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Abstract

Relatively few SCN1A mutations associated with genetic epilepsy with febrile seizures-plus (GEFS+) and Dravet syndrome (DS)
have been functionally characterized. In contrast to GEFS+, many mutations detected in DS patients are predicted to have complete
loss of function. However, functional consequences are not immediately apparent for DS missense mutations. Therefore, we
performed a biophysical analysis of three SCN1A missense mutations (R865G, R946C and R946H) we detected in six patients with
DS. Furthermore, we compared the functionality of the R865G DS mutation with that of a R859H mutation detected in a GEFS+
patient; the two mutations reside in the same voltage sensor domain of Nav1.1. The four mutations were co-expressed with b1 and b2
subunits in tsA201 cells, and characterized using the whole-cell patch clamp technique. The two DS mutations, R946C and R946H,
were nonfunctional. However, the novel voltage sensor mutants R859H (GEFS+) and R865G (DS) produced sodium current
densities similar to those in wild-type channels. Both mutants had negative shifts in the voltage dependence of activation, slower
recovery from inactivation, and increased persistent current. Only the GEFS+ mutant exhibited a loss of function in voltage-
dependent channel availability. Our results suggest that the R859H mutation causes GEFS+ by a mixture of biophysical defects in
Nav1.1 gating. Interestingly, while loss of Nav1.1 function is common in DS, the R865G mutation may cause DS by overall gain-of-
function defects.

Introduction

Genetic epilepsy with febrile seizures-plus (GEFS+) is a benign form
of epilepsy in which patients have frequent febrile seizures early in
childhood and later might develop epilepsy with afebrile seizures.
Dravet syndrome (DS) or severe myoclonic epilepsy of infancy
(SMEI; Singh et al., 2001) is an intractable epilepsy syndrome,
characterized by an onset of fever-induced generalized tonic–clonic or
hemiclonic seizures within the first year of life, followed by other
seizure types, slowing of development and mental disability in the
majority of subjects. Absence of some of these features has also been
described in what some call borderline SMEI (Fukuma et al., 2004).
Voltage-gated sodium channels are glycosylated complexes that are

usually associated with one or two auxiliary b-subunits. Mutations in
SCN1A (encoding the a-subunit NaV1.1) and SCN1B (encoding the b1
subunit) have been linked to both GEFS+ and DS (Wallace et al.,
1998; Escayg et al., 2000; Claes et al., 2001; Patino et al., 2009), with
the majority of mutations found in SCN1A (Lossin, 2009). The
majority of GEFS+ cases arise from missense mutations, which are
distributed throughout the coding region. Functional analysis of some
SCN1A missense mutations found in GEFS+ subjects exhibit a variety
of biophysical defects that have been generalized as causing either
gain-of-function or loss-of-function gating defects (Spampanato et al.,
2001, 2003, 2004; Lossin et al., 2002, 2003; Barela et al., 2006).
In DS, approximately half of the mutations are nonsense or

frameshift alleles resulting in premature translation termination in
SCN1A, which suggests that DS results from a complete loss of
function of the mutant allele (Lossin, 2009). This hypothesis is
supported by evidence from Scn1a-knockout mice (Yu et al., 2006;
Ogiwara et al., 2007) and SCN1A gene deletions in DS patients (Suls
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et al., 2006). However, approximately one-third of the reported DS
mutations are missense alleles. Functional studies demonstrated that a
high proportion of missense mutations lead to nonfunctional sodium
channels (Ohmori et al., 2006). Nevertheless, a few studies have
shown that some missense mutations produce functional channels and
can either exhibit gain-of-function properties such as increased
persistent current or loss-of-function effects such as decreased channel
availability (Rhodes et al., 2004; Ohmori et al., 2006). The aim of this
study was to investigate the electrophysiological properties of one
GEFS+ and three DS associated missense mutations.

Materials and methods

Molecular SCN1A analysis

Genomic DNA was isolated from blood lymphocytes according to
standard DNA isolation procedures. Genomic DNA was amplified by
PCR and subsequently the entire coding region, including flanking
regions of the exons, was analyzed by sequence analysis using
automated sequence facilities (ABI3730; Applied Biosystems, Foster
City, CA, USA). Sequence traces were analyzed using Mutation
Surveyor software (SoftGenetics, LLC State College, PA, USA) using
AB093548.1 as a reference.

Constructs

The SCN1A plasmid, which encodes the human neonatal Nav1.1 ion
channel, has previously been described (Lossin et al., 2002). Mutations
R859H, R865G, R946C or R946Hwere introduced by QuikChange site-
directed mutagenesis (Stratagene, Cedar Creek, TX, USA) according to
the manufacturer’s protocol using the following primer pairs: sense 5¢
GGAAGGATTATCTGTTCTCCATTCATTTCGATTGCTGCGAG 3¢
and antisense 5¢ CTCGCAGCAATCGAAATGAATGGAGAACAGA-
TAATCCTTCC 3¢ (exchange c.G2576A to obtain p.R859H), sense 5¢
GTTCATTTCGATTGCTGGGAGTTTTCAAGTTGGC 3¢ and anti-
sense 5¢ GCCAACTTGAAAACTCCCAGCAATCGAAATGAAC 3¢
(exchange c.C2593G to obtain p.R865G), sense 5¢ CTTCCTGATTG-
TGTTCTGCGTGCTGTGTGGGG 3¢ and antisense 5¢ CCCCACA-
CAGCACGCAGAACACAATCAGGAAG 3¢ (exchange c.C2836T to
obtain p.R946C) and sense 5¢ CTTCCTGATTGTGTTCCACGT-
GCTGTGTGGGGAG 3¢ and antisense 5¢ CTCCCCACACAGCACG-
TGGAACACAATCAGGAAG 3¢ (exchange c.G2837A to obtain
p.R946H). All constructs were verified by sequencing.

Cell culture and transfections

Human-derived tsA201 cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with FBS, 10% penicillin, 100 U ⁄ mL;
streptomycin, 100 lg ⁄ mL; and l-glutamine, 0.05%; in a humidified
incubator at 37 �C with 5% CO2. Culture media and supplements were
obtained from Biowhittaker, Vervier, Belgium. Transient transfections
were performed with Lipofectamine (Invitrogen, Carlsbad, CA, USA)
using in total 6 lg of Nav1.1, b1 and b2 pDNAs in a ratio of
10 : 1 : 1, as previously described by Lossin et al., 2002. Cells were
incubated with CD8 positive beads (Invitrogen, Oslo, Norway) to
identify b1-expressing cells; cells expressing b2 were identified with
epifluorescence. Cells that expressed both b-subunits were used for
electrophysiological recording experiments. All experiments were
performed 48–72 h after transfection. For electrophysiological mea-
surements at least two different clones of either WT or mutant
constructs were evaluated.

Electrophysiology

Prior to patching, cells were incubated for at least 1 h in cell culture
medium containing (in mm) NMDG, 140; KCl, 4; CaCl2, 1; MgCl2, 1;
Na2HCO3, 14.3; HEPES, 15.1; Glucose, 17.5; with 1· amino acids
(Gibco, Paisley, UK), 1 · non-essential amino acids (NEAA; Gibco,
Paisley, UK; pH 7.35) supplemented with 10% FCS (Biowhittaker,
Vervier, Belgium), penicillin 100 U ⁄ mL (Biowhittaker, Vervier,
Belgium), streptomycin 100 U ⁄ mL (Biowhittaker, Vervier, Belgium)
and 2 mm l-glutamine (Biowhittaker, Vervier, Belgium) in a humid-
ified atmosphere at 37 �C, 5% CO2. For patch experiments, cells were
bathed in modified Tyrode’s solution containing (in mm) NaCl, 140;
KCl, 5.4; CaCl2, 1.8; MgCl2, 1; glucose, 6; and HEPES, 6; (pH
adjusted to 7.4 with NaOH). Sodium currents were measured at room
temperature (20–22 �C) using the whole-cell voltage-clamp configu-
ration with an Axopatch 200B amplifier (Axon Instruments, Union
City, CA, USA). Patch electrodes were pulled from borosilicate glass
capillaries and fire-polished. Pipettes were fabricated with a micro-
pipet puller (Sutter Instruments, Novato, CA, USA) and had a
resistance of 1.5–2.2 MX when filled with the following intracellular
solution (in mm): NaF, 10; CsF, 110; CsCl, 20; EGTA, 2; and HEPES,
10; (pH 7.35). Cells were allowed to stabilize for 10 min after the
whole-cell configuration was established. Cells that had a sodium
current of < )600 pA were excluded from analyses to avoid
contamination by endogenous currents. Cells expressing sodium
current > )6000 pA were excluded from analyses to avoid recordings
with poor voltage control. Cell capacitance and pipette series
resistance were compensated for by 90%. Leak currents were
subtracted using a P ⁄ 4 procedure. Currents were acquired with a
low-pass filter of 10 kHz and digitized at 100 kHz. For analysis, the
recorded currents were low-pass-filtered at 5 kHz. The voltage-
clamp protocols were generated using pCLAMP9.2 (Axon
Instruments). Steady state of activation and channel availability
were determined by fitting the data with a single Boltzmann
y = Imax ⁄ (1 + exp((1 ⁄ k) · (V)V½))), where V is the variable condi-
tioning potential, V½ the voltage of half-maximal activation, k the
slope and Imax the normalized maximal amplitude of the Boltzmann
current. The recovery from inactivation was analyzed by fitting
the data with a double exponential function I ⁄ Imax =
Afast · (1)exp()t ⁄ sfast)) + Aslow · (1)exp()t ⁄ sslow)) + C, where sfast
and sslow denote a fast and a slow time constant, Afast and Aslow

represent the two fractional amplitudes and C is the level of
noninactivating sodium current. Speed of inactivation was evaluated
by fitting the decay phase of the sodium current with a
double exponential function I ⁄ Imax = Afast · exp()t ⁄ s fast) +
Aslow · exp()t ⁄ sslow) + C, where the parameters are defined as above.
Persistent sodium current was measured in the final 10 ms of a 100 ms
depolarizing pulse to )20, )10 and 0 mV, and determined by
subtracting background current measured in the presence of 10 lm

tetrodotoxin (Alomone, Jerusalem, Israel) from tetrodotoxin-free
records. Data analysis was performed using Excel 2008 (Microsoft,
Seattle, WA, USA) and Origin Pro 8.0 (Microcal, Northhampton, MA,
USA) and Kaleidagraph 4.0 (Synergy Software, Reading, PA, USA)
software. Values are expressed as means ± SEM. Statistical compar-
ison was done using an unpaired Student’s t-test; a P < 0.05 value was
considered significant.

Results

Clinical phenotypes

The novel R859H mutation was detected in a girl diagnosed with
GEFS+ and a paternal history of (a)febrile seizures (Table 1). Her
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febrile convulsions, generalized tonic–clonic seizures (GTCS),
started at the age of 13 months after a diphtheria ⁄ tetanus ⁄ whole
cell pertussis ⁄ inactivated poliovirus (DTwcP-IPV) and haemophilus
influenzae type b (Hib) vaccination and were recurrent and often
prolonged. After the age of 3.5 years she also experienced afebrile
GTCS and an isolated complex partial seizure (CPS). Electroenceph-
alography (EEG) demonstrated bilateral occipital–temporal spike-
wave complexes and a few predominantly left-sided isolated occipital
spike-waves. The patient responded well to valproate (VPA). Her last
seizure was reported at age 5.5 years and EEG analysis at the age of
6 years did not show epileptiform activity. She had normal develop-
ment except for some features of attention deficit–hyperactivity
disorder (ADHD). Her father experienced approximately ten febrile
seizures between age 1 and 6 years. In the next 9 years, he
experienced approximately five afebrile seizures. He received VPA
from age 11 years until he was 17 years old. The family history of
first-degree relatives was negative for febrile and afebrile seizures.

The novel R865G mutation was detected in a boy who had right-
sided hemiconvulsions with postictal hemiparesis since the age of

9 months (Table 1). He also experienced myoclonic jerks and CPS.
His EEGs showed a near-normal background pattern with isolated
sharps and sharp waves in both hemispheres. He was diagnosed with
DS. Magnetic resonance brain imaging was normal. At the age of
60 months, he was deemed to have a severe developmental delay with
a developmental age of 29 months. After addition of levetiracetam
(LEV) to VPA and lamotrigine (LTG) at the age of 6.5 years he is
seizure-free to date. His family history was negative for febrile
convulsions and epilepsy. His parents are consanguineous. DNA
analysis of the parents was not available.
The R946C mutation was previously found in subjects with DS, but

not functionally characterized. We also detected this mutation in a girl
diagnosed with DS. She experienced her first seizure at age
10 months, after a vaccination against DTwcP-IPV and Hib. The
majority of her seizures were fever-provoked GTCS. VPA monother-
apy controlled her seizure frequency to twice a year. She showed
ataxia and a moderate developmental delay. Her IQ was 60 at the age
of 5.5 years (Table 1).

Table 1. Clinical features of patients with an SCN1A mutation

SCN1A
mutation Gender

Age
study
(years)

Seizure
onset Seizure types AEDs

Response
to AED Development Ataxia

Epilepsy
classification Inheritance

R859H F 8.5 13 months GTCS, CPS Currently no AEDs Seizure-free Normal No GEFS+ Paternal
R859H M 29 1 years GTCS Currently no AEDs Seizure-free Normal No GEFS+ ND
R865G M 9.5 9 months H, Mc, CPS VPA, LTG, LEV Seizure-free Severely

delayed
No Dravet ND

R946C F 5.5 10 months GTCS VPA Intractable Moderately
delayed

Yes Dravet de novo

R946H M 24 < 1 years GTCS, Mc, CPS VPA, TPM Intractable Delayed Unknown Dravet ND
R946H M 4.5 4 months GTCS, H VPA, TPM Intractable Delayed Unknown Dravet ND
R946H F 3 10 months GTCS, Mc, A, MAs VPA, LEV, CLZ Intractable Delayed Unknown Dravet ND

A, atypical absences; AED, antiepileptic drug; CLZ, clonazepam; CPS, complex partial seizure; GTCS, generalized tonic–clonic seizures; H, hemi convulsions; LEV,
levetiracetam; LTG, lamotrigine; MAs, myoclonic–astatic seizures; Mc, myoclonias; ND, not determined; TPM, topiramate; VPA, valproate.

R865GR859HWT

+
+
+

+
+
+

+
+
+

+
+
+

N

C

R859H

R865G

R946C/R946H
A

B

500 pA

1 ms

Fig. 1. Mutation location and representative WT and mutant Nav1.1 whole-cell currents. (A) Schematic representation of the Nav1.1 channel. The S4 voltage
sensors are marked with plus signs (+). The locations of the mutations are as depicted. (B) Assembled sodium currents elicited by increasingly depolarizing pulses.
Representative sodium currents recorded from tsA201 cells expressing WT, R859H or R865G ion channels in combination with b1 and b2 subunits. Currents were
activated by depolarizing voltage steps ranging from )80 mV to +90 mV in increments of 5 mV. Both mutants produced functional sodium currents, which were
similar in amplitude to WT currents (Student’s t-test: WT n = 13; R859H n = 12, P = 0.89; R865G n = 10, P = 0.97). See Materials and Methods and inset Fig. 2B
for pulse protocol.
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Fig. 2. SCN1A mutations alter gating of Nav1.1 channels. (A) Current–voltage relationships for Nav1.1 WT, R859H and R865G. Whole-cell currents were
normalized to cell capacitance and plotted against the test potentials. WT and mutant channels produce similar peak current densities. (B) Voltage dependence of
activation was determined by measuring peak currents during variable test pulses from a holding potential of )120 mV. The currents were divided by the
electrochemical driving force and normalized to the maximum peak current to obtain the normalized sodium conductance. Both mutants exhibited a negative shift in
the voltage dependence of activation, resulting in a gain-of-function of activation (Student’s t-test, WT n = 13; R859H n = 12, P = 0.004; R865G n = 10,
P < 0.0001). (C) Voltage dependence of inactivation (voltage dependence of channel availability) was measured using a two-step pulse protocol (inset) by applying
inactivating prepulses from )140 to )10 mV in 5 mV steps. Currents at the )20 mV test pulse were normalized to the peak current amplitude at the beginning of
each prepulse and plotted against the prepulse potential. The voltage dependence of inactivation of R859H channels showed a hyperpolarized shift, causing a loss of
channel availability at potentials more negative than )40 mV (Student’s t-test, WT n = 8; R859H n = 6, P = 0.0003). (D) Recovery from fast inactivation was
acquired by applying a 500 ms inactivating prepulse to the cell followed by a )120 mV step for variable time durations (1–3000 ms) to allow channel recovery, then
a 20 ms test pulse to 0 mV. Fractional recovery was calculated by dividing the maximum peak current of the test pulse by the maximum current amplitude of the
corresponding conditioning pulse. The data were fitted with a double exponential function. Both mutants showed a slower recovery from inactivation than WT
(Student’s t-test, WT n = 5; R859H, n = 7, P = 0.02; R865G, n = 9, P = 0.0002).

Table 2. Biophysical parameters of Nav1.1 WT and mutant ion channels

Voltage dependence of activation Voltage dependence of inactivation Recovery from fast inactivation

V½ (mV) k n V½ (mV) k n sfast (ms) Afast (%) sslow (ms) Aslow (%) n

Nav1.1 WT )23.1 ± 1.1 7.3 ± 0.3 13 )62.3 ± 0.9 )6.1 ± 0.3 8 2.3 ± 0.2 77 ± 3 130 ± 11 25 ± 2 5
R859H )27.1 ± 0.6� 6.7 ± 0.2 12 )68.1 ± 0.7� )6.9 ± 0.3 6 3.3 ± 0.3* 76 ± 1 191 ± 25* 22 ± 2 7
R865G )31.2 ± 1.1� 7.1 ± 0.3 10 )60.1 ± 0.9 )5.9 ± 0.1 10 2.9 ± 0.3 71 ± 5 207 ± 12* 29 ± 4 9

Values presented are mean ± SEM. Values significantly different from Nav1.1 WT are indicated as follows: *P < 0.05, �P < 0.001, �P < 0.0001.
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The R946H mutation was previously described in five patients with
DS and one subject with partial epilepsy with antecedent febrile
seizures (Fukuma et al., 2004; Berkovic et al., 2006; Harkin et al.,
2007, Depienne et al., 2009; Liao et al., 2010). Functional analysis of
this mutation showed complete loss of function of the mutant allele
(Liao et al., 2010). We also detected the R946H mutation in three
unrelated subjects diagnosed with DS (Table 1).

The first case was an adult male who had GTCS, initially provoked
by DTwcP-IPV vaccination followed by fever, in his first year of life.
Subsequently, he developed myoclonias and complex partial seizures.
He experienced monthly seizures while receiving a combination of
VPA and topiramate (TPM), and exhibited a moderate developmental
delay.

The second case was a boy who had his first seizure after a DTwcP-
IPVand Hib vaccination at age 4 months (Table 1). Initially the clonic
component of the seizures (focal ⁄ hemiconvulsions) did not involve all
limbs. Later on he developed GTCS, often occurring in clusters and
provoked by fever. At age 1.5 years a developmental delay became
evident. His interictal EEG was normal until age 3 years, rapidly
followed by diffusely disturbed EEGs later in life. After replacement
of the combination of VPA and LTG by VPA and TPM, seizure
frequency was reduced.

The third patient was a girl who experienced her first GTCS at age
10 months, and subsequently developed myoclonias, atypical ab-
sences and myoclonic–astatic seizures previously described by
Verbeek et al., 2011;. Her EEG at the age of 3 years showed
multifocal (poly)spike–wave complexes. VPA, LEV and clonazepam
(CLZ) administration reduced seizures to two per month. She also
showed developmental delay, with a developmental age of 18 months
at the age of 2.5 years (Table 1). Her deceased father had been
diagnosed with DS with a milder phenotype (Verbeek et al., 2011).
Unfortunately, DNA of the father and the paternal grandparents was
not available for analysis.

R946C and R946H channels were nonfunctional

The two missense mutations, R946C and R946H, are located in the
Nav1.1 domain II pore-loop (Fig. 1A). When co-expressed with the
b1- and b2-subunits, neither mutant channel produced measurable
sodium currents. Our findings for R946H are in agreement with recent
observations made by Liao et al. (2010). The observation that R946C
also leads to a complete loss of ion channel function suggests that
R946 is a residue critical for Nav1.1 function.

R859H and R865G exhibited gating defects

The two novel SCN1A mutations located in the voltage-sensing S4
segment of domain II, R859H and R865G, both produced functional
sodium channels and were further examined (Fig. 1B). Compared to
wild-type (WT) channels, R859H and R865G exhibit similar peak
current densities (R859H t23 = 0.14, P = 0.89; R865G t21 = 0.03,
P = 0.97; Fig. 2A). Voltage-dependence of activation was altered for
both mutant channels. Half-maximal voltage (V½) for activation was
shifted towards more hyperpolarized potentials (R859H )4 mV,
n = 12; R865G )8.1 mV, n = 10; Table 2) compared to WT channels
(R859H t23 = 3.21, P = 0.004; R865G t21 = 5.27, P < 0.0001;
Fig. 2B and Table 2), resulting in a gain-of-function for both mutants
albeit more prominent for R865G. The V½ of inactivation was shifted
towards more negative values for the R859H mutant channels
()5.8 mV, n = 6), while the R865G mutant was similar to WT
channels (R859H t12 = 4.94, P = 0.0003; R865G t16 = )1.81,

P = 0.09; Fig. 2C and Table 2). This loss-of-function gating defect
for R859H suggests a reduction in channel availability at potentials
more negative than )40 mV. To investigate the recovery from
inactivation, we applied a 500 ms depolarizing prepulse to inactivate
all ion channels, followed by a )120 mV step of increasing durations
(1–3000 ms) to allow the channels to recover from inactivation,
followed by a depolarizing test pulse. The fractional recovery from
inactivation with time was calculated by dividing the maximum peak
current elicited by the test pulse by the peak currents obtained at the
conditioning pulse. The data was fitted with a double exponential to
obtain a fast (sfast) and a slow (sslow) recovery from inactivation
constant. Both mutant channels exhibited a similar slowing in the
recovery from fast inactivation (Fig. 2D) indicated by a larger time

*

*

*
*

**

**

*

** ** ** ** ****†

* * **

*

*

*****

A

B

Fig. 3. Mutant channels exhibited time-dependent gating defects. (A) Time to
peak current was analyzed from )30 to +30 mV. R859H exhibited a
significantly delayed activation time in the voltage range )30 to +5 mV
compared to Nav1.1 WT (Student’s t-test, WT n = 13; R859H n = 12,
*P < 0.05). (B) Inactivation rate constants (current decay after peak INa) were
obtained by fitting the inactivating sodium current with a double exponential to
obtain two rate constants: fast and slow component. R859H showed an overall
slowing in the speed of inactivation, while the R865G only showed an increase
in a slow inactivation rate constant (Student’s t-test: *P < 0.05, **P < 0.005,
�P = 0.00095; WT n = 13; R859H n = 12; R865G n = 10).
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constant (sslow) of recovery (R859H t10 = )2.81, P = 0.02; R865G
t12 = )5.16, P = 0.0002; Table 2).
Figure 3 illustrates the time to peak activation and the speed of

inactivation for WT, R859H and R865G channels. We observed a
significant delay in time to peak currents for R859H over the )30 to
+5 mV voltage range, indicating a slowing in speed of activation of
this mutant channel (Fig. 3A). To quantify the speed of sodium
channel inactivation for WT, R859H and R865G channels, the decay
in current traces during test pulses in the voltage range )30 to +30 mV
were fitted with a double exponential to obtain fast and slow
inactivation rate constants. The inactivation time constants were
plotted against the test potentials (Fig. 3B). Rate constants corre-
sponding to the fast component of inactivation were significantly
larger in the voltage range of )20 to +10 mV for R859H, but not for

R865G (Fig. 3B). The rate constant representing the slower compo-
nent of inactivation for both mutations was significantly larger at many
test potentials (Fig. 3B). These findings suggest impaired fast
inactivation for both mutants.
Abnormal elevated persistent current can be generated by incom-

plete sodium channel inactivation during membrane depolarization
and may facilitate repetitive action potential firing in neurons
(Stafstrom, 2007). Previously certain Nav1.1 mutations associated
with GEFS+ and DS have been demonstrated to exhibit an increased
persistent current (Lossin et al., 2002; Rhodes et al., 2004; Ohmori
et al., 2006). To analyze persistent current for R859H and R865G
channels, we recorded sodium currents by applying 100 ms depolar-
izing pulses (from )120 to )20, )10 and 0 mV) in the absence or
presence of tetrodotoxin, and digitally subtracted the currents.

† † †

* * *

20 ms

A

B

–120 mV

–10 mV

WT
R859H

R865G

Fig. 4. Persistent current was increased in mutant channels. (A) Typical sodium current elicited by a long )10 mV depolarizing pulse. Persistent current was
determined by a 100 ms depolarizing pulse from )120 mV to voltages )20, )10 and 0 mV. Tetrodotoxin-sensitive current recordings were obtained by digital
subtraction of sodium currents before and after tetrodotoxin treatment. Persistent current was analyzed in the last 10 ms of the pulse and normalized to the peak
sodium currents. Inset shows an expanded y-axis scaled to highlight the increased persistent current of R859H and R865G channels compared to WT. (B) The
magnitude of persistent current as percentage of peak current amplitude plotted against the voltage steps. Both R859H and R865G mutants show a significant
increase in persistent current at all test potentials, which suggest a destabilized inactivation gate that may lead to an increased hyperexcitability in neurons (Student’s
t-test: *P < 0.05, �P < 0.001; WT n = 5; R859H n = 5; R865G n = 6).
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Persistent current was determined at the final 10 ms of the 100 ms
depolarizing pulse and normalized to peak sodium currents. Both
mutants exhibited a significantly increased persistent current compared
to Nav1.1 WT channels (Fig. 4). ()20 mV: R859H t8 = )2.51,
P = 0.04, n = 5; R865G t9 = )5.29, P = 0.0005, n = 6; )10 mV:
R859H t8 = )3.41, P = 0.009, n = 5; R865G t9 = )5.95, P = 0.0002,
n = 6; 0 mV: R859H t8 = )2.27, P = 0.02, n = 5; R865G t9 = )5.66,
P = 0.0003, n = 6).

Discussion

SCN1A mutations are linked to a spectrum of epileptic phenotypes,
ranging in severity from GEFS+ to DS. For GEFS+ only missense
mutations have been reported, leading to a wide array of biophysical
gating defects. DS is often caused by mutations that are predicted to
cause a truncated protein leading to a complete loss of function of the
sodium ion channel. However, there are also several reports of
missense mutations in patients with DS, some of which have been
shown to produce functional ion channels in vitro (Rhodes et al.,
2004; Ohmori et al., 2006).

We have studied four mutations in the SCN1A gene (R859H,
R865G, R946C and R946H). Both R946C and R946H are associated
with the Dravet phenotype and are mutations in the pore-loop region
of the SCN1A gene. A few pore-loop mutations (R393H, H939Q,
R946H, C959R and T1709I) have been functionally characterized and
all mutations produced nonfunctional channels (Rhodes et al., 2004;
Ohmori et al., 2006; Liao et al., 2010). Our study also showed the
pore-loop mutations (R946C and R946H) to be nonfunctional.
Whether all pore-loop mutations are nonfunctional will require
additional studies, but this finding is concordant with the general
loss-of-function hypothesis of DS and supported by Scn1a+ ⁄ ) mice,
which show that a reduction in sodium current in GABAergic
inhibitory interneurons is sufficient to cause DS (Yu et al., 2006;
Ogiwara et al., 2007; Catterall et al., 2010).

Cells expressing the DIIS4 voltage sensor mutants R859H or R865G
produced functional channels. Although both mutants produced
sodium currents that were similar to WT currents, we also found
various gating defects. For the GEFS+ mutant R859H we found a
reduction in voltage-dependent steady-state channel availability and a
delayed recovery from fast inactivation. However, this mutant also
displayed an increased persistent current and slower inactivation rate
constant, which may predispose a neuron to increased sodium
conductance upon membrane depolarization. These data indicate that
the mutant causes GEFS+ (including CPS) by mixed biophysical
gating defects. Notably, effects differ from a previously reported
GEFS+ mutant R859C, which showed smaller sodium peak currents, a
depolarizing shift in the voltage dependence of activation, and a slower
recovery from slow inactivation (Barela et al., 2006). These discrep-
ancies in results may be explained by the difference in amino acid
substitution or differences in the experimental procedures such as the
use of a Xenopus oocyte expression system instead of cultured human
cells, expression of a mutated a-subunit in the absence of one of the b-
subunits vs. a mutated a-subunit expressed with both b1 and b2-
subunits, and a species-dependent modification of the rat vs. human
Nav1.1 channel. The DS mutant R865G showed predominantly gain-
of-function defects, including a hyperpolarized shift in the voltage
dependence of activation and a large increase in persistent current.
Interestingly, the hyperpolarizing shift in the voltage dependence of
activation observed for the R865G mutant, in combination with the
unaltered voltage dependence of inactivation, indicates an increase in
window current. The increased persistent current in both mutant

channels is caused by an incomplete inactivation of the mutant channel,
which leads to a proportion of channels either remaining open or to
reopening (Kahlig et al., 2006; Stafstrom, 2007). Previous studies of
several SCN1A mutants associated with GEFS+ and DS (Lossin et al.,
2002; Rhodes et al., 2004; Ohmori et al., 2006) showed increased
persistent current which may be a contributing factor to the complex
epileptic phenotypes. However, the gain-of-function defects in the DS
mutant R865G do not support the general loss-of-function hypothesis
of DS (Catterall et al., 2010), but the neuronal effects of these
biophysical effects are not known.
It is not possible to extrapolate the gating defects of Nav1.1mutants to

a neuronal network. In addition, the embryonic and postnatal develop-
ment of the brains of subjects with SCN1A mutations, in combination
with the genetic background, is difficult to determine. In this setting it
seems feasible that any disturbance in excitation and inhibition in a
neuronal network may lead to an epileptic outcome, including DS.
There are reports of truncation mutations in SCN1A that lead to febrile
seizures orGEFS+ instead ofDS (Gennaro et al., 2003; Yu et al., 2010),
indicating that the genetic background can play a role in the outcome of
the disease. Such differences in severity of epileptic phenotypes have
also been observed in Scn1a+ ⁄ ) mouse model strains (Yu et al., 2006).
In this study further circumstantial evidence is provided that

nonfunctional channels, as well as R865G mutant channels that show
a variety of biophysical gating defects, can all cause DS. On the other
hand, it can not be ruled out that mutant Nav1.1 channels expressed in
neurons behave differently than in our heterologous expression
system, as tsA201 cells may lack key subunits of the ion channel
macromolecular complexes. In neurons, defects in directing mutant
Nav1.1 proteins to the appropriate plasma membrane sites, e.g. soma
or axon initial segment, might result in loss-of-function effects that can
not be studied in tsA201 cells. Such distinct trafficking defects have
been reported for sodium and potassium ion channel mutants (Mohler
et al., 2004; Chung et al., 2006). In addition, fever-induced seizures
are common in GEFS+ and DS subjects, and GEFS+ and DS mouse
models showed increased seizure susceptibility at elevated body
temperatures (Oakley et al., 2009; Martin et al., 2010). Future studies
at physiological and febrile temperatures are warranted and could
unmask important temperature-dependent gating effects.
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