine also blocks the cardiac voltage-gated potassium
channel HERG (Rajamani et al., 2008b) and this
accounts for the mild degree of QT interval prolon-
gation observed in some subjects. We demonstrated
that ranolazine is able to cross the blood–brain
barrier, which may explain certain adverse effects
such as dizziness and headache reported by subjects
receiving the drug. Furthermore, demonstration of
ranolazine brain penetration prompts us to specu-
late that this drug could exert an anti-epileptic
effect in persons carrying certain sodium channel
mutations such as those we have tested in this
study.
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The strategy of selective suppression of persistent
sodium current might not be appropriate for all
subjects with sodium channel mutations. In particu-
lar, we predict that this approach could be counter-
productive in SMEI caused by non-functional alleles
(e.g. nonsense, frame shift mutations) based on
anecdotal evidence that sodium channel blocking
anti-epileptic drugs may aggravate this condition
(Kassai et al., 2008). However, some cases of border-
line SMEI and related syndromes carry missense
mutations in SCN1A that promote increased persis-
tent sodium current (Rhodes et al., 2005). We specu-
late that selective suppression of persistent current
would have greatest value in epilepsy prophylaxis
rather than in aborting active seizures based on the
somewhat limited degree of use-dependent block
exerted by the drug. Some degree of sodium channel
use-dependent inhibition is likely to be important
for an anticonvulsant effect and the therapeutic
value of drugs selective for persistent current such as
ranolazine might depend on the right balance of
these two pharmacological actions. Perhaps, a com-
bination of a highly selective persistent current
blocker with a more conventional anti-epileptic
drug would offer synergistic benefit. Testing these
concepts in appropriate animal models is an impor-
tant and logical next step.
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Additional Supporting Information may be found in
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Figure S1 Ranolazine (3 mM) inhibits use-
dependent current. WT NaV1.1 and R1648H avail-
ability during repetitive stimulation was assessed
with a depolarizing pulse train (-10 mV, 5 ms, 300
pulses) at frequencies between 10 and 135 Hz
during sequential superfusion of control solution
followed by 3 mM ranolazine. Normalized peak
current (pulse 300/pulse 1) was plotted versus
frequency for each pulse train (n = 9 and 8,
respectively).
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