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(Background: Small changes in voltage-gated sodium channel behavior can disrupt neuronal activity and cause severe

Results: By changing a single amino acid, a conserved alternative splicing event modifies the stability of channel inactivation.
Conclusion: Splicing can regulate inactivation of sodium channels.
Significance: Many commonly used drugs target sodium channel inactivation; consequently, splicing could affect treatment of

J

Voltage-gated sodium channels underlie the upstroke of
action potentials and are fundamental to neuronal excitability.
Small changes in the behavior of these channels are sufficient to
change neuronal firing and trigger seizures. These channels are
subject to highly conserved alternative splicing, affecting the
shortlinker between the third transmembrane segment (S3) and
the voltage sensor (S4) in their first domain. The biophysical
consequences of this alternative splicing are incompletely
understood. Here we focus on type 1 sodium channels (Nav1.1)
that are implicated in human epilepsy. We show that the func-
tional consequences of alternative splicing are highly sensitive
to recording conditions, including the identity of the major
intracellular anion and the recording temperature. In particu-
lar, the inactivation kinetics of channels containing the alter-
nate exon 5N are more sensitive to intracellular fluoride ions
and to changing temperature than channels containing exon 5A.
Moreover, Navl.1 channels containing exon 5N recover from
inactivation more rapidly at physiological temperatures. Three
amino acids differ between exons 5A and 5N. However, the
changes in sensitivity and stability of inactivation were repro-
duced by a single conserved change from aspartate to asparagine
in channels containing exon 5A, which was sufficient to make
them behave like channels containing the complete exon 5N
sequence. These data suggest that splicing at this site can modify
the inactivation of sodium channels and reveal a possible inter-
action between splicing and anti-epileptic drugs that stabilize
sodium channel inactivation.

Alternative splicing is highly conserved in vertebrate voltage-
gated sodium channels (1, 2), suggesting that it plays an impor-
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tant role in modulating channel function. Because sodium
channels underlie neuronal excitability (3) and mutations that
induce small changes in their function can lead to disease,
including epilepsy (4 —6), there is growing interest in the func-
tional consequences of splicing. Nav1.1 channels encoded by
SCNIA are strongly associated with Mendelian epilepsy in
humans (OMIM 182389) and are disproportionately important
for interneuronal excitability (7-9).

All tetradotoxin-sensitive neuronal sodium channels have a
duplication of the exon encoding the voltage sensor (S4) in their
first domain (Fig. 1). Compared with other channels, Nav1.1
has accumulated multiple evolutionary changes in one copy of
this exon. Rodents have several stop codons in the “neonatal”
variant, exon 5N, as well as a disrupted splice site (2), so the
rodent SCNIA transcript including 5N does not give rise to a
channel subunit, unlike the transcript containing the “adult”
variant, exon 5A. Humans still have a functional copy of exon
5N but have acquired several amino acid changes in the coding
sequence as well as a splice site polymorphism that reduces
expression of the exon (10, 11). The genotype of this splice site
polymorphism is associated with altered dosage of several front
line anti-epileptic drugs (11, 12), suggesting that altered splic-
ing in SCNIA may modify drug responsiveness. However, this
finding has not been replicated in one study (13). The polymor-
phism and potentially alternative splicing at this site in SCN1A
has also been associated with an increased likelihood of carba-
mazepine resistance in epilepsy (14) or with febrile seizures
(15). Again, the status of these associations is uncertain because
the former study was small and the latter was not replicated in
a different population (16).

Although several studies have focused on the clinical and
therapeutic genetic associations, which remain to be clari-
fied, the fundamental biophysical differences between the
human Navl.1 splice variants are unknown. Several groups
have investigated the properties of splice variants of other
Nav1 subunits (17-24), but no data are available for Nav1.1.
This leaves the potential mechanisms linking splicing to sei-
zure susceptibility or treatment unknown. Additionally,
because this channel is known to be sensitive to modulation
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A B
Navl.1l-5A YVTEFVDLGNVSALRTFRVLRALKTISVIP
Navl.1l-5N FVTEFVNLGNFSALRTFRVLRALKTISVIP
Navl.2-6N YVTEFVNLGNVSALRTFRVLRALKTISVIP
Navl.3-6N YVTEFVSLGNVSALRTFRVLRALKTISVIP D
Navl.6-5N YITEFVNLGNVSALRTFRVLRALKTISVIP
Navl.7-5N YLTEFVNLGNVSALRTFRVLRALKTISVIP
Navl.1-D207N YVTEFVNLGNVSALRTFRVLRALKTISVIP
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FIGURE 1. Structure and conservation of splicing in voltage-gated sodium channels. A, conservation of the alternate N exon in neuronal sodium channels
is shown. All sequences are human and correspond to the short extracellular S3-54 linker and the S4 voltage sensor in domain I. The sequence for Nav1.1
corresponds to amino acids 201-230 of the mature peptide, which is determined by this exon. Nav1.1-D207N is identical to Nav1.1-5A except for the Asp —
Asn substitution, which is conserved in Nav1.1,-1.2,-1.6, and -1.7. In Nav1.2 and -1.3 the homologous splicing region is designated as exon 6 due to different
exon numbering in the consensus gene sequence but represents the region homologous to that encoded by exon 5 in the other genes. B, shown is the
genomic structure of human SCNTA in the region of exons 5A and 5N (6A and 6N in SCN2A and SCN3A). The A and N exons are each 92 nucleotides long and are
exclusive. Inclusion of both or neither of the exons would lead to a frameshift. C, shown is a schematic of the predicted topology of Nav1.1 indicating the region
encoded by exon 5N or 5A in the first domain of the channel. This region, corresponding to the end of the third transmembrane segment (S3), a short
extracellular linker, and the entire voltage-sensing fourth transmembrane segment (54) is indicated in a black outline. The circle indicated by the arrow is the
position of the conserved D207N change imposed by splicing. D, shown is the proposed structure of a bacterial voltage-gated sodium channel, indicating the
approximate position of the D207N substitution in the S3-54 segment of the voltage sensing module (arrow, black circle). The structure is based on the recently
published bacterial voltage-gated sodium channel NavAb (adapted from Fig. 1 and supplemental Fig. S6 in Payandeh et al. (43)). The pale gray cylinders and
linkers represent one domain of the channel (domain I). The darker cylinders indicate the position of the opposite domain (lll), and the outline is the proposed

T

space-filling shape of the protein, with dotted lines indicating the thickness of the plasma membrane. Domains Il and IV are not shown.

by G-proteins (25) and temperature sensitivity is a hallmark
of diseases associated with it (4—6), it is important to inves-
tigate the properties of splice variants in conditions that
allow for G-protein modulation under near-physiological
conditions.

Our goal was to determine if splicing has a consistent effect
on any of the intrinsic parameters of Nav1.1 function. We show
that the splice variants exhibit differences in inactivation kinet-
ics and that inactivation of exon 5N-containing channels is
more sensitive to recording temperature and intracellular fluo-
ride than exon 5A-containing channels. We also identify a sin-
gle amino acid that differs between the variants that is sufficient
to account for the effect of alternate splicing on the rate of
recovery from inactivation. These results reveal unexpected
functional consequences of highly conserved alternate splicing
in neuronal sodium channels.

EXPERIMENTAL PROCEDURES

Mutagenesis and Cloning of Sodium Channel Subunits—The
three amino acid differences encoded by exon 5N and D207N
were introduced into the human SCNIA ¢cDNA (a gift of J. J.
Clare) in the pcDM8 vector (gift of M. Mantegazza) using site-
directed mutagenesis using the QuikChange kit according to
directions (Stratagene, CA). 5N primers were CATTACATT-
TGCGTTCGTCACAGAGTTTGTGAACCTGGGCAATTT-
CTCGGCATTGAG (forward) and CGAGAAATTGCCCAG-
GTTCACAAACTCTGTGACGAACGCAAATGTAATGAC-
AGTG (reverse), and D207N were CAGAGTTTGTGAACCT-
GGGCAATGTCTC (forward) and ACATTGCCCAGGTTC-
ACAAACTCTGTGAC((reverse).
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Transformants were confirmed with sequencing. Exon 5
splice variants were characterized in a shortened version of
exon 11, Navl1.1 (26), as this is thought to be the most abundant
transcript in the rat brain (27).

SCNI1B-ECMV* IRES-SCN2B-polio IRES—EGFP, with full
plasmid details in Cox et al. (28), was a gift from ] Wood, UCL.
To introduce a stop codon, three nucleotides upstream of the
SCN2B ATG codon the following mutagenesis reaction was
performed. Primers from 5’ to 3’ sequence were GAAAAA-
CACGATGATAATTAGGCCACAACCATGCACAG  (for-
ward) and CTGTGCATGGTTGTGGCCTAATTATCATCG-
TGTTTTTC (reverse). SCN1B splice variant B was first cloned
into the pCMV6-XL5 mammalian expression vector (Origene
Technologies). This clone was used as a template to amplify
SCNI1BBwith 5'-Xhol and 3'-BamHI restriction sites for subclon-
ing into the SCN1B-ECMV IRES-SCN2B-polio IRES-EGFP
vector. SCN1BB Primers from 5’ to 3’ sequence were ACGctcgag-
CACCATGGGGAGGCTGCTGGCC (forward) and CGC-
ggatccTCAAACCACACCCCGAGA (reverse). Lower case
indicates introduced restriction sites.

SCN1B within SCN1B-ECMYV IRES-SCN2B-polio IRES—EGFP
was excised using Xhol and HindIII and replaced with SCN1BB
using the same enzymes. All constructs were routinely sequenced
after plasmid purification. Details are available upon request.

Expression—HEK293T cells (ATCC) were transfected with
lipofectamine2000 (Invitrogen) according to manufacturer’s

“The abbreviations used are: ECMV, encephalomyocarditis virus; IRES, inter-
nal ribosome entry site; GTPyS, guanosine 5’-3-O-(thio)triphosphate;
ANOVA, analysis of variance; EGFP, enhanced green fluorescent protein.
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protocols. Recordings were carried out 48 —72 h after transfec-
tion. Recordings from control cells that were not transfected
did not produce detectable sodium currents (data not shown).

Electrophysiology—Recording solutions were: external, 145
mM NaCl, 4 mm KCl, 1.8 mm CaCl,, 1 mm MgCl,, 10 mm
HEPES, pH 7.35; internal, 150 mm CsCl, 10 mm EGTA, 10 mm
HEPES, pH 7.35. Where CsF was used, it replaced 140 mm CsCl
in the intracellular solution. Where GTPvyS was included in the
intracellular solution, it was used at a final concentration of 0.5
mM. In control experiments, GTPvyS did not induce currents in
the absence of the Nav1.1 subunits (data not shown).

The calculated junction potentials were: CsCl = —4.4 mV;
CsF = —9.3 mV. These were not corrected. Electrodes were
1-3 megaohms in resistance. Series resistance was always
below 5 megaohms, generally below 2 megaohms, and was rou-
tinely compensated 50-70% in room temperature recordings
only. To control for cell to cell variability, we transfected and
recorded both splice variants on the same days and combined
individual cells from at least three recording sessions.

All currents were recorded using a Multiclamp 700B ampli-
fier (Molecular Devices). Data were leak-subtracted with a
—P/4 protocol, filtered at 10 kHz, and sampled at 50 kHz.
Acquisition and analysis were performed using custom pro-
grams in Labview 8.0 (National Instruments). To assess channel
activation, cells were held at —80 mV and stepped to voltages
between —60 and +30 mV in 10-mV intervals. Cells were
allowed to recover at least 4 s between depolarizing steps. GNa/
GNa, . = 1/(1 + exp((V5, —V)/k)), where GNa/GNa,,,, is the
normalized conductance value, V, is the voltage that produces
half-maximal conductance, and k is the slope factor. Inactiva-
tion was fit with a mono-exponential decay after steps from
—20 to +20 mV from 90% of peak current amplitude.

To calculate steady-state inactivation, channels were acti-
vated by 100-ms prepulses (—100 to —10 mV, holding potential
—80 mV) followed by a 30-ms test pulse to —10 mV. Steady-
state inactivation was normalized to peak current and fit in Graph-
pad Prism 5 with a Boltzmann function, INa = (A + (B — A))/(1 +
exp((Vso — V)/k)), where INa is the fraction of sodium current
available, A is the lowest value, and B is the highest value (with V,
and k as above). Persistent current was calculated as the mean
current from the last 10 ms of the test pulse from —80 mV and
expressed as a fraction of the peak transient current.

Recovery from inactivation was assessed using a two-pulse
protocol consisting of an initial step to —10 mV for 100 ms, a
recovery interval of 2, 20, 200, or 1750 ms at —80 mV, and a test
step to —10 mV. The current amplitude elicited by the test
pulse was expressed as a fraction of the current from the initial
step to give a measure of fractional recovery. The time course of
recovery was fit with a Hill-Langmuir equation to accommo-
date apparent negative cooperativity in all of the datasets. I =
I X Xexp(n)/(Kexp(n) + Xexp(n)), where X = time (ms), and
the cooperativity, n, was fixed at 0.31. Data were fit, and fits to
datasets were compared using F-test in OriginPro 8.5.

RESULTS

In Conventional Recording Conditions the Splice Variants
Show Similar Gating Behavior—Most heterologous expression
studies of splice variants of neuronal sodium channels to date
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FIGURE 2. Kinetics- and voltage-dependent properties of Nav1.1 splice
variants at room temperature using intracellular fluoride (CsF) solu-
tions. A, splice variants produce similar overall currents. Raw traces from
splice variants show currents elicited in response to a series of voltage steps
when recorded with intracellular fluoride anions at room temperature.
B, both splice variants have similar voltage dependence. Shown is an overlay
of voltage dependence of activation and inactivation for Nav1.1-5A (filled
symbols,n = 9 and 8) and Nav1.1-5N (open symbols, n = 14 and 12). Inactiva-
tion curves are percentages of peak transient currents (/NaT) for each cell, and
activation is shown as the percentage of peak transient conductances (GNaT).
C, shown is the rate of inactivation during steps to different potentials; sym-
bols as in B. The Nav1.1-5N channels inactivated more rapidly in these con-
ditions. The difference between the two sets of points is significant: **, p <
0.01; two-way ANOVA, Bonferroni post test (5An = 8;5N n = 12). D, shown is
the percentage of current remaining 20 ms after steps to different potentials
for both splice variants. In these conditions Nav1.1-5N channels (open sym-
bols) have less non-inactivating currents (/NaP) for steps near peak activation.
The difference between the two sets of points is significant: **, p < 0.01;
two-way ANOVA, Bonferroni post test (5A n = 12; 5N n = 13). pF, picofarads.
E, shown is the absolute amplitude of persistent current from individual cells
after ~12 min in whole cell configuration using intracellular solutions con-
taining CsF. F, persistent or non-inactivating currents (/NaP) run down during
recordings. The percentage of INaP remaining after ~12 min of recording is
shown for steps to —10 mV normalized to starting levels (0). Times are
approximate to allow pooling of cells. Open symbols are 5N and filled symbols
are 5A, but overlap obscures filled symbols. Error bars are S.E. (for time = 0; 5A
n=12;5Nn = 13;fortime = 12;5An =6;5Nn =9).

have relied on intracellular fluoride to promote stable record-
ings (17, 20, 21, 24). We, therefore, started with similar record-
ing conditions to compare Navl.1 channels containing exon 5A
(Navl.1-5A) and 5N (Nav1.1-5N). In recordings with intracel-
lular fluoride, the currents produced by both Nav1.1 splice vari-
ants exhibited the same voltage dependence of activation and
inactivation (Fig. 2, A and B; Table 1). Navl.1-5N channels,
however, had a tendency to inactivate more rapidly, as indi-
cated by a reduced time constant of inactivation (r,,.) over a
range of potentials (Fig. 2C). Between —20 and +20 mV they
also underwent more complete inactivation during voltage
steps, as indicated by a reduced non-inactivating or persistent
current (INaP) 20 ms after the onset of the depolarizing step
(Fig. 2, D and E). However, we noted that the amount of /NaP
decreased with the duration of the recording and after 12 min
was largely absent (Fig. 2, D and E). This decrease of the INaP
component was similar for Navl.1-5A and Nav1.1-5N (Fig.
2F). In contrast, the peak transient current (/NaT) did not
change consistently, meaning that during a recording the per-
centage of current that inactivated during a voltage-step
increased.
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TABLE 1
Intrinsic parameters of currents from Nav1.1 splice variants
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Values for CsF are not corrected for the difference in liquid junction potential compared to CsCl, which is consistent with the changes in V, being due to the anions present
in recording solutions. Data from CsF recordings are from >8 min after obtaining whole cell configuration (see “Experimental Materials”). All values are the mean * S.E.
Although several parameters were significantly altered by recording conditions (see Figs. 5 and 6), none of the parameters reached significance when compared to the same

condition against both of the other variants (p > 0.05 using 2-way ANOVA). V, are in mV, and 7,

. was measured at —10 mV.

inac

Physiological temperature (CsCl)

Room temperature (CsF)

Room temperature (CsCl)

Variant of Na, 1.1 5A 5N D207N 5A 5N D207N 5A 5N D207N

Vo act -185+09 —188*08 —172*13 —212+17 -226+12 -215+06 -154*11 -173*13 —138*11

k 67+04  65%03  63%03  60*04  54*02  74*05  62+04  58%+04  61%03

n 15 18 8 9 14 9 18 13 11

Vo inact -537+12 —531%13 —552%14 —584+14 —601+07 —593+07 —541%+16 —580%20 —539=11
63+03  59%07  84*07  81*09  67*04  69+06  62+05  69+03  88*01

n 15 11 8 8 12 9 14 9 9

% INaP 86+16  52%11 52408  78*17  36+*11 17206  128+25 122+17  106*28

n 16 11 11 12 13 9 10 8 9

Tinat 05+01  06%+01  05%0.1 16205  09%01  06*02  24+03  33+06  24%04

n 8 10 13 8 12 9 14 9 10

Changing the Intracellular Anion Affects Channel Behavior—
A possible explanation for the loss of INaP current during long
recordings is that cesium fluoride from the patch pipette grad-
ually disrupts a process that normally inhibits Nav1.1 inactiva-
tion. Fluoride ions might alter gating by disrupting G-protein
signaling (29, 30), which has been shown to affect the propor-
tion of INaP mediated by sodium channels. Previous studies
investigating this phenomenon were carried out with intracel-
lular solutions that did not include fluoride (25). Indeed, in the
presence of trace amounts of aluminum (for instance from the
borosilicate pipette glass), fluoride assembles to aluminum tet-
rafluoride, which binds to and disrupts G-protein signaling as
well as phosphatases (30).

To determine whether the time-dependent changes in /NaP
current were due to the presence of fluoride in intracellular
solutions, we carried out similar recordings with fluoride ions
replaced by chloride (Fig. 3; Table 1). In these conditions, where
only the intracellular anion was changed, both splice variants of
Navl.1 inactivated more slowly. The effects were more pro-
nounced on Navl.1-5N channels, such that they now inacti-
vated significantly more slowly than Nav1.1-5A channels (Fig.
3C), opposite to the pattern observed using fluoride-based
intracellular solutions (Fig. 2C). Moreover, in recordings with
intracellular chloride, INaP, the non-inactivating current, was
similar for both variants (Fig. 3, D and E) and was more stable
during prolonged recordings (Fig. 3F). Overall, these data sug-
gest that the presence of fluoride anions, possibly conjugated
with aluminum from the electrodes, affect Nav1.1 inactivation
with a more pronounced effect on the splice variant containing
exon 5N.

We observed an additional shift in the voltage dependence of
activation and inactivation, but this was accounted for by a
5-mV junction potential difference between CsCl- and CsE-
based solutions (see “Experimental Procedures”) and is, there-
fore, unlikely to reflect an intrinsic change in channel gating.

Raising the Temperature Accelerates Inactivation and Abol-
ishes Persistent Currents Mediated by Both Variants—A hall-
mark of seizures related to mutations in SCNIA, indeed of
many sodium channel mutations (4, 5, 31), is their sensitivity to
temperature. Most published recordings of Nav channels have
been carried out at room temperature. To investigate how
changing temperature specifically altered channel gating, we
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FIGURE 3. Substituting intracellular fluoride with chloride (CsCl) affects
the rate and completeness of inactivation. A, sample traces from both
splice variants show increased INaP currents in recordings at room tempera-
ture using intracellular chloride solution. B, the voltage dependence of acti-
vation and inactivation remains similar for both variants. The inactivation is
incomplete, consistent with the increased proportion of /INaP. Symbols and
units are asin Fig. 2; filled = 5A (n = 18 activation, n = 14 inactivation); open =
5N, (n = 13 activation, n = 9 inactivation). GNaT, transient sodium conduct-
ance. G, the rate of inactivation is slowed by the replacement of intracellular
fluoride with intracellular chloride (compare with Fig. 2C). The change is sig-
nificant for Nav1.1-5N variants (p < 0.0001, two-way ANOVA, Bonferroni post
test). With intracellular chloride, channels containing exon 5N inactivate
more slowly than channels containing exon 5A, and the sets of data points are
significantly different; **, p < 0.01; two-way ANOVA, Bonferroni's post test (5A
n = 14;5Nn = 9).D, shown areincreased INaP in recordings with intracellular
chloride (compare with Fig. 2D). Both variants show a larger proportion of
INaP in response to steps to a range of potentials. Because substituting chlo-
ride for fluoride has a larger effect on channels containing 5N, the difference
between splice variantsis occluded (5A n = 10; 5N n = 8). pF, picofarads. E, the
absolute amplitude of persistent current from individual cells after ~8 min in
whole cell configuration using intracellular solutions containing CsCl is
shown. Points indicate individual cells. Currents were similar at 12 min, but
because of the less stable configuration using a CsCl-based intracellular solu-
tion, fewer cells survived than when using solutions containing CsF. F, with
intracellular chloride the proportion of INaP is more stable. As in Fig. 2F, the
percentage of INaP remaining after ~12 min of recording is shown for steps
to —10 mV normalized to starting levels (time = 0). Times are approximate to
allow pooling of cells. Open symbols are 5N, and filled symbols are 5A. Error bars
are S.E. (fortime = 0; 5An = 10; 5N n = 8;fortime = 12;5An = 7;5N n = 4).

carried out recordings at physiological temperatures. In partic-
ular, we asked whether changing the temperature had different
consequences for the two splice variants. We used conditions
identical to those in Fig. 3, except that the recording tempera-
ture was in the physiological range (37 = 2 °C; Fig. 4; Table 1).
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FIGURE 4. At physiological temperatures using intracellular chloride (CsCl) solutions, the splice variants mediate similar currents that inactivate
rapidly and robustly. A, raw traces from both variants show the more rapid kinetics associated with higher temperatures. B, voltage dependence of activation
and inactivation is largely unaffected by changing temperatures. Filled symbols = Nav1.1-5A (n = 15 activation; n = 15 inactivation), and open symbols =
Nav1.1-5N (n = 18 activation, n = 11 inactivation); error bars are S.E. but are largely obscured by symbols. GNaT, transient sodium conductance. C, the rate of
inactivation is increased for both variants with very similar rates for each over a range of potentials (filled, 5A,n = 16, 0pen, 5N, n = 11). D, the proportion of INaP
is relatively small at higher temperatures. Cells are pooled from a time point ~2-5 min after obtaining whole cell configuration, and each symbol corresponds
to an individual cell (5A, n = 16, 5N n = 11). It was not possible to measure the stability of these currents for prolonged recordings at physiological

temperatures.

Recordings at supraphysiological temperatures (e.g. to mimic
temperature changes during febrile seizures) were too unstable
to allow robust comparison of the variants in these conditions
(data not shown).

At physiological temperatures both variants inactivated
more quickly, and the difference in 7, . between Nav1.1.-5N
and Nav1.1.-5A was occluded (Fig. 4C). Both variants also inac-
tivated more completely than at room temperature, and the
proportion of INaP was similar for both splice variants (Fig.
4D), consistent with recordings using CsF at room
temperature.

At Physiological Temperatures 3 Subunits Do Not Distinguish
between Splice Variants—W e hypothesized that splice variants
might associate differently with, or be differently modified by
sodium channel B subunits. These transmembrane subunits are
necessary for proper sodium channel signaling iz vivo, as muta-
tions in one of the B subunits are sufficient to cause epilepsy
(32). In vitro, most work with 8 subunits has been carried out at
room temperature, and the subunits have different effects
depending on the conditions and cell lines used (33-35). We,
therefore, co-expressed 31 or its splice variant 81B with 32 and
each Navl.1 variant using a tricistronic IRES vector (28) to
ensure recorded cells were co-transfected with the B8 subunits
and compared the gating at physiological temperatures using
the CsCl-based intracellular solutions. In these conditions the 3
subunits had no consistent effects on voltage dependence of
activation or inactivation (Table 2). The isoform B1B, but not
the B1 isoform, slowed the rate of inactivation slightly for both
variants (Table 2). We also noted that co-expression of 1B
appeared to reduce the current density of both variants in these
conditions but to a similar degree (data not shown). Thus,
under our conditions, the B subunits had relatively modest
effects on the channel gating and did not distinguish strongly
between the two splice variants.

Modulation by G-proteins Is Suppressed at Physiological
Temperatures—Our initial finding that inactivation was altered
in the presence of intracellular fluoride anions is consistent
with a role for G-protein signaling in regulating the inactivation
of these channels. RT-PCR and array data indicated that our
untransfected HEK cells express multiple G-protein subunits
(data not shown). We used the nonspecific activator of G-pro-
teins, GTPS, to ask whether activation of G-proteins played a
role in modifying inactivation of the variants at higher temper-
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atures. Recordings were carried out as in Fig. 4, but with 0.5 mm
GTPvS in the intracellular solution, as has previously been used
to activate INaP in heterologously expressed Navs (36).

Activation of G-proteins under these conditions had no sig-
nificant effects on the channels (p > 0.05; Table 2). These data
are not consistent with earlier reports that activating G-pro-
teins increases INaP currents mediated by Navl.1 channels
(only the 5A variant was explored) (25). However, those exper-
iments were carried out at room temperature, so to confirm the
effectiveness of our GTP+S conditions we repeated the record-
ings at lower temperatures. Under these conditions constitu-
tive activation of G-proteins with GTPvyS robustly increased
INaP, consistent with the changes reported previously and with
the 5N-containing channels slightly more altered than those
containing 5A (data not shown).

Inactivation Kinetics Differ Consistently between the Splice
Variants—Changing either temperature or the major intracel-
lular anion had more pronounced effects on the inactivation of
5N-containing channels with respect both to the rate of inacti-
vation (7,,,., Fig. 5A) and the proportion of non-inactivating
currents, INaP (Fig. 5B). In the case of INaP, only 5N-contain-
ing channels were significantly affected. These data suggest that
the presence of exon 5N may have specific effects on the stabil-
ity of inactivation, with the 5N channels more sensitive to intra-
cellular anions (possibly via G-proteins) and temperature.

Because 5N-containing channels appeared to be more sensi-
tive to recording conditions both with respect to the rate and
completeness of inactivation, we examined a further parameter
describing the inactivation kinetics of these channels. We asked
whether the 5N-containing channels had different rates of
recovery from inactivation compared with 5A by constructing a
time-course of recovery from inactivation. At physiological
temperatures it was not possible to maintain individual cells
throughout the entire recovery protocol, and consequently data
from multiple cells were combined to obtain full datasets for
each variant.

Navl.1 channels containing exon 5N recovered more rapidly
from inactivation than those containing 5A (Fig. 5C). This was
illustrated by significantly more channels being available at 2
ms (p = 0.03, two-tailed ¢ test). In addition, the recovery time-
course at 37 °C was also significantly different (p = 0.0011;
F-test) when fit with a Hill-Langmuir equation (see Table 3).
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TABLE 2

Splicing Modifies Inactivation of Nav1.1 Channels

Parameters of currents from Nav1.1 splice variants in the presence of 8 subunits and GTPyS

All recordings were carried out at physiological temperatures using CsCl-based intracellular. V, values are in mV, and 7,

. was measured at —10 mV. Data in the first two

inac

columns are repeated from Table 1 for convenience. All values are the mean * S.E. None of the parameters reached significance when compared against the other conditions

(p > 0.05 using 2-way ANOVA).

With 8 subunits With $1B subunits With GTPyS
Variant of Na 1.1 5A 5N 5A B1B2 5N B1B2 5A B1BB2 5N B1BB2 5A 5N
Vo act —185+09 —18.8+0.8 -193+15 —20.6 + 1.0 —15.7 = 3.2 —20.3 =29 -183+13 —21.6 + 8.4
K 6.7 £ 0.4 6.5%0.3 6.6 £ .04 5.6 * 0.6 74 *0.7 7.5 % 0.6 57 *26 55* 04
n 15 18 12 7 7 10 12 13
Vg, inact —53.7 1.2 —531*13 —559*+1.3 =572 *19 —57.5*+0.8 —56.8 = 0.7 —53.6 =19 —56.3 = 0.9
6.3 £0.3 59 *0.7 7.2%0.3 7.0 £ 0.6 74+ 1.3 6.9 £ 0.6 57+ 0.8 55+ 0.2
n 15 11 8 8 3 4 9 14
% INaP 86+ 16 52+ 1.1 79+12 6.6+ 16 95+52 71+25 4.6 * 09 3.6+05
n 16 11 8 8 3 4 9 14
Tinact 0.5+ 0.1 0.6+ 0.1 0.8+ 0.2 0.8 +0.2 0.8 +0.2 0.8 +02 0.3+ 0.0 0.3+ 0.0
8 10 8 8 7 11 11 12
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FIGURE 5. Nav1.1-5N channels show larger temperature- and anion-dependent changes in rate and completeness of inactivation and recover more
quickly from inactivation. A, although the rate of inactivation is significantly increased for both variants, the change is larger and more significant for those
containing exon 5N. Numbers indicate the number of cells measured in each condition. RT, room temperature. B, the proportion of INaP shows a trend toward
a reduction for channels containing exon 5A, but for channels containing 5N, this reduction is robust and significant. **, p < 0.01; ***, p < 0.001; ns, p > 0.05;
2-way ANOVA, Tukey's post hoc test for multiple comparisons. Numbers indicate the number of cells measured in each condition. C, recovery from inactivation
is faster for channels containing exon 5N (open symbols, n = 6-10) than for channels containing exon 5A (filled symbols, n = 6-8). The fits are significantly

different (P(5N = 5A) = 0.0011; F-test).

TABLE 3

Parameters and quality of non-linear curve fitting of recovery from
inactivation

All fits were to recordings carried out at physiological temperatures using CsCl-
based intracellular. To improve the accuracy of the fit, the cooperativity was fixed at
0.31 (negative cooperativity) for all three datasets. K'is in mV. S.E. is the error of the
fit. R-squared indicates the coefficient of determination. 5-13 cells were recorded
for each variant at each time point. Because of the reduced stability of recordings at
physiological temperatures, not all time points are from the same cells.

Variant of Na 1.1 5A 5N D207N
I+ SE. 1.18 * 0.02 111 + 0.01 1.16 + 0.01
K= SE. 9.86 + 1.70 1.85 = 0.26 3.56 + 0.36
R? 0.998 0.998 0.999

The Change in Recovery from Inactivation Is Accounted for by
a Single Amino Acid Change Introduced by Splicing—As men-
tioned above, the channels encoded by Navl.1-5A and
Nav1.1-5N differ by three amino acids (Fig. 1A). It is possible
that the difference in stability of inactivation arises from all
three amino acids or from the two phenylalanines that are spe-
cific to human Nav1.1-5N. To test these possibilities we con-
structed a clone that differed from Nav1.1-5A only at the con-
served aspartate to asparagine site (Navl.1-D207N). This
change is conserved in the extracellular S3-S4 linkers encoded
by alternate exons in tetradotoxin-sensitive neuronal sodium
channels (Fig. 1A4).

At physiological temperatures Nav1.1-D207N channels had
similar voltage dependence, rate, and completeness of inactiva-
tion as both splice variants (Fig. 6, A—C; Table 1). However, as
with Nav1.1-5N, changing the intracellular solution to one
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based on CsF had significant effects on the rate of inactivation
and on the proportion of INaP (Fig. 6, D and E). Increasing the
temperature also robustly altered the rate of inactivation (Fig.
6D) and had a tendency to reduce /NaP, which did not reach
significance (p > 0.05; 2-way ANOVA).

Moreover, the recovery from inactivation for D207N chan-
nels was similar to Nav1.1-5N channels (p > 0.05; F-test with
Bonferroni correction) and significantly faster than Navl.1-5A
channels (p = 0.002; F-test with Bonferroni correction; Fig. 6F).
These data suggest that the change in recovery from inactiva-
tion between the splice variants can be reproduced by the single
amino acid change of D207N and that the two phenylalanines
introduced by splicing do not have significant effects on this
parameter.

We further explored the role for residue 207 in the S3-S4
linker in modifying the sensitivity of the inactivation to CsF
using a serendipitous mutation in an Navl.1-5N clone that
changed Asp-207 to a histidine (D207H, in the 5N background
with two phenylalanines). The D207H mutant generated chan-
nels that produced large persistent currents in room tempera-
ture in recordings with CsCl-based intracellular solution
(INaP = 29 = 3% of transient currents; # = 10). This proportion
of INaP was significantly larger than both Nav1.1-5N and the
D207N channels (p < 0.001 for both, one way ANOVA, with
Tukey-Kramer post test). However, similar to the Navl.1-5N
and the D207N channels, these persistent currents were com-
pletely suppressed when recording at room temperature with
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FIGURE 6. The conserved D207N change produces channels similar to 5A
and 5N at physiological temperatures using chloride based intracellular
solutions (CsCl). A, shown are sample traces from channels containing the
D207N change but otherwise identical to Nav1.1-5A. B, voltage dependence
of activation and inactivation are similar for D207N channels (gray symbols;
activation n = 8, inactivation n = 8). Data from Fig. 5 are included for com-
parison. GNaT, transient sodium conductance. C, D207N channels produce
similar amounts of non-inactivating currents to 5N channels. D-E, as with
channels containing exon 5N, D207N channel inactivation is sensitive to the
presence of fluoride with both the rate (D) and amount (E) of inactivation (as
indicated by proportion of INaP) and was significantly reduced in recordings
containing this intracellular anion. Temperature also significantly increased
the rate of inactivation (D). However, although D207N channels at increased
temperatures had a tendency to produce less INaP, the variability of this
parameter in cells at room temperature (RT) meant the change failed to reach
significance. Numbers in the columns indicate the number of cells sampled in
each condition. F, recovery from inactivation for D207N channels (gray, n =
5-13) is similar to 5N channels (open, P(D207N = 5N) > 0.05; F-test with
Bonferroni correction) and significantly faster than 5A channels (black,
P(D207N = 5A) = 0.002; F-test with Bonferroni correction;). Data from Fig. 5
are included for comparison. **, p < 0.01; ***, p < 0.001; ns, p > 0.05; 2-way
ANOVA, Tukey's post hoc test for multiple comparisons.

CsF-based intracellular solutions (—1 = 3% n = 5; p < 0.0001;
two tailed ¢ test). Note that, in contrast, intracellular fluoride
did not significantly reduce /NaP in channels with the 5A
sequence (Fig. 54). These data indicate that the Asp-207 site in
the S3-S4 linker of domain I is involved in setting the stability of
inactivation of these channels and underline the importance of
this site in modulating inactivation.

DISCUSSION

We have shown that alternative splicing in human Navl.1
channels modifies inactivation of the channels. In particular,
both the naturally occurring alternate exon 5N with three
amino acid changes and an artificial variant containing only the
conserved aspartate to asparagine change (D207N) recover
from inactivation more rapidly than channels containing the
sequence encoded by exon 5A.

The altered stability of inactivation may be related to the
finding that manipulating recording conditions (ionic compo-
sition or temperature) consistently had more robust effects on
5N-containing channels than on those containing 5A. How-
ever, variability among cells, particularly in the proportion of
persistent current, prevents direct comparison of the change
induced in each condition.
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The impact of splicing on inactivation is potentially impor-
tant for the role of this channel in human epilepsies. Several
mutations that alter either the amount of, or recovery from,
inactivation have been associated with monogenetic epilepsy in
human kindreds (5, 26). Single channel analysis indicates that
these mutations can have specific effects on inactivation (37),
and mouse models carrying mutant channels have altered
recovery from inactivation in interneurons (7, 9). In addition, a
polymorphism that reduces the amount of exon 5N in human
SCNIA mRNA has been associated with an altered dosage of
drugs that are used to treat epilepsy (10—12) and possibly with
an altered likelihood of developing some types of seizures (14,
15) (but see Refs. 13 and 16). Our data suggest that inactivation
is specifically modified by splicing, and this parameter may con-
tribute to different drug sensitivities or seizure likelihoods,
although further studies are needed to determine how strong a
relationship exists or whether splicing modifies the severity of
mutations or other variants found in SCNIA.

The rate of recovery of sodium channels from inactivation is
implicated in the mechanism of action of several frontline anti-
epileptic drugs including phenytoin, carbamazepine, and lam-
otrigine. The dosage and/or serum levels of these drugs have
been reported to vary with the polymorphism that modifies
splicing at this site in human SCN1A (10-12). These drugs
exert use-dependent effects on sodium channels by selectively
binding to and stabilizing the inactive states (38, 39). The
reduction in the rate of recovery from inactivation may underlie
their effectiveness in epilepsy. This raises the question of
whether alternative splicing, by including exon 5N and conse-
quently increasing the rate of recovery from inactivation, also
increases the likelihood of seizures. However, any hypothetical
mechanism is complicated by the diversity of neuronal types
and the observation that Nav1.1 channels (both splice variants)
are expressed by inhibitory interneurons. Indeed, changes in
splicing of SCN1A/Nav1.1 might have disproportionate effects
on interneurons (7-9), whereas the up-regulated splicing in
other voltage-gated channels could have counter effects in
excitatory neurons (40, 41). These potentially opposite influ-
ences on circuit excitability make it difficult to predict the over-
all impact of splicing on seizures.

Because the site of the D207N substitution is in the short
S3-S4 linker adjacent to a charged S4 voltage-sensor, a straight-
forward hypothesis would be that by toggling a charged residue
in and out of this linker, alternative splicing might modify volt-
age dependence of activation. However, we did not see consist-
ent differences in voltage dependence of either activation or
inactivation. Instead the results of this study imply that, despite
its predicted external location, the S3-S4 linker plays a role in
modulating inactivation. This observation is consistent with an
early report showing that the S3-S4 linker in the fourth domain
can also play a role in regulating the rate of recovery from inac-
tivation (42). A conserved splicing event, which among other
changes introduces two negatively charged aspartates at the
congruous position in the third domain (eight amino acids
before the first arginine of the S4), has recently been shown to
play a role in setting the amount of INaP carried by Drosophila
Nav channels (22). However, with the additional changes in
that splicing it is not possible to determine whether the intro-
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duction of a negative charge at the position equivalent to Asp-
207 in DI of Nav1.1 is sufficient to alter /NaP.

The impact on inactivation of an amino acid, which is pre-
dicted to be relatively superficial in the channel structure, sug-
gests arole for the position of the voltage-sensing module in the
first domain in modulating the affinity of the inactivation par-
ticle for the intracellular surface of this channel, possibly by
altering the positions of the S3 or S4 intracellular regions. The
recent structure of sodium channels (43) is thought to repre-
sent the extruded S4 position, linked to a still closed channel
pore (a pre-open state). In that structure the shape of the S3-S4
linker is noted to be poorly defined, consistent with high mobil-
ity (43). Our data indicate that altering this linker may induce
an allosteric change to the intracellular surface of the channel
that leads to altered affinity for the inactivation particle.

These data potentially bring together some of the disparate
data from different sodium channels that are alternatively
spliced at this site and point to inactivation as a candidate target
of this conserved site of alternative splicing. Room temperature
recordings in the absence of fluoride from the more distantly
related cardiac sodium channel (Navl.5) splice variants indi-
cated that the 5N version of the channel inactivated more
slowly than the 5A version (23). This is similar to our findings in
the room temperature recordings from variants of Nav1.1 (Fig.
3), although the sequences of exon 5N are divergent. Navl.7
channels containing exons 5N and 5A have a slightly different
development of inactivation in room temperature recordings
using cesium fluoride-based intracellular solutions; however,
these conditions did not reveal a difference in recovery from
inactivation for variants of Nav1l.7 (17). Finally, a study also
using cesium fluoride in the intracellular solutions showed an
increased level of persistent current from the closely related
neuronal Nav1.2 channels containing exon 6N (corresponding
to 5N in Navl.1) (21), which is similar to the changes seen in
Navl.1 in similar conditions (Fig. 2). By using three different
recording conditions in one study, we show that the different
changes reported for splice variants from different Navls may
reflect the recording conditions used.

The finding that intracellular fluoride has robust effects on
persistent currents mediated by Navl.1 is consistent with a
study showing a similar effect on Nav1.6 channels expressed in
HEK cells (44). It remains to be determined whether this anion
sensitivity is also exhibited by other sodium channels. Never-
theless, these results clearly call for caution in extrapolating
observations made with fluoride to more physiological
situations.

Although it is clear that 8 subunits are necessary for Navl.1
function in vivo, the role of these subunits in vitro may depend
on the recording conditions. We used tricistronic vectors (28)
to ensure that cells we recorded had been co-transfected with
the B subunit construct; however, it is possible that expression
from this vector was low or that at physiological temperatures
in HEK cells the 3 subunits are not trafficked successfully. The
lack of consistent effects of B subunits in recordings at physio-
logical temperatures is most likely due to the non-neuronal
expression system; HEK cells may not share intracellular
anchoring proteins that interact with 8 subunits in neurons and
are not be able to replicate some of the functional effects of 8
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subunits (32). We did not investigate the effects of all permuta-
tions of B subunits, and it is possible that other combinations,
such as those with 34, which have been shown to modify per-
sistent currents (45), could have variant-specific effects in HEK
cells.

We focused on the splice variants of B1 subunits because
these are most closely associated with Nav1.1, particularly with
regard to clinical manifestation, where mutations in either
SCN1A or SCN1B can give rise to the same epilepsy syndrome,
GEFS+ (generalized epilepsy with febrile seizures plus) (32).
However, it is important to note that the regulation of splicing
in SCN1A may mean that 81 subunits are relatively less likely to
co-exist with Nav1.1-5N channels. The neonatal splice variant
is more prevalent early in development where not all sodium
channels are bound to 8 subunits (46). In addition, 81 subunits
appear to be down-regulated in epilepsy (47), when exon 5N is
up-regulated in several sodium channels (40, 41), further imply-
ing that these subunits may have complementary expression
patterns to the neonatal splice variants.

Finally, the modulation of persistent currents depends
steeply on temperature. Although our data confirm that G-pro-
teins can modify sodium currents mediated by Nav1.1 channels
(25) and suggest this modulation may be more pronounced for
splice variants containing exon 5N, exploring the significance
of this modulation or of modulation by 8 subunits in neurons is
not trivial because the rodent SCNIA gene does not contain a
functional copy of exon 5N, and any variant-specific effects will,
therefore, be lost. In summary, alternative splicing affects the
rate at which Nav1l.1 channels recover from inactivation, and
this change is due to a conserved amino acid change that may
exert similar effects on several neuronal sodium channels in
physiological conditions.

Acknowledgments— We thank M. Mantegazza and H. Lerche for gen-
erously sharing human Navl.1 cDNAs.
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