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Neurobiology of Disease

A Novel Epilepsy Mutation in the Sodium Channel SCN1A
Identifies a Cytoplasmic Domain for 8 Subunit Interaction
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A mutation in the sodium channel SCN1A was identified in a small Italian family with dominantly inherited generalized epilepsy with
febrile seizures plus (GEFS +). The mutation, D1866Y, alters an evolutionarily conserved aspartate residue in the C-terminal cytoplasmic
domain of the sodium channel « subunit. The mutation decreased modulation of the « subunit by 31, which normally causes a negative
shiftin the voltage dependence of inactivation in oocytes. There was less of a shift with the mutant channel, resulting in a 10 mV difference
between the wild-type and mutant channels in the presence of 31. This shift increased the magnitude of the window current, which
resulted in more persistent current during a voltage ramp. Computational analysis suggests that neurons expressing the mutant channels
will fire an action potential with a shorter onset delay in response to a threshold current injection, and that they will fire multiple action
potentials with a shorter interspike interval at a higher input stimulus. These results suggest a causal relationship between a positive shift
in the voltage dependence of sodium channel inactivation and spontaneous seizure activity. Direct interaction between the cytoplasmic
C-terminal domain of the wild-type o subunit with the 31 or 33 subunit was first demonstrated by yeast two-hybrid analysis. The SCN1A
peptide K1846-R1886 is sufficient for 3 subunit interaction. Coimmunoprecipitation from transfected mammalian cells confirmed the
interaction between the C-terminal domains of the « and 31 subunits. The D1866Y mutation weakens this interaction, demonstrating a

novel molecular mechanism leading to seizure susceptibility.
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Introduction

Generalized epilepsy with febrile seizures plus (GEFS+) [MIM
604233 (Mendelian Inheritance in Man)] is an inherited epilepsy
disorder characterized by febrile seizures persisting beyond the
age of 6 years and progression to adult epilepsy (Scheffer and
Berkovic, 1997; Singh et al., 1999). Mutations in four genes have
been associated with GEFS+, the sodium channel « subunits
SCN1A and SCN2A, the sodium channel 81 subunit SCN1B, and
the GABA , receptor y2 subunit GABRG2 (for review, see Meisler
et al., 2001).

Since the description of the first SCN1A mutations in families
with GEFS+ in 2000, 10 additional mutations have been de-
scribed, accounting for the disease in 50% of families studied
(Escayg et al., 2000, 2001; Abou-Khalil et al., 2001; Sugawara et
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al., 2001; Wallace et al., 2001; Annesi et al., 2003; Fujiwara et al.,
2003; Lossin et al., 2003). Most of these are located within or
adjacent to transmembrane segments or in the pore region of the
channel. The biophysical characteristics of eight mutations have
been examined, revealing an array of phenotypic variations in
channel function (Spampanato et al., 2001, 2003; Lossin et al.,
2002, 2003; Cossette et al., 2003). Functional characterization of
additional disease alleles of SCNIA can further our understand-
ing of the structure—function relationships of the channel
protein.

SCNIA is one of nine paralogous genes in the mammalian
genome encoding the large a subunits of the voltage-gated so-
dium channels (Plummer and Meisler, 1999; Goldin, 2001).
These highly conserved transmembrane proteins contain four
internally homologous domains, each with six transmembrane
segments (Catterall, 2000). Voltage-dependent gating results
from conformational changes initiated by transmembrane seg-
ments with multiple positive charges. The N-terminal and
C-terminal domains of the channel protein are localized in the
cytoplasm, and the C-terminal domain is thought to contribute
to channel inactivation (Mantegazza et al., 2001). Localization,
cell surface expression and inactivation of the sodium channel «
subunits are modified by interaction with a family of small 8 sub-
units that are single-transmembrane proteins with extracellular im-
munoglobulin domains and short intracellular C-terminal domains
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(Isometal., 1994; Yu etal.,, 2003). The o subunit encoded by SCNIA
is designated Na, 1.1 (Goldin et al., 2000).

We report here that the D1866Y mutation of SCNI1A causes a
positive shift in the voltage dependence of sodium channel fast
inactivation, an increase in the magnitude of the persistent cur-
rent and a delay in the kinetics of inactivation. Computational
analysis of action potential generation suggests that these effects
might alter the spike timing in a way that is consistent with neu-
ronal hyperexcitability. The molecular basis for the biophysical
alterations is impaired interaction between the cytoplasmic C
termini of the @ and B1 subunits. The data define a novel inter-
action domain of the « subunit that is required for complete
modulation of & subunits by B1.

Materials and Methods

Mutation detection. The exons of SCNI1A were amplified individually from
genomic DNA in 28 PCRs and analyzed by conformation-sensitive gel elec-
trophoresis as described previously (Escayg et al., 2000). PCR products with
mobility variants were gel purified with the Qiaquick gel extraction kit (Qia-
gen, Valencia, CA) and manually sequenced using the Thermosequenase
sequencing kit (United States Biochemicals, Cleveland, OH). Control sam-
ples were described previously (Escayg et al., 2001).

Expression and electrophysiology. The D1866Y mutation was con-
structed from two overlapping PCR products. Product 1 (1062 bp) was
generated with the primer pair F1 (GCCACAAAAGCCTATCCCTC-
GACCTGG) and DI1866YR (GTAAAAGCAAATAAGATGTCCAG-
GCAGTGGATGCGGTC). Product 2 (371 bp) was generated with the
primer pair D1866YF (GACCGCATCCACTGCCTGGACATCTTATT-
TGCTTTTAC) and Rl (GGACAAGCTGCAGTGGACATCGTCAGG).
Each PCR product (0.5 ul) was combined and reamplified with the out-
side primers F1 and R1 to generate a 1395 bp product that contains the
D1866Y mutation. BssH1/BstEII digestion of this product generated a
1104 bp fragment that was ligated with the BssH1/BstEII-digested wild-
type channel cDNA. The mutant plasmid was grown in HB101 cells on
LB—tetracycline plates. Resequencing of the complete coding sequence
confirmed the presence of the D1866Y mutation and the absence of any
other mutations.

mRNA was transcribed in vitro from Notl-linearized DNA templates
and injected into stage V oocytes that had been removed from adult
female Xenopus laevis frogs (Goldin, 1991). Oocytes were incubated in
ND-96 media, which consisted of 96 mm NaCl, 2 mm KCl, 1.8 mm CaCl,,
1 mm MgCl,, and 5 mm HEPES, pH 7.5, supplemented with 0.1 mg/ml
gentamicin, 0.55 mg/ml pyruvate, and 0.5 mm theophylline. RNA encod-
ing the Na 1.1 and D1866Y channels were injected at ~60 pg/oocyte in
the absence of the 81 subunit and ~30 pg/oocyte in the presence of the
B1. When the channels were coexpressed with the 1 subunit, at least a
10:1 molar ratio of 81 to « mRNA was injected. Oocytes were incubated
at 20°C for >10 hr in ND-96 before voltage clamping.

Sodium currents were recorded using the cut-open oocyte CA-1 High
Performance Oocyte Voltage Clamp (Dagan, Minneapolis, MN) at 20°C
(HCC-100A Temperature Controller; Dagan), with a DigiData 1321A
interface (Axon Instruments, Foster City, CA) and pClamp 8.0 software
(Axon Instruments) as described previously (Kontis et al., 1997). The
external solution consisted of 120 mMm sodium methanesulfonate, 10 mm
HEPES, and 1.8 mm calcium methanesulfonate, pH 7.5. The internal
solution consisted of 88 mm K,SO,, 10 mm EGTA, 10 mm HEPES, and 10
mum Na,SO,, pH 7.5. P/4 subtraction was used to eliminate capacitive
transients and leak currents whenever possible. The fast-gated properties
of recovery from inactivation and use dependence were recorded using
the cut-open oocyte voltage clamp but analyzed using a baseline subtrac-
tion method because these two properties might be altered by the time
requirements of P/4 subtraction.

The voltage dependence of activation was analyzed using a step pro-
tocol in which oocytes were depolarized from a holding potential of
—100 mV to a range of potentials from —95 to +50 mV in 5 mV incre-
ments. Peak currents were normalized to the maximum peak current and
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plotted against voltage. To calculate a reversal potential, the resulting -V
curve of each data set was individually fit with the following equation:

I=[1+exp(—0.03937 X z X (V=V,,)] ' X g X (V—V,,),

where I is the current amplitude, z is the apparent gating charge, V'is the
potential of the given pulse, V,,, is the half-maximal voltage, g is a factor
related to the number of open channels during the given pulse, and V., is
the reversal potential. Conductance was then calculated directly using the
equation G = I/(V — V,), where G is conductance and [, V, and V, are as
described above. The conductance values were fit with the two-state
Boltzmann equation:

G = 1/[1 + exp(—0.03937 X z X (V — V,,))],

where zis the apparent gating charge, Vis the potential of the given pulse,
and V/,, is the potential for half-maximal activation.

The voltage dependence of steady-state inactivation was determined
using a two-step protocol in which a conditioning pulse was applied from
a holding potential of —100 mV to a range of potentials from —100 to
+15 mV in 5 mV increments for 100 msec, immediately followed by a
test pulse to —5 mV. The peak current amplitudes during the subsequent
test pulses were normalized to the peak current amplitude during the first
test pulse, plotted against the potential of the conditioning pulse, and fit
with the two-state Boltzmann equation:

I=1/[1+ exp((V— V,;,)la)],

where I is equal to the test-pulse current amplitude, V is the potential of
the conditioning pulse, V, , is the voltage for half-maximal inactivation,
and a is the slope factor.

The kinetics of fast inactivation were analyzed using the same protocol
used to study the voltage dependence of activation. Inactivation time
constants were determined using the Chebyshev method to fit each trace
with either the following single-exponential equation:

I'= Agow X exp[—(t = K)/Tg0,] + C,
or the double-exponential equation:

I=ApXexpl—(t — K)/ 7] + A X exp[—(t — K)/ 700 ] + C,

Slow
where I is the current, Ay, and Ag,,, are the relative proportions of
current inactivating with the time constants 7y, and 7y, K is the time
shift, and C is the steady-state non-inactivating current. The time shift
was selected manually as the point at which the macroscopic current
began to inactivate exponentially.

Recovery from inactivation was analyzed using three separate, two-
pulse protocols. Each protocol began with a conditioning depolarization
from a holding potential of —100 to —5 mV for 50 msec, which inacti-
vated >95% of the channels. This was followed by a decreasing recovery
time interval at —100 mV and a test depolarization to —5 mV. The three
protocols differed only in the maximum length of recovery time and the
time interval by which that recovery period decreased: 25 msec maxi-
mum and 1 msec decrements in the short protocol, 200 msec maximum
and 5 msec decrements in the intermediate protocol, and 3000 msec
maximum and 100 msec decrements in the long protocol. Fractional
recovery was calculated by dividing the maximum current amplitude
during the test pulse by the maximum current amplitude of the corre-
sponding conditioning pulse. The recovery data were fit with either the
following double-exponential equation:

I=1—[A, Xexp(—tlT)) + A, X exp(—t/T,)],
or the triple-exponential equation:
I=1—[A, Xexp(—t/T) + A, X exp(—t/T,) + A; + exp((—t/75)],

where A}, A,,and A; are the relative percentages of current that recovered
with the time constants 7, T,, and 75, and t is the recovery time.

Use dependence was analyzed at 39 Hz using 17.5 msec depolariza-
tions to —10 mV from a holding potential of —100 mV. The protocol was
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continued for 2.56 sec, which was long enough for the current to have
reached equilibrium. Peak current amplitudes were normalized to the
peak current amplitude during the first depolarization and plotted
against the time corresponding to the beginning of each depolarization.

Ramp currents were recorded at room temperature on the two-
electrode voltage clamp in ND-96 without supplements using a slow
voltage change of 15 mV per 200 msec from a holding potential of —100
to +50 mV. Tetrodotoxin (TTX) subtraction was used to eliminate all
non-TTX-sensitive currents by subtracting those currents recorded in
the presence of 400 nm TTX from those recorded in the absence of TTX.
The data were filtered at 1 kHz, and peak inward currents recorded
during the ramp protocol were normalized to the maximum peak so-
dium current recorded from the same oocyte during a separate voltage-
dependent activation protocol described above.

Computational model. To determine the physiological effects of the
changes in sodium channel kinetics caused by the D1866Y mutation,
Hodgkin—-Huxley-type conductance-based models of spiking neurons
were constructed using the NEURON simulation software (Hines and
Carnevale, 1997). Single-compartment models of neuronal soma were
constructed, and sodium and delayed rectifier potassium channels were
included as described previously (Spampanato et al., 2004).

The models included wild-type Na,1.1 or D1866Y mutant channels
with kinetics and voltage dependencies characterized in this study and
delayed rectifier K" channels with kinetics similar to those used previ-
ously (Spampanato et al., 2004). In all cases, the modeled sodium channel
kinetics represent those that were determined during coexpression of the
Bl subunit. Experimentally determined voltage-dependent activation
was fit with the following equation:

m>,(V) = (1/(1 + exp((—e X z X (V = V, ,)IKT)))?,

where e is the elementary charge, k is the Boltzmann’s constant, T is the
absolute temperature, V , is the half-maximal activation voltage, and zis
the apparent charge movement for steady-state activation (11..). The V, ,
and z values for m., were then used to model sodium current activation
for both mutant and wild-type channels as follows:

m,(V) = 1/(1 + exp(—0.03937 X 3.9 X (V + 30.6))).

The wild-type steady-state fast inactivation and kinetics were de-
scribed using the following equations:

B (VNOYEE = 1/(1 + exp((V + 41.52)/8.14)),

(V)N = 2312 X exp(—0.5 X ((V + 77.58)/43.92)%).

The D1866Y mutation altered the steady-state fast inactivation and the
time constant of fast inactivation so that those differences were modeled
as follows:

B (V)P186SY = 1/(1 + exp((V + 31.74)/6.61)),

T (V)P 1856Y = 19,62 X exp(—0.5 X ((V + 57.82)/40.66)2).

The sodium currents were described with activation and fast and slow
inactivation as follows:

Ina = &na X (V= Ey,),

where gy, = g™ m> X h X s, Ey, = 50 mV, and g, ™m> = 200
mS/cm?.

Yeast two-hybrid experiments. C-terminal fragments of the SCN1A («),
SCNI1B (1), SCN2B (32), and SCN3B (33) cDNAs were generated by
PCR amplification from rat cDNA clones using primers that incorpo-
rated in-frame restriction sites for cloning. BamHI-Xhol fragments of
mutant and wild-type SCN1A were cloned into the vector pACTII (Clon-
tech, Cambridge, UK). Ncol-BamHI fragments containing the 8 subunit
fragment were cloned into the vector pAS-CYH2. Clones were trans-
formed singly or in pairwise combinations into yeast strain Y190.
B-Galactosidase activity was detected with a colony-lift filter assay
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(Breeden and Nasmyth, 1985; Ausubel et al., 1987). As a positive control,
we cotransfected the plasmids pACT2-ankyrin (Drosophila) and
PASCYH2-neuroglian (180 kDa isoform), previously shown to interact
in the yeast two-hybrid assay (Dubreuil et al., 1996). A negative control
was provided by the sodium channel 2 cytoplasmic domain (see
Results).

Mammalian expression constructs. The wild-type SCN1A C-terminal
expression construct (see Fig. 7A) contained the 19 residue signal se-
quence from the B1 subunit, the 9 amino acid hemagglutinin (HA)
epitope, the 20 amino acid linker RILQSTVPRARDPPVAIKTT, and res-
idues P1759 through K2009 containing the D4S6 transmembrane seg-
ment and the entire C-terminal cytoplasmic domain. The mutant con-
struct carried the D1866Y substitution. The 81 and Blgpop constructs
were described previously (McEwen et al., 2004).

Immunoprecipitation. Forty-eight hours before immunoprecipitation,
1610 Chinese hamster lung fibroblasts were transiently transfected with 2
pg of plasmid DNA from constructs 81, Blgrop, Na, 1.1, and/or D1866Y
(see Fig. 7). Non-immune control sera or Blpy antibodies directed
against the extracellular domain of the 81 subunit (Malhotra et al., 2000)
were incubated on a rotator at 4°C overnight with protein A-Sepharose
beads (Sigma, St. Louis, MO) in dilution buffer (60 mwm Tris/HCI, pH 7.5,
180 mm NaCl, 0.75% Triton X-100, and 6 mm EDTA) containing Com-
plete Protease Inhibitors (Roche). Transfected cells were harvested and
solubilized in 500 ul of dilution buffer. Soluble fractions were incubated
with antibody-containing beads on a rotator at 4°C for 6 hr, then washed
and resuspended as described previously (McEwen et al., 2004). Proteins
were separated on 18% SDS-PAGE gradient gels (Bio-Rad, Hercules,
CA), electrophoretically transferred to nitrocellulose (Amersham Bio-
sciences, Piscataway, NJ), and probed with anti-HA.11 antibody (1:1000;
Covance, Princeton, NJ). Blots were probed with anti-rabbit secondary
antibody conjugated to horseradish peroxidase and visualized using the
West Dura enhanced chemiluminescence detection system (Pierce,
Rockford, IL).

Results

Dominant inheritance of GEFS+ in an Italian pedigree

The pedigree of a small family with four affected members is
presented in Figure 1A. The clinical features of each affected
individual are described in Table 1. Three affected individuals
experienced febrile seizures persisting beyond 6 years of age, fol-
lowed by onset of non-febrile seizures after the age of 6. One
affected individual (III-1) experienced afebrile myoclonic and
atonic-astatic seizures beginning at the age of 3 and developed
progressive learning disabilities. Her clinical and EEG features
were consistent with myoclonic-astatic epilepsy, also known as
Doose syndrome (Doose, 1989, 1992), one of the most severe
seizure phenotypes identified in families with GEFS+. The
fourth affected individual (III-2) continues to have febrile sei-
zures without afebrile seizures, consistent with her young age.

Identification of the D1866Y mutation in SCN1A
Because the family was too small for linkage analysis, SCN1A was
screened as a candidate gene based on the clinical diagnosis of
GEFS+. The exons of SCN1A were amplified from genomic DNA
and analyzed by conformation-sensitive gel electrophoresis as
described previously (Escayg et al., 2000). All of the affected in-
dividuals appeared to be heterozygous for wild-type and variant
PCR products from exon 24 (Fig. 1B). This was confirmed by
amplification and sequencing of the PCR products, which iden-
tified a G to T nucleotide substitution that changes the amino
acid sequence of the protein (Fig. 1B). This mutation was not
detected in a group of 201 unaffected controls (Escayg et al.,
2001).

The substitution of tyrosine for aspartate at position 1866
introduces a nonconservative change within an evolutionarily
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Figure1. Identification of an SCN7A missense mutation in an Italian GEFS+ pedigree. 4, DNA was obtained from four affected

individuals in three generations. Conformation-sensitive gel electrophoresis of an internal fragment of exon 24 generated two
bands from affected individuals. B, Sequence of exon 24 revealed heterozygosity fora G to T substitution that changes an aspartate
residue to tyrosine (D1866Y). C, D1866Y is located in the C-terminal cytoplasmic domain of SCN1A. D, Evolutionary conservation of
aspartate D1866. This residue is invariant in all members of the human gene family, SCN7A to SCN774, and in homologous

invertebrate sodium channels. GenBank accession numbers are from Escayq et al. (2001).

conserved segment of the cytoplasmic C-terminal domain of the
protein (Fig. 1C,D). The conservation of this residue in paralo-
gous human channels and all sequenced invertebrate sodium
channels suggests that it is essential for channel function.

Table 1. Clinical features of affected individuals from the family with GEFS+
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The D1866Y mutation does not alter the
voltage dependence of sodium

channel activation

To determine the effects of the D1866Y
mutation on the functional properties of
the sodium channel, the mutation was
introduced into the previously de-
scribed orthologous full-length rat
Na,1.1 cDNA clone (Smith and Goldin,
1998; Spampanato et al., 2003). The bio-
physical properties of the mutant chan-
nels were characterized using the Xeno-
pus oocyte expression system, for the
following reasons. First, it was possible
to control the ratio of a to B1 subunit
protein in oocytes by injection of fixed
amounts of RNA encoding each subunit,
which cannot be done when using trans-
fection into mammalian cells. Second,
the B1 subunit has a clear and easily
quantifiable effect on the properties of «
subunit sodium channels in oocytes,
so that we could reliably determine
whether the « subunit mutation altered
modulation by 1. Third, the data could
be directly compared with our previous
results for three other GEFS+ muta-
tions with respect to both the effects on
sodium channel properties and the pre-
dicted effects on neuronal firing using a
computational model (Spampanato et
al., 2001, 2003, 2004). It is important to
note that although the oocyte expression
system provides a powerful means to de-
termine biophysical differences between
mutant and wild-type channels, there
have been functional differences as well
as similarities between observations in
oocytes and in mammalian-transfected
cells for some mutants (Spampanato et
al., 2001, 2003; Lossin et al., 2002). It
remains to be shown that any of the heterol-
ogous systems accurately represent channel
function in the native environment of the
neuron. For these experiments, the channels
were expressed in the absence and presence
of the B1 subunit. The 82 subunit was not
included because its presence did not signif-
icantly affect any properties of the wild-type

channel (Smith and Goldin, 1998). The fast-gated properties of the
mutant channels were compared with those of the wild-type Na, 1.1
channels using the cut-open oocyte voltage clamp.

Febrile seizures

Afebrile seizures

Affected individual Age of onset Last seizure Age of last seizure Seizure type Therapy

-2, male, age 69 2 years 12 years 60 years General tonic clonic PB (100 mg/d)

I-2, female, age 32 2 years 12 years 31 years General tonic clonic VPA (500 mg/d)

l1I-1, female, age 7 8 months Continuing 7 years Myoclonic and atonic with learning difficulties VPA (800 mg/d)
and behavioral problems

1l-2, female, age 3 8 months Continuing 3 years N/A None

PB, Phenobarbitol; VPA, valproic acid; N/A, not applicable.
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Because shifts in the voltage depen-
dence of activation are a common disease-
causing mechanism underlying known so-
dium channelopathies (Cummins et al.,
1993; Mitrovic et al., 1995; Green et al.,
1998; Rook et al., 1999; Smith and Goldin,
1999), including three mutations associ-
ated with GEFS+ (Lossin et al., 2003;
Spampanato et al., 2003), we first charac-
terized the voltage dependence of channel
activation. Peak current amplitudes were
recorded as described in Materials and
Methods and fit with a two-state Boltz-
mann equation (Fig. 2A) for mutant and
wild-type channels in the absence and
presence of the B1 subunit. The voltage
dependence of activation for the D1866Y
mutant was not significantly different
from that of wild-type Na,1.1 when ex-
pressed as the a subunit alone or when
coexpressed with the 1 subunit. There
were no significant differences in either
the V,,, or the slope values between
mutant and wild-type channels (Table 2)
under either condition. In addition, the
presence of the B1 subunit did not sig-
nificantly alter the voltage dependence
of activation, consistent with previously
published data (Smith and Goldin,
1998).

The D1866Y mutation alters sodium
channel inactivation

Rapid voltage-dependent inactivation is
critical for proper sodium channel func-
tion. Functional studies have identified
the cytoplasmic C terminus of several so-
dium channel isoforms as playing a mod-
ulatory role in the voltage dependence of
fast inactivation (An et al., 1998; Wehrens
et al., 2000; Abriel et al., 2001; Deschénes
et al, 2001; Mantegazza et al, 2001;
Cormier et al., 2002). We therefore tested
the effect of the D1866Y mutation, which
is in the C terminus of the channel, on the
voltage dependence of inactivation.

The D1866Y mutation produced an
~5 mV positive shift in the V,, of inacti-
vation compared with wild-type Na,1.1
when the channels were expressed as «
subunits alone (Fig. 2A, Table 2). Coex-
pression of the 81 subunit resulted in a
negative shift in the voltage dependence of
inactivation for both mutant and wild-
type channels. However, the mutant failed
to shift as far as the wild-type channel in
the presence of 1, resulting in a larger

difference of 10 mV in the V,, of inactivation between D1866Y
and wild-type channels in the presence of B1. The effect of this
difference can be seen clearly by comparing normalized current
traces from mutant and wild-type channels depolarized to —40
mV, approximately the V;,, for wild-type Na,1.1 coexpressed
with B1 (Fig. 2 B). Under these conditions, the mutant D1866Y
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Figure2. Voltage-dependent gating of wild-type Na,1.1and D1866Y mutant channels in the absence and presence of the 31

subunit. 4, The voltage dependence of activation was determined for the wild-type Na, 1.1 (open symbols) and D1866Y (solid
symbols) mutant channels expressed as cx subunits alone (circles) oras « plus 31 (triangles). Sodium currents were recorded from
a holding potential of —100 mV by a series of depolarizations to potentials between —95 and -+50 mV in 5 mV increments.
Normalized conductance values were calculated by dividing the peak current amplitudes by the driving force at each potential and
normalizing to the maximum conductance. The values shown are means, and the error bars are SDs. The data were fit with a
two-state Boltzmann equation, and the parameters of the fits are shown in Table 2. The voltage dependence of inactivation was
determined for the wild-type Na, 1.1 (open symbols) and D1866Y (solid symbols) mutant channels expressed as o subunits alone
(squares) oras aplus 31 (diamonds). The voltage dependence of inactivation was determined using a two-step protocol in which
a conditioning pulse was applied from a holding potential of —100 mV, consisting of 100 msec depolarizations to a range of
potentials from —100to +15mVin 5 mVincrements, followed by a test pulse to —5mV. The peak current amplitude during each
test pulse was normalized to the peak current amplitude during the first test pulse and plotted as a function of the conditioning
pulse potential. The values shown are means, and the error bars are SDs. The data were fit with a two-state Boltzmann equation,
and the parameters of the fits are shown in Table 2. B, A sample voltage protocol consisting of conditioning pulses to —100 and
—40 mV (approximately the V, , of wild-type inactivation), followed by a test pulse to —5 mV. The corresponding normalized
sodium currents recorded during the protocol are shown for Na, 1.1 plus 31 and D1866Y plus 31. A comparison of the current
amplitudes demonstrates that the mutant channel carried approximately twofold more current than the wild-type channel after
a depolarization to —40 mV. (, Persistent current was recorded using a slow depolarizing voltage ramp of 15 mV per 200 msec
applied from a holding potential of —100 to +50 mV. The traces shown are representative TTX-sensitive sodium currents
resulting from the subtraction of currents recorded before and after application of 400 nm TTX. In each case, the peak ramp currents
were normalized to the maximum peak sodium current for that oocyte. The average relative peak persistent currents recorded for
each condition wereas follows: Na, 1.1 (n = 6),0.045 = 0.003; D1866Y (n = 5),0.098 = 0.009; Na,1.1plus 31 (n = 8),0.037 =
0.007; D1866Y plus 31 (n = 8),0.060 == 0.006.

channels demonstrated twofold more current than the wild-type
channels.

The shift in voltage dependence of inactivation should affect
the window current, which is the region of overlap between the
curves for the voltage dependence of activation and inactivation.
The window current represents a voltage region in which sodium
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Table 2. Parameters of voltage-dependent gating
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Activation Inactivation
Channel Vi, (mV) z(ey) n Vi, (mV) a(mV) n
Na,1.1 —27.0 =28 54 =05 5 —320 £13 6.6 = 0.5 5
D1866Y —245 =08 6.1 =0.8 4 =277 =107 6.1 0.7 5
Na, 1.1 plus 31 —232 =35 44 =03 5 —415 =24 8.1 0.7 5
D1866Y plus 31 —22.1 +36 49 =03 5 —317 =24 6.6 +04° 5

“Statistically significant difference from wild-type Na,1.1 e alone at p << 0.001.
bStatistically significant difference from wild-type Na, 1.1 a plus 81t p < 0.001.

channels can continue to open because some channels are acti-
vated and not all of the channels are inactivated. Therefore, so-
dium channels can remain active in the voltage region of the
window current, resulting in a persistent current that can cause
seizure activity (Kearney et al., 2001). Theoretical analysis of the
voltage dependencies presented in Figure 2A suggested that the
D1866Y mutant channels would be capable of maintaining a
larger window current than wild-type Na,1.1 channels over a
similar voltage range. This prediction was tested using a slow-
voltage ramp protocol in which the oocytes were depolarized
from a holding potential of —100 to +50 mV at a rate of 15 mV
per 200 msec. In both the absence and presence of the 81 subunit,
the D1866Y mutant channels produced nearly twofold more per-
sistent current than wild-type Na, 1.1 (Fig. 2C), confirming what
was predicted based on the observed voltage dependencies.

To quantify the kinetics of inactivation, current traces re-
corded in a manner similar to that described for the voltage de-
pendence of activation were fit with either a single-exponential or
a double-exponential equation. The D1866Y mutant channels
inactivated with kinetics that were similar to those of the wild-
type channels when expressed as a subunits alone (Fig. 3A).
However, coexpression of the 81 subunit produced a signifi-
cantly slower fast time constant (7,) of inactivation for the
mutant channels compared with the wild-type channels between
—15and +25 mV (p = 0.013). The percentage of current inac-
tivating with 7, and the percentage of steady-state non-
inactivating current were not different between the mutant and
wild-type channels (data not shown). The difference in the kinet-
ics of inactivation can be seen clearly by comparing normalized
current traces recorded during single depolarizations to —10 mV
(Fig. 3B). The slower kinetics of inactivation produced by the
D1866Y mutation was a specific failure of the 81 subunit to fully
modulate the mutant channels because there were no differences
in the kinetics of inactivation between the mutant and wild-type
channels when expressed as « subunits alone.

The D1866Y mutation reduces sodium channel

use dependence

Inactivated sodium channels must first recover from the inacti-
vated state to the closed state before they can open in response to
a threshold depolarization. This latency period dictates how rap-
idly the channels can participate in the firing of an action poten-
tial and is therefore a key regulatory element of neuronal excit-
ability. Changes to the intrinsic firing properties of neurons that
result in an increase in excitability are known to cause seizure
activity (Dichter, 1991, 1994). Separate disease-causing muta-
tions in Na,1.4 and Na,1.5, as well as our previously published
data for the GEFS+ mutation R1648H in Na, 1.1, demonstrate
that more rapid recovery from inactivation can result in sodium
channel-mediated hyperexcitability (Hayward et al., 1996; Q.
Chen et al., 1998; Spampanato et al., 2001). We therefore ana-
lyzed the effects of the D1866Y mutation on recovery from inac-

tivation in the absence and presence of the 81 subunit (Fig. 44,
Table 3), as described in Materials and Methods.

The D1866Y mutant channels recovered with a time course
that was similar to that of wild-type Na,1.1 when the channels
were expressed as o subunits alone. Both mutant and wild-type
channels required ~3000 msec to fully recover from inactivation.
Coexpression of the 81 subunit increased the rate of recovery for
mutant and wild-type channels so that both reached full recovery
in <200 msec. Although both channels reached full recovery at a
similar time, recovery of the D1866Y mutant channels was more
rapid during the slow phase (Table 3).

To determine whether the D1866Y mutant channels were ca-
pable of increased firing during repetitive depolarizations, we
examined the frequency dependence of the peak sodium current
in response to a series of rapid depolarizations (Spampanato et
al., 2003). This protocol evaluates both recovery from inactiva-
tion and the rate of entry into the inactivated state. If there is
insufficient time for complete recovery between each depolariza-
tion, then the magnitude of the current will decrease with succes-
sive depolarizations as a result of channels accumulating in the
inactivated state. Frequency dependence was examined at 39 Hz
in the absence and presence of the 81 subunit (Fig. 4B). When
expressed as a subunits alone, the D1866Y mutant channels dis-
played a similar use dependence to that of wild-type Na, 1.1, with
both channels reaching equilibrium current amplitudes that were
~10% of the maximum peak current. This is not surprising based
on the previous results demonstrating no significant differences
in the kinetics of channel inactivation or recovery between the
mutant and wild-type channels when expressed as o« subunits
alone. In the presence of the B1 subunit, the D1866Y mutant
channels maintained a higher equilibrium current (62%) than
the wild-type channels (47%).

The D1866Y mutant channels produce a hyperexcitable
model neuron

The primary effects of the D1866Y mutation were a positive shift
in the voltage dependence of inactivation and a delay in the rate of
fast inactivation when coexpressed with the B1 subunit. To de-
termine how these biophysical changes in sodium channel func-
tion might alter neuronal excitability, a conductance-based com-
putational model was designed using the parameters determined
from our experimental characterization of the mutant channels,
as described in Materials and Methods.

Computational analysis of three GEFS+ mutations has previ-
ously shown that each mutation had a different effect on the
threshold for firing a single action potential, but all the mutations
increased the propensity of the model neuron to fire multiple
action potentials (Spampanato et al., 2004). When analyzed in a
similar manner, the D1866Y mutation did not have any effect on
the threshold for firing a single action potential (70 pA for both
mutant and wild-type channels), nor did it increase the propen-
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Figure 3.  Kinetics of inactivation of wild-type Na,1.1 and D1866Y mutant channels in the
absence and presence of the 31 subunit. A, Sodium currents were recorded from oocytes ex-
pressing wild-type Na, 1.1 (open symbols) or D1866Y (solid symbols) mutant channels, as de-
scribed in the legend to Figure 2. Current traces were fit with either a single-exponential or a
double-exponential equation as described previously (Spampanato et al., 2003). The time con-
stants for the fast (7, ) and slow (,y,,,) components of inactivation are plotted on a logarith-
micscalein the top panel for c alone (circles) and in the bottom panel for e plus 31 (triangles).
Inall cases, the sum of the fraction of current inactivating with the 7, and 7, components
is 1. This property did not differ between wild-type Na,1.1and D1866Y mutant channels (data
not shown). The values shown are means, and the error bars indicate SDs. B, Comparison of
normalized current traces for the D1866Y mutant channels and the wild-type channels in the
presence of the 31 subunit during a depolarization from —100 to — 10 mV demonstrates the
subtle delay in fast inactivation kinetics caused by the D1866Y mutation.
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sity of the model neuron to fire multiple action potentials (data
not shown).

The two significant effects of the D1866Y mutation were to
decrease the latency between stimulus onset and action potential
generation at threshold and to decrease the time between action
potentials at a higher input stimulus (Fig. 5A). At the threshold
stimulus of 70 pA, the D1866Y model neuron fired an action
potential ~5 msec sooner than the wild-type model neuron. This
effect was maintained when both mutant and wild-type channels
were included in the same model neuron at a ratio of 1:1
(D1866Y */7), which should more closely resemble the in vivo
situation because GEFS+ is an autosomal dominant disease.
When the stimulus intensity was increased to 100 pA, both the
mutant and wild-type model neurons fired three action poten-
tials. Although the overall number of action potentials was the
same, the D1866Y model neuron had a shorter spike-to-spike
interval, so that all three action potentials were fired in a shorter
time. The D1866Y mutation was dominant and not simply addi-
tive, because the D1866Y "/~ heterozygous neuron with a 1:1
channel ratio behaved more like the mutant than the wild-type
model neuron.

To determine which alteration in sodium channel function
was responsible for the change in neuronal firing, we constructed
model neurons in which the channels had either delayed kinetics
of inactivation (D1866Y-7) or a positive shift in the voltage de-
pendence of inactivation (D1866Y-V). When the D1866Y-T1
model neuron was activated with a threshold stimulus of 70 pA,
the model neuron fired a single action potential, the timing of
which was identical to that of the wild-type model neuron (Fig.
5B). When the stimulus intensity was increased to 100 pA, the
timing of the first and second action potentials was similar for the
mutant and wild-type model neurons, but the mutant neuron did
not fire a third action potential. In contrast, the model neuron
with only the positive shift in the voltage dependence of inactiva-
tion (D1866Y-V) fired an action potential ~5 msec sooner than
the wild-type model neuron with a stimulus of 70 pA (Fig. 5C).
Therefore, the shift in the voltage dependence of inactivation was
responsible for the major difference between the D1866Y mutant
and wild-type model neurons. When the D1866Y-V model neu-
ron was stimulated with 100 pA, it generated action potentials
with a shorter spike-to-spike interval than the D1866Y model
neuron, which resulted in the generation of an additional action
potential. This result indicates that the two changes in sodium
channel function, delayed kinetics of inactivation and a positive
shift in the voltage dependence of inactivation, had compensa-
tory effects on the firing of a third action potential.

Because the D1866Y mutation produced a positive shift in the
V), of inactivation, it was likely that the mutant model neuron
would be resilient to inactivation during a subthreshold incom-
ing stimulus that produced a sustained depolarization of the
membrane potential. To determine the effects of a positive shift
in membrane potential, model neurons were first injected with a
subthreshold stimulus of 60 pA, which shifted the membrane
potential to approximately —53 mV, followed by an additional 10
PA current injection for 17 msec to elicit action potentials. The
conditioning stimuli was applied for 0, 20, 40, 60, or 80 msec, and
the membrane potential was plotted from the start of the 60 pA
stimulus (Fig. 6). The wild-type model neuron failed to fire an
action potential when the subthreshold depolarization was main-
tained for 60 msec or longer, whereas the mutant was capable of
firing an action potential regardless of the length of the condi-
tioning depolarization. The D1866Y ™'~ heterozygous model neu-
ron behaved more like the D1866Y model neuron, demonstrating
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Figure4. Recovery from fast inactivation and use dependence for wild-type Na,1.1and D1866Y mutant channels. A, Recovery
from inactivation was determined using three two-pulse protocols for wild-type Na, 1.1 (open symbols) and D1866Y (solid sym-
bols) mutant channels expressed as « subunits alone (circles) or « plus 31 (triangles). Each protocol was performed from a
holding potential of —100 mV and consisted of a conditioning depolarization to —5mV for 50 msec, a decreasing recovery time
interval at —100 mV, and a test depolarization to —5 mV. The three protocols differed only in the maximum length of recovery
time and the time interval by which that recovery period decreased. Fractional recovery, calculated by dividing the maximum
current amplitude during the test pulse by the maximum current amplitude during the corresponding conditioning pulse, was
plotted on a log scale as a function of the recovery time interval. The values shown are means, and the error bars are SDs. The data
were fit with either a triple-exponential or a double-exponential equation, as described previously (Spampanato et al., 2003), and
the parameters of the fits are shown in Table 3. 8, Use dependence was analyzed at 39 Hz for wild-type Na, 1.1 (open symbols) and
D1866Y (solid symbols) mutant channels expressed as « subunits alone (circles) or ce plus 31 (triangles). Currents were elicited by
17.5 msec depolarizations to —10 mV from a holding potential of —100 mV. The protocol was performed for 2.56 sec, by which
time the current had reached equilibrium. Peak current amplitudes were normalized to the initial peak current amplitude and
plotted against the start time of the corresponding depolarization in the pulse train. The values shown are means, and the error

J. Neurosci., November 3, 2004 « 24(44):10022—10034 + 10029

combination with the C terminus of 81 or
B3 resulted in B-galactosidase expression
(Table 4). B-Galactosidase staining ap-
peared after 1-3 hr in colonies expressing
the B3 subunit and also in the positive
control that consisted of the interacting
fragments from ankyrin and neuroglian
(Dubreuil et al., 1996). B-Galactosidase
staining appeared after 8—16 hr in colonies
expressing the 81 subunit. As predicted by
the sequence divergence, no interaction was
detected with the 82 subunit, which served
as a negative control (Table 4). The D1866Y
mutation did not prevent interaction with
the 3 subunits in this assay (Table 4). This
result is not inconsistent with the kinetic
analysis, which demonstrated some modu-
lation of the mutant channel by B1.

D1866Y disrupts the interaction
between the Na 1.1 C terminus and 31
in mammalian cells

To confirm the interaction between the
Na,l.1 C-terminal domain and B1 in a
mammalian cell, we cotransfected into

bars are SDs.

the dominant nature of the D1866Y mutation. This trend was
consistent with a subthreshold stimulus of longer than 160 msec
(data not shown).

Direct interaction between the C-terminal domains of @ and
B subunits in yeast

The kinetics and voltage dependence of channel inactivation
demonstrate a difference in modulation of mutant and wild-type
channels in the presence of the 81 subunit. Because the D1866Y
mutation is located in the cytoplasmic C-terminal portion of the
a subunit, we hypothesized that it might be located in a domain
that interacts directly with the cytoplasmic domain of the 3 sub-
unit. This possibility was tested first in the yeast two-hybrid sys-
tem. Two « subunit fragments, corresponding to the full-length
226 amino acid C-terminal domain of SCN1A and the 41 amino
acid subfragment K1846-R1886, centered on residue D1866,
were cloned into the yeast expression plasmid pACTII containing
the GAL4 activation domain. The 36 amino acid C terminus of
the B1 subunit, the 34 amino acid C terminus of the 83 subunit,
and the 32 amino acid C terminus of the 82 subunit were cloned
into plasmid pAS-CYH2 containing the GAL4 DNA-binding do-
main. The constructs were transformed singly or pairwise into
yeast strain 190, and (-galactosidase activity was assayed. Co-
transformation of the 226 or 41 residue a subunit fragment in

Table 3. Kinetics of recovery from fast inactivation

Chinese hamster lung fibroblasts the full-

length B1 subunit and an HA-tagged o

subunit construct encoding the D4S6
transmembrane segment and complete C-terminal cytoplasmic
domain of SCN1A (Fig. 7A). The wild-type and mutant a subunit
constructs were expressed at comparable levels in the transfected
cells (Fig. 7B, lanes 5, 6). Immunoprecipitation was performed
with B1y antiserum directed toward the extracellular domain of
the B1 subunit (Malhotra et al., 2000). Coimmunoprecipitation
of the wild-type a and B constructs was detected on Western
blots probed with anti-HA serum (Fig. 7B, lane 1). When the
D1866Y mutant was substituted for the wild-type « subunit frag-
ment, the amount of coimmunoprecipation was greatly reduced
(Fig. 7B, lane 2). Substitution of the 81 stop construct lacking the
C-terminal cytoplasmic domain prevented coimmunoprecipita-
tion of the a subunit fragments (Fig. 7B, lanes 3, 4). The data
demonstrate a direct interaction between the cytoplasmic
C-terminal domains of the sodium channel « and B1 subunits.
The mutation D1866Y weakens this interaction, demonstrating a
novel molecular mechanism of disease.

Discussion

The clinical features of the affected individuals in this small Ital-
ian pedigree were consistent with the diagnosis of GEFS+. The
most common cause of GEFS+ is mutation of the sodium chan-
nel o subunit gene SCNIA. We identified a novel SCN1A mis-

Recovery from inactivation

T T T3
Channel Milliseconds Percentage Milliseconds Percentage Milliseconds Percentage n
Na,1.1 48 +09 27 =5 107.0 = 15.0 38*+4 812.1 = 1389 35 %5 5
D1866Y 52+ 14 31+5 96.8 = 34.0 36+3 742.2 = 2410 33+3 5
Na,1.1plus 31 3507 80 =3 741 £13.7 20+3 ND? ND? 5
D1866Y plus 31 28 £ 0.5 84 +3 48 =+121° 16=*3 ND? ND? 5

“Not determined because the recovery from inactivation of these channels was best fit with a double-exponential equation.
bStatistically significant difference from wild-type Na, 1.1 a plus 81atp < 0.01.
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Figure 5.  D1866Y mutant channels produce a hyperexcitable model neuron. The kinetics of

the D1866Y mutant and wild-type Na, 1.1 channels were defined using a conductance-based
Hodgkin and Huxley model and the NEURON simulation software. The D1866Y mutant model
neuron contained D1866Y mutant channels that differed from wild-type channels because of a
positive shift in the voltage dependence of inactivation and delayed kinetics of inactivation, as
shown in the previous figures. 4, At a threshold stimulus (70 pA), the D1866Y mutant model
neuron (black line) fired a single action potential with a shorter onset delay than the wild-type
Na, 1.1 model neuron (gray line). When the population of channels was mixed at a 1:1 ratio
(D1866Y */; black dotted line), the mutant channels displayed a dominant effect, resulting in
early generation of a single action potential. This effect is more pronounced at an increased
stimulus intensity of 100 pA. B, When the delayed kinetics of the D1866Y mutation were mod-
eled independently of the voltage dependence of inactivation (D1866Y-; black dotted line),
the mutant model neuron fired an action potential at threshold with timing that was compa-
rable with that of the wild-type Na,1.1 model neuron. When the stimulus intensity was in-
creased to 100 pA, the D1866Y-7model neuron continued to behave in a manner similar to the
wild-type neuron, but it failed to fire a third action potential. ¢, Independent modeling of the
positive shift in the voltage dependence of inactivation caused by the D1866Y mutation
(D1866Y-V; black dotted line) demonstrated that this effect was sufficient to cause the early
onset of an action potential at a threshold stimulus. When the stimulus intensity was increased
to 100 pA, the D1866Y-V model neuron produced more rapid action potentials resulting in
generation of an additional action potential.

sense mutation, D1866Y, in the affected individuals of this fam-
ily. The extensive evolutionary conservation of residue D1866 in
vertebrate and invertebrate channels (Fig. 1) suggests that this
residue is essential for proper channel function. This variant was
not previously observed in a screen of several hundred epilepsy
patients and controls (Escayg et al., 2000, 2001). In addition to
GEFS+, a mild, inherited form of epilepsy, mutations in SCN1A
have also been identified in the disorder severe myoclonic epi-
lepsy of infancy (SMEI). More than 100 de novo mutations of
SCNIA have been identified in sporadic cases of SMEI in Europe
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and Japan (Fujiwara et al., 2003; Wallace et al., 2003). Many of the
SMEI mutations are null alleles, demonstrating that haploinsuf-
ficiency for SCN1A results in a severe phenotype. A small number
of SCNIA mutations have been identified in other seizure syn-
dromes. The SCN1A-related epilepsies may be considered as a
single gene disorder caused by a large number of very rare alleles
(Pritchard, 2001). It is not clear whether mild alleles of SCN1A
also contribute to common polygenic types of epilepsy.

The D1866Y mutation altered the voltage dependence and
kinetics of fast sodium channel gating (Figs. 2—4) but had no
effect on the slow gated properties (data not shown). The primary
effect of the mutation that is likely to cause hyperexcitability is the
10 mV positive shift in the voltage dependence of inactivation
when coexpressed with the 81 subunit, which consequently in-
creased the persistent current through the mutant channels. A
similar shift in the voltage dependence of inactivation was ob-
served for the GEFS+1 mutation C121W in the B1 subunit
(Meadows et al., 2002). In contrast, hippocampal neurons from
epileptic B1 knock-out mice do not display a change in voltage-
dependent sodium channel gating, although this could be attrib-
utable to the changes in sodium channel isoform expression re-
ported in these knock-out mice (C. Chen et al., 2004).

Changes in the voltage dependence of sodium channel inacti-
vation have previously been seen after the onset of spontaneous
seizure activity, but a clear cause-and-effect relationship has not
been established. In multiple animal models of spontaneous sei-
zures, the voltage dependence of sodium current inactivation in
hippocampal CA1 pyramidal and dentate granule neurons was
shifted toward depolarized potentials, resulting in increased so-
dium channel availability and window current (Vreugdenhil et
al.,, 1998; Gu et al., 2001; Ketelaars et al., 2001; Ellerkmann et al.,
2003). Na,1.1 is known to be expressed in the adult hippocampus
and dentate gyrus and could therefore play a critical roll in regu-
lating the voltage-dependent sodium currents in these cells
(Westenbroek et al., 1989; Furuyama et al., 1993; Black et al.,
1994; Whitaker et al., 2000; Novakovic et al., 2001). A positive
shift in the voltage dependence of sodium channel inactivation
should result in a larger population of sodium channels that are
available to open at or near the resting membrane potential. This
increase in the availability of channels remaining in the closed
state is expected to increase the probability that incoming stimuli
will result in the firing of an action potential. The increased prob-
ability of firing an action potential in response to incoming stim-
uli could be further exacerbated by the increased persistent cur-
rent and the small delay in the kinetics of inactivation produced
by the D1866Y mutation. This model for the action of the
D1866Y mutation is consistent with the observation that many
anti-epileptic drugs have the opposite effect, shifting the voltage
dependence of inactivation in the negative direction (K6hling,
2002). These drugs include valproate, lamotrigine, and carbam-
azepine (Xie et al., 1995; Kuo and Lu, 1997; Kuo et al., 1997; Zona
and Avoli, 1997; Kuo, 1998; Vreugdenhil et al., 1998; Pugsley et
al., 1999; Reckziegel et al., 1999; Vreugdenhil and Wadman, 1999;
Siep et al., 2002).

The predictions concerning the effects of the D1866Y muta-
tion on neuronal firing were tested using the NEURON simula-
tion software (Figs. 5, 6). Modeling of the D1866Y mutation
suggests that a positive shift in the voltage dependence of sodium
channel inactivation results in reduced latency between the input
stimulus and generation of an action potential. The mutant
model neuron fired action potentials with shorter spike-to-spike
intervals that occurred earlier during the stimulus. A similar ef-
fect has been reported in partially kindled rats (Zhao and Leung,
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Table 4. Interaction between C-terminal fragments of «and 3 subunits in the
yeast two-hybrid assay

o Construct B B, Bs
Wild-type o 226 3/3 0/4 3/3
Wild-type 41 2/2 0/2 2/2
D1866Y o 226 3/3 0/4 3/3
D1866Y o 41 2/2 0/2 2/2

Sodium channel fragments encoding the complete 226 amino acid C terminus of the c subunit (c-226) or the 41
amino acid polypeptide from the middle of the C terminus centered on residue 1866 (c-41) were cloned into vector
A. Fragments containing the 36 amino acid C terminus of the 31 subunit, the 32 amino acid C terminus of the 32
subunit, or the 34 amino acid C terminus of the 33 subunit were cloned into expression vector B. The interaction
between the coexpressed Na, 1.1and (3 fragments was recognized by staining colonies for 3-galactosidase activity.
The data represent the number of experiments demonstrating interaction divided by the total number of experi-
ments for each pair of constructs.

1993), suggesting a possible link between changes in sodium
channel inactivation, generation of early onset action potentials,
and the development of spontaneous seizures. It is important to
note that our model is simplified and that kindling is a complex
cellular and molecular process involving any number of physio-
logical and genetic changes leading to spontaneous seizures
(Mody, 1993; McNamara, 1994). It is possible that neurons ex-
pressing the D1866Y mutant sodium channels may be capable of
recruiting synaptically distant neurons and networks of neurons
to begin to fire on an accelerated timing pattern during interictal
periods, which could perpetuate until an unmanageable hyper-
synchronous discharge is produced.

The most significant functional effects of the D1866Y muta-
tion were observed in the presence of the 31 subunit, suggesting
that this mutation might be located in a cytoplasmic domain that
mediates direct interaction between « and 3 subunits. Extracel-
lular interaction between « and B1 subunits is known to be me-
diated by residues in the pore region of the a subunit and the
A/A’ face of the Ig domain of 81 (McCormick et al., 1998, 1999;
Quetal., 1999). A GEFS+1 mutation in the extracellular domain
of B1, C121W, does not prevent interaction with sodium channel
a subunits or promotion of channel cell surface expression but
does prevent complete B1-mediated modulation of sodium
channel function (Meadows et al., 2002).

Several previous studies indicated that the intracellular seg-
ment of B1 is also involved in modulation of the « subunit.
Blgrops @ Bl truncation mutant that lacks the intracellular do-
main, modulates Na, 1.2 function similarly to wild-type 81 when
coinjected into Xenopus oocytes at a high Blgrqp/a concentra-
tion ratio (Chen and Cannon, 1995; Meadows et al., 2001). How-
ever, when coexpressed in mammalian cells, Blgpop interacts
weakly with Na,1.2 and does not modulate channel function
(Meadows et al., 2001). The 1 cytoplasmic mutant Y181E inter-
acts efficiently with Na,1.2 in mammalian cells but does not

<«

Figure 6. The D1866Y mutant model neuron is resilient to subthreshold stimuli. Increasing
duration subthreshold current injections of 60 pA were applied to wild-type Na,1.1 (gray
traces), mutant D1866Y (black traces), and a 1:1 heterozygous population of mutant and wild-
type (D1866Y ™/ ; dotted traces) model neurons. The conditioning depolarizations were im-
mediately followed by injection of an additional 10 pA of current to test for action potential
generation. Each plot begins with the application of the 60 pA conditioning pulse, and the
arrows indicate the time point at which the additional 10 pA test injection was applied. The top
panel shows a 0-msec-long conditioning pulse as a positive control. The D1866Y and
D1866Y '~ model neurons fired single action potentials with shorter onset delays than for
Na,1.1 after subthreshold stimuli up to 40 msec. In addition, the D1866Y and D1866Y */~
model neurons remained capable of firing action potentials after longer subthreshold stimuli,
whereas the Na, 1.1 model neurons did not fire action potentials after subthreshold stimuli of 60
msec or longer.
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Figure7. The cytoplasmic C-terminal domain of Na, 1.1 interacts directly with 31, and the
D1866Y mutation impairs that interaction. A, Structure of mammalian expression constructs
containing the transmembrane segment and C-terminal domains of Na, 1.1 or full-length 31.8,
Lysates from Chinese hamster lung fibroblasts transfected with the constructs shown in A were
immunoprecipitated with 5 wl of B1¢, antibody specific for the extracellular domain of the 31
subunit. Inmunoblots were probed with anti-HA.11 antibody (1:1000) directed toward the
epitope tag on the Na,1.1 constructs. The untreated lysates in lanes 5 and 6 demonstrate
equivalent expression of the wild-type and mutant Na, 1.1 constructs in the transfected cells.

modulate sodium channel function and does not promote so-
dium channel cell surface expression (McEwen et al., 2004).
Taken together, these studies support the hypothesis that 51 sub-
units contain multiple extracellular and intracellular « interac-
tion domains and that all of these domains must be intact for
complete B1-mediated modulation of « to occur. The previous
studies did not define the residues of the « subunit C terminus
that interact with B1. Identification of the GEFS+ mutation
D1866Y enabled us to begin to define this interaction site.
Expression of the @ and 8 cytoplasmic domains as “bait” and
“prey” in the yeast two-hybrid system demonstrated interaction
of the Na 1.1 « subunit with the C termini of the B1 and B3
subunits, whereas the more distantly related 82 subunit did not
interact. The 41 residue « subunit fragment K1846-R1886, con-
taining residue D1866, was as effective as the full-length C termi-
nus. The interaction was confirmed by coimmunoprecipitation
after transfection of mammalian cells with constructs containing
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the cytoplasmic domain of « and full-length 1 subunits. The
interaction of the Na,1.1 C-terminal domain with intact 81 in
transfected cells was significantly reduced by the D1866Y muta-
tion, providing evidence for the mechanism of this disease muta-
tion. The experiments indicate that D1866Y destabilizes the o/ 1
subunit complex, thereby abolishing some, but not all, of the
B1-mediated biophysical effects on Na, 1.1, in heterozygous car-
riers of the mutation. We were unable to test the interaction of
full-length Na,1.1-D1866Y with 1, and thus we do not know
whether the native proteins would associate despite the presence
of the mutation, as shown for 1C121W and B1Y181E (Meadows
et al., 2002; McEwen et al., 2004). Nevertheless, the position of
the mutation defines a new /1 interaction domain at the distal
end of the highly conserved proximal half of the C-terminal cy-
toplasmic domain of & and strengthens our hypothesis that 81
may play critical roles in the regulation of neuronal hyperexctia-
bility by modulating « subunit function (Fig. 1C). Interestingly,
no changes in sodium current properties were observed in hip-
pocampal neurons isolated from B1 (—/—) mice despite a hyper-
excitable phenotype that includes severe spontaneous seizures
(C. Chen et al., 2004). It is possible that 83 subunits may substi-
tute for B1 in these mice in terms of the electrophysiological
modulation of sodium channel function. The results of the
present study support this hypothesis, in that 83 also associates
with the Na,1.1 C terminus as assessed by yeast two-hybrid
analysis.

The LQT3 mutation D1790G in the C terminus of the « sub-
unit gene SCN5A also reduces interaction with the B1 subunit
(An et al., 1998). This mutation corresponds to residue D1803 in
SCNI1A, which is outside of the active 41 residue fragment of
SCN1A. The active SCN1A fragment K1846-R1886 contains the
predicted a helices 5 and 6 identified in SCN5A (Cormier et al.,
2002) and also contains a di-leucine signal that is required for
axonal localization of SCN2A (Na,1.2) (Garrido et al., 2001).
Another GEFS+ mutation was recently identified within the
K1846-R1886 peptide (Annesi et al., 2003). It will be of great
interest to determine whether this mutation also reduces 1 sub-
unit interaction.

The D1866Y mutation in Na,1.1 results in a positive shift in
the voltage dependence of sodium channel inactivation, and this
is predicted by the NEURON model to lead to neuronal hyper-
excitability. Our findings, together with previous results from
other groups, suggest that the voltage dependence of sodium
channel inactivation is a key feature determining whether a neu-
ron will behave in a hyperexcitable manner like the D1866Y mu-
tant, resulting in seizure activity, or in a hypoexcitable manner to
eliminate seizure activity, as seen in the presence of the anticon-
vulsants valproate, lamotrigine, and carbamazepine.
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