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Neurobiology of Disease

Na,1.1 Localizes to Axons of Parvalbumin-Positive
Inhibitory Interneurons: A Circuit Basis for Epileptic
Seizures in Mice Carrying an Scnla Gene Mutation
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Loss-of-function mutations in human SCNIA gene encoding Na, 1.1 are associated with a severe epileptic disorder known as severe
myoclonic epilepsy in infancy. Here, we generated and characterized a knock-in mouse line with a loss-of-function nonsense mutation in
the Scnla gene. Both homozygous and heterozygous knock-in mice developed epileptic seizures within the first postnatal month. Immu-
nohistochemical analyses revealed that, in the developing neocortex, Na, 1.1 was clustered predominantly at the axon initial segments of
parvalbumin-positive (PV) interneurons. In heterozygous knock-in mice, trains of evoked action potentials in these fast-spiking, inhib-
itory cells exhibited pronounced spike amplitude decrement late in the burst. Our data indicate that Na, 1.1 plays critical roles in the spike
output from PV interneurons and, furthermore, that the specifically altered function of these inhibitory circuits may contribute to

epileptic seizures in the mice.
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Introduction

Voltage-gated sodium channels are essential for the generation
and propagation of action potentials in electrically excitable tis-
sues, such as brain, muscle, and heart. These channels are hetero-
multimeric protein complexes consisting of one a and one or two
B subunits (Catterall, 2000). The pore-forming « subunits also
serve as voltage sensors, whereas the accessory 8 subunits mod-
ulate the voltage dependence and kinetics and cellular localiza-
tion of the « subunits. Four « and four 8 subunits have been
identified in the mammalian brain.

The a type I sodium channel (Na,1.1) has been reported to be
expressed in the brain, in which it is localized to somata and
dendrites of neurons (Westenbroek et al., 1989; Gong et al.,
1999). To date, >100 heterozygous mutations of human SCNI1A
gene encoding Na, 1.1 have been reported in several human epi-
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leptic disorders, namely, generalized epilepsy with febrile seizure
plus (GEFS+), intractable childhood epilepsy with generalized
tonic-clonic seizures (ICEGTC), and severe myoclonic epilepsy
in infancy (SMEI) (Escayg et al., 2000; Claes et al., 2001; Fujiwara
et al., 2003). SMEIL or Dravet syndrome, is the most severe and
intractable form of the SCNI1A-associated epileptic disorders
(Online Mendelian Inheritance in Man number 607208). SMEI
begins in children under 1 year of age, who otherwise develop
normally before disease onset. The first seizure is typically a uni-
lateral or generalized tonic-clonic or clonic seizure often, but not
always, associated with fever and is subsequently followed by
additional generalized and partial seizures, ataxia, and mental
decline. Because SMEI mutations are mainly heterozygous non-
sense or frame-shift mutations leading to predicted loss of Na, 1.1
function, Na, 1.1 haploinsufficiency has been implicated in SMEI
pathology (Sugawara et al., 2003; Meisler and Kearney, 2005;
Mulley et al., 2005; Yamakawa, 2005).

Recently, Yu et al. (2006) generated Na,1.1-null mice exhib-
iting spontaneous seizures and whole-cell sodium currents that
were significantly reduced in isolated GABAergic interneurons
but not in pyramidal cells from hippocampus, suggesting that
loss of Na, 1.1 might specifically decrease inhibition resulting in
epilepsy. However, a reexamination of Na,1.1 distribution and
localization in the brain is required to resolve why the loss of
Na,1.1 affects only inhibitory, but not pyramidal, neurons when
both cell types express the channel.
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We report here the generation and
characterization of knock-in mice carry-
ing a truncation mutation in the Scnla
gene identical to the human SMEI muta-
tion. We show the absence of truncated
mutant Na, 1.1 in their brains, and the re-
sultant Na,1.1 haploinsufficiency causes
epileptic seizures in these mice. Moreover,
we describe a novel form of Na, 1.1 local-
ization in the developing neocortex.
Na,1.1is predominantly found at the axon
initial segments of parvalbumin-positive
(PV) interneurons. In the hippocampus,
Na,1.1 is also predominantly distributed
within somata and axons of PV interneu-
rons, whereas pyramidal neurons express
Na,1.1 at extremely low levels. Finally, we
show that Na,1.1 is involved in sustained
high-frequency firing of neocortical fast-
spiking interneurons. We propose that
impaired function of the PV inhibitory
circuit contributes to epileptic seizures in
knock-in mice.

Materials and Methods

Mice were handled in accordance with the An-
imal Experiment Committee of RIKEN Brain
Science Institute.

Construction of the targeting vector. We iso-
lated a PAC clone 462C21 by screening a
pooled mouse genomic PAC library (BACPAC
Resource Center, Oakland, CA) with dot blot
hybridization using [a-?*P] dCTP-labeled
DNA that corresponded to the genomic frag-
ment containing exon 21 of the Scnla gene as
the probe. A 5.0 kb Eco1051-HindIII fragment,
a 6.0 kb EcoRI fragment, and a 4.0 kb PstI-
EcoRV fragment of the PAC clone were sub-
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Figure 1.  Generation of Scn7a knock-in mice with a nonsense mutation. 4, The RX nonsense mutation is located within a loop
between segments 5and 6 of domain Il and could lead to production of truncated mutant Na, 1.1 missing the segment 6 of domain
Il, domain IV, and C terminus. The position of the RX mutation is represented by an asterisk. B, Schematic representation of the
wild-type Scna allele, the targeting vector, and the RX mutant Scn7a allele. The nucleotide substitution (CgG to TgA) in exon 21
leading to the RX mutation is represented by an asterisk. The BamHl and Pstl sites, the probes used for Southern blot analysis, and
the sizes of the restriction fragments detected by the probes are indicated. €, Genotyping of offspring from heterozygote inter-
crosses by Southern blot analysis of BamHI- or Pstl-digested mouse genomic DNA. D, Verification of the presence of the RX
mutation using PCR analysis of genomic DNA. The positions of primers and the sizes of PCR products are indicated. The position of
the RX mutation is represented by an asterisk.

cloned into pBluescript IT SK(-) (Stratagene, La

Jolla, CA) to obtain p462H105I, p462EI, and

p462PEv, respectively. Next, using the QuikChange Site-Directed Mu-
tagenesis kit (Stratagene), the EcoRI sites in p462H105I and p462PEv
were inactivated, and the nucleotide substitution (CgG to TgA) leading
to the R1407X (RX) mutation was introduced into p462EI. All constructs
were verified by sequencing. A 6.0 kb EcoRI fragment of p462EI mutated
was inserted into the EcoRI site of p462H1051 mutated to yield p1-8-6(e),
whose 9.0 kb Apal-Smal fragment was then inserted into ploxPfrtPGK-
neofrt to generate pe-frt3. A 2.8 kb EcoRI-Xhol fragment of p462PEv
mutated was inserted into EcoRI-Xhol sites of pBluescript II SK(-) to
obtain pPEv2.8k, in which an Xhol-NotI-Xhol cassette was then inserted
into the Xhol site, and the inactivated EcoRI site was restored using the
QuikChange Site-Directed Mutagenesis kit. Subsequently, the NotI frag-
ment of the resultant plasmid vector was inserted into the NotI site of
pe-frt3 to generate pe-frt-Pm7. pe-frt-Pm7 was then digested with
Eco105I and inserted with the loxP cassette to generate pefrt-Pm-loxP.
Finally, pefrt-Pm-loxP was digested with Asp718 (Roche Diagnostics,
Indianapolis, IN), filled with T4 DNA polymerase, and the blunt-end
filled Clal fragment of pMCDTApA (a generous gift from Dr. Yagi,
Osaka University, Osaka, Japan) was inserted to the filled Asp718 site to
create the targeting vector.

Detection of homologous recombination in embryonic stem cells. The
targeting vector was digested with Sacll for linearization and then trans-
fected into embryonic day 14 embryonic stem (ES) cells with a Gene-
Pulser (Bio-Rad, Hercules, CA) at 3 wF and 800 V. Transfected ES cells
were plated on neomycin-resistant, mitomycin C-treated mouse embry-
onic feeder cells (MEFs) in a 10 cm dish. One day after plating, positive

selection was performed in the presence of 150 ug/ml geneticin (G418;
Invitrogen, Carlsbad, CA). Resistant clones were picked at day 7 and
subsequently expanded into 24-well plates preseeded with MEFs.
BamHI-digested genomic DNA from individual clones was analyzed by
Southern blotting using [a-**P] dCTP-labeled DNA that corresponded
to the genomic sequence immediately upstream of the targeting vector as
the 5" probe (Fig. 1 B). Positive clones were further confirmed by South-
ern blot analysis using [a- **P] dCTP-labeled DNA that corresponded to
the genomic sequence immediately downstream of the targeting vector as
the 3’ probe (Fig. 1 B). The presence of the nonsense mutation was veri-
fied by PCR analysis. PCR was performed with 1-100 ng of total genomic
DNA, 0.2 mm dNTPs, and 2.5 U of Blend Tag-plus polymerase (Toyobo,
Osaka, Japan) under the following conditions: 40 cycles of 94°C for 30 s
and 60°C for 1 min. The nucleotide sequences of the 5', RX, and wild-
type (WT) primers were 5'-ATGATTCCTAGGGGGATGTC-3', 5'-
TTTACTTTCACATTTTTCCATCA-3', and 5'-CTTTCACATTTTT-
CCACCG-3', respectively.

Generation of Scnla knock-in mice. Approximately 10—15 ES cells from
one targeted clone (5D8) was injected into C57BL/6] blastocysts. An
average of 15 injected blastocysts were transferred into pseudopregnant
female recipient ICR mice. The ES clone produced several male chimeras
with >50% agouti coat color, which were then bred to C57BL/6 females
to allow for the detection of germline transmission. One F1 male het-
erozygous for the RX mutation was obtained and subsequently crossed
with C57BL/6 females to generate N2 Scnla™" mice. Homozygous

mice (Scnla®™/®*) were obtained by interbreeding N2 Scnla™* mice.
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We used mice resulting from intercrossing N2 Scnla™* mice in a

C57BL/6/129 (~75%/25%) background in this study, unless stated
otherwise.

The neo cassette was removed by injecting pCAGGS-FLPe (Gene
Bridges, Heidelberg, Germany) into in vitro fertilized eggs, which were
derived from an N2 Scn1a™/* male and C57BL/6 females. The absence
of the neo cassette was verified by Southern blotting using [~ >*P] dCTP-
labeled DNA that corresponded to the genomic sequence immediately
upstream of exon 23 and the coding sequence of neo cassette as the
internal and neo probes, respectively (supplemental Fig. 1 A, available at
www.jneurosci.org as supplemental material).

Electrocorticographic recordings. Electrocorticographic (EcoG) elec-
trodes were implanted using 1.5% halothane anesthesia with N,0:0,
(3:2) ventilation. Stainless-steel screws (1.1 mm diameter) served as
EcoG electrodes and were secured to the skull and dura over the right
somatosensory cortex (1.5 mm lateral to midline, 1.0 mm posterior to
bregma) and the cerebellum (at midline, 2.0 mm posterior to lambda) as
a reference electrode. EcoG recordings were performed with postnatal
day 14 (P14)—P16 Scn1a™*®X and Scnla *'* pups (n = 3, each group).

Northern blot analyses. Total RNA was extracted from P14-P16 mouse
brains using Trizol reagent (Invitrogen), and poly(A) RNA was affinity
purified from total RNA using Fast Track MAG maxi mRNA isolation kit
(Invitrogen). Two micrograms of poly(A) RNA were separated by 1.2%
agarose formaldehyde gel electrophoresis, and the RNA was transferred
to Biodyne nylon membranes (Pall Bio Support, East Hills, NY). The
RNA blots were hybridized with three different [a-**P] dCTP-labeled
DNA probes [namely, 5'-untranslated region (UTR), coding region, and
3'-UTR probes, respectively] using ULTRAhyb (Ambion, Austin, TX).
The 5'-UTR probe was made from PCR product using mouse genomic
DNA and 5'-UTR primers, whose nucleotide sequences were 5'-
ACATCTCCCCACGACGAGT-3" and 5'-AGCACTTGGTCACCTT-
TTGC-3'. The coding region and 3'-UTR probes were made from reverse-
transcription PCR products using the total mouse brain ¢cDNA pool as
templates. The nucleotide sequences of the coding region primers were 5'-
CTCTTCATGGGCAACCTGAG-3" and 5'-CACATATATCCTTCTGG-
ACATTGG-3', and those of the 3'-UTR primers were 5-AGTC-
TAAAGGGGTGCAGAGC-3' and 5'-GTCAATTCGCTCTGCTAGGG-3'.

In situ hybridization. P14-P16 mice were deeply anesthetized with
ether and perfused transcardially with 4% paraformaldehyde-PBS (10
mwm phosphate buffer, 2.7 mm KCl, and 137 mm NaCl, pH 7.4). Brains
were removed from the skull, postfixed in 4% paraformaldehyde-PBS for
15 h at 4°C, and embedded in paraffin. Sections (6 wm thick) of 4%
paraformaldehyde-fixed, paraffin-embedded brains were deparaffinized
and incubated with 10 ug/ml proteinase K (Invitrogen) in PBS at room
temperature for 15 min. After acetylation, the sections were incubated in
hybridization buffer containing 500 ng/ml digoxigenin-labeled ribo-
probes at 60°C overnight in a humidified chamber. The hybridized sec-
tions were washed by successive immersion in 2X SSC, 50% formamide
(at 60°C for 20 min, twice), TNE (1 mm EDTA, 500 mm NaCl, 10 mMm
Tris-HCI, pH 8.0, at 37°C for 10 min), TNE containing 20 ng/ml RNase
A (at 37°C for 30 min), 2X SSC (at room temperature for 10 min, twice),
and 0.2X SSC (at 60°C for 30 min, twice). The hybridization signals were
detected using the digoxigenin detection kit (Roche Diagnostics). The
coding region and 3’-UTR riboprobes were made from the reverse
transcription-PCR products described in Northern blot analyses using
digoxigenin RNA labeling kit (Roche Diagnostics).

Antibody generation. Rabbit polyclonal anti-C-terminal Na 1.1 anti-
body (I01) was raised against oligopeptides corresponding to the amino
acids IVEKHEQEGKDEKAKGK of mouse Na, 1.1 plus C at its N termi-
nus for coupling. Antibody was then affinity purified against oligopep-
tides HEQEGKDEKAKGK of mouse Na,1.1 plus C at its N terminus
using the SulfoLink kit (Pierce, Rockford, IL) to obtain antibody that
recognized Na,1.1 specifically (see Results). The antibody was used for
Western blot analysis, immunohistochemistry, and immunofluores-
cence histochemistry. In Western blot analysis and immunohistochem-
istry, Na 1.1 immunoreactivity was abolished when the antibody was
preabsorbed with oligopeptides used for affinity purification (data not
shown).

Rabbit polyclonal anti-Na, 1.6 antibody was raised against oligopep-
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tides corresponding to the amino acids SEDAIEEEGEDGVGSPRS of rat
and mouse Na, 1.6 plus C at its N terminus for coupling and then affinity
purified using the SulfoLink kit (Pierce) (Caldwell et al., 2000; Krzemien
et al., 2000).

Western blot analyses. Brains were isolated from mice at P14-P16 and
homogenized in homogenization buffer [0.32 M sucrose, 10 mm HEPES,
2 mM EDTA, and 1X complete protease inhibitor mixture (Roche Diag-
nostics), pH 7.4]. The homogenates were then centrifuged for 15 min at
1000 X g. The supernatants were next centrifuged for 30 min at 30,000 X
g. The pellets were subsequently resuspended in lysis buffer (50 mm
HEPES and 2 mm EDTA, pH 7.4) and centrifuged for 30 min at 30,000 X
g Total brain membrane proteins were dissolved in 2 M urea, 1X Nu-
PAGE reducing agent (Invitrogen), and 1X NuPAGE lithium dodecyl
sulfate sample buffer (Invitrogen), separated on the NuPAGE Novex
Tris-acetate 3—8% gel (Invitrogen) or the polyacrylamide gel mini DAII-
CHI Tris-glycine 4-20% gel (Daiichi, Tokyo, Japan), transferred to a
nitrocellulose membrane (Schleicher & Schull, Dassel, Germany), and
immunoblotted. Blots were probed with the rabbit anti-internal-region-
Na,1.1 (1:200; Millipore, Billerica, MA), goat anti-internal-region-
Na,1.1 (1:100; Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-
C-terminal Na,1.1 (250 ng/ml), rabbit anti-Na,1.2 (1:100; Alomone,
Jerusalem, Israel), goat anti-Na, 1.3 (1:100; Santa Cruz Biotechnology),
mouse anti-Na, 1.6 (1:500; Abnova, Taipei, Taiwan), rabbit anti-pan so-
dium channel « subunits (1:1000), mouse anti-pan sodium channel «
subunits (1:1000; Sigma-Aldrich, St. Louis, MO), rabbit anti-Na 2.1,
-Na,2.2, -Na 2.3, and -Na 2.4 (1:1000) (Wong et al., 2005), and mouse
anti-B tubulin (1:5000; Sigma-Aldrich) antibodies. The blot was then
incubated with horseradish peroxidase-conjugated goat anti-mouse IgG
(1:10,000; Promega, Madison, WI), goat anti-rabbit IgG (1:1000; Santa
Cruz Biotechnology), or rabbit anti-goat IgG Fc fragment (1:10,000;
Jackson ImmunoResearch, West Grove, PA) antibody, and bound anti-
bodies were detected using enhanced chemiluminescence reagent
(PerkinElmer, Boston, MA). The rabbit anti-pan sodium channel « sub-
units, Na,2.1, Na 2.2, Na 2.3 and Na,2.4 antibodies were generous gifts
from Drs. Oyama and Nukina (RIKEN Brain Science Institute).

Immunohistochemistry and immunofluorescence histochemistry. Sec-
tions (5-6 um) of 4% paraformaldehyde-fixed, paraffin-embedded
P14-P16 mouse brains were deparaffinized, rehydrated, and micro-
waved in 10 mwm citrate acid, pH 6.0, and 1 mm EDTA, pH 8.0, orin 10 mm
citrate acid, pH 6.0, 2 mm EDTA, pH 8.0, and 0.05% Tween 20. After
incubating the slides with blocking solution (10% goat or donkey serum
in PBS) for 1 h at room temperature, sections were incubated with the
rabbit anti-internal-region-Na 1.1 (1:1000; Millipore), goat anti-
internal-region-Na,1.1 (1:200; Santa Cruz Biotechnology), or rabbit
anti-C-terminal Na 1.1 (250 ng/ml) antibody in a humidified chamber
for 12 h at 4°C. Endogenous peroxidases were quenched by incubation
with 0.3% hydrogen peroxide in PBS. The sections were then incubated
with biotinylated goat or donkey polyclonal secondary antibody (1:200;
Vector Laboratories, Burlingame, CA). Detection of antibody—antigen
complexes was accomplished using the Vectastain Elite ABC kit (Vector
Laboratories) and the metal-enhanced DAB substrate kit (Pierce).

Immunofluorescence histochemistry was performed as described
above, except that the primary antibody was the rabbit anti-C-terminal
Na,1.1 antibody (250 ng/ml) and that the secondary antibodies were
Alexa Flour 488, 594, and 647 conjugated (1:400; Invitrogen). Parvalbu-
min, BIV-spectrin, phosphorylated neurofilament, Na,1.6, and Kv1.2
were detected with the mouse anti-parvalbumin antibody (1:2000;
Swant, Bellinzona, Switzerland), chicken anti-BIV spectrin antibody (1:
100) (Komada and Soriano, 2002), mouse anti-phosphorylated neuro-
filament antibody mixture (SMI312) (1:1000; Covance, Berkeley, CA),
rabbit anti-Na 1.6 antibody (10 pg/ml) (Caldwell et al., 2000; Krzemien
etal., 2000), and mouse anti-Kv1.2 antibody (1:1000; NeuroMab, Davis,
CA), respectively. Images were taken with a TCS SP2 microscope (Leica
Microsystems, Wetzlar, Germany) and processed with Adobe Photoshop
Elements 3.0 (Adobe Systems, San Jose, CA). The chicken anti-BIV spec-
trin antibody was a generous gift from Dr. Komada (Tokyo Institute of
Technology, Tokyo, Japan).

Current-clamp analysis. Coronal slices (350 wm) of binocular visual
cortex were cut under halothane anesthesia from both Gadl“™'*:



5906 - J. Neurosci., May 30, 2007 - 27(22):5903-5914

A B

Ogiwara et al.  Na, 1.1 Localization to Interneuron Axons

~ 100 ++
o~
S 60 RX/.
o +
0.1mv | o.1mv_ s 40
1s 1s £ 20
C D @ 0 RX/RX
W o = =N w S AT OONNNOO®
harPiBaSisdedeiode
cCalR8sssiznlgIIsRg
Postnatal Days
H +/+
o.4mv L 0.1mv|_ 2100 RX/+
1s s o 80
E F & 60
S 40
510 g 20
- ® 0 RX/RX
. PPISRBLYEIFZIF2Z3IFIY
T 5 *k TS LRh P bbbbhdhhdbilbbdd
H Moo o OO To vl © U1 ©
g Postnatal Days
8
0= F RX+ RXRX
RX/RX iy

Figure2. Scnia

EcoG recorded in a P14.5 Sen7a ™™ pup. €, D, Two examples of ictal EcoG recorded in two P14.5 Scna

mice developed spontaneous seizures, were malnourished, and died prematurely. A, Representative EcoG recorded in a P14.5 Scna

pup. B, Representative interictal

RX/RX pup (left) and its wild-type littermate (right) at

pups. E, Photographs of an Scn7a /™

P14.5. F, Body weight of Scnfa '+ (n = 15), Scn1a™'* (n = 40), and Scn7a™/® (n = 23) pups at P14.5. Body weight was significantly reduced in Scn7a™/® pups compared with their

Senla ™™ and SenTa ™ littermates (**p < 0.01). Values represent means = SEM. G, Survival curves of Scn1a

+/* (opencirdles; n = 26), Scna™/ ™ (filled rectangles; n = 50), and Scna */*

(filled triangles; n = 19) mice ina (57BL/6/129 (75%/25%) background from P3. H, Survival curves of Scn7a */* (open circles; n = 8), Scna ™™ (filled rectangles; n = 23), and Scn7a ™™ (filled

triangles; n = 8) mice in a (57BL/6/129 (25%/75%) background from P3.

Senla™ ™ (WT) and Gadl“**:Sen1a®™" (HET) mice at P25-P29.
Slices were incubated in oxygenated (95% O,, 5% CO,) artificial CSF
(>1 h, 22-25°C) containing the following (in mwm): 119 NaCl, 2.5 KCl,
1.3 MgSO,, 1.0 NaH,PO,, 26.2 NaHCO,, 2.5 CaCl,, and 11 glucose.
Then, they were placed in a submersion chamber for recording at room
temperature (~25°C). Once a fluorescent interneuron from layer II/III
was selected using fluorescent microscopy, it was visualized with
infrared-differential interference contrast optics (BX50WI; Olympus,
Hamamatsu, Japan) and recorded with conventional current-clamp
techniques. The electrodes (tip resistance of 7-10 M()) were filled with
solution containing the following (in mm): 126 K-gluconate, 0.2 EGTA,
20 HEPES, 0.5 Na;GTP, 3 MgATP, 2 NaCl, 8 KCl, and 0.15% biocytin.
The pH was adjusted to 7.2-7.4 with KOH. Recordings were filtered at 1
kHz, digitized at 10 kHz, stored, and analyzed using Experimenter’s
Workbench (DataWave Technologies, Longmont, CO). Data are given
as mean * SEM. Differences were considered statistically significant us-
ing Student’s ¢ test if p < 0.05.

Electrophysiological properties of neurons were identified in response
to injection of positive or negative square current pulses lasting 500 ms.
Each current pulse injection was repeated five times with 10 s intervals.
First, small positive currents were applied to find out a threshold to
trigger an action potential. Then, bigger positive currents were applied to
look at frequency adaptation of cells. Negative current pulses were ap-
plied between positive current pulses. Electrophysiological data were as-
signed to cell type on the basis of whole-cell biocytin fills during each
recording. Slices that contained stained cells were fixed overnight in 4%
paraformaldehyde at 4°C and reacted with streptavidin and Alexa Flour
546 conjugate (Invitrogen). Spike decrement was calculated as percent-
age of last spike amplitude divided by first spike amplitude. Eight neu-
rons (taken from eight animals) were recorded for both WT and HET
mice.

Results

Unstable gait, spontaneous seizures, and premature death in
Scnla knock-in mice

A knock-in mouse line carrying a premature stop codon,
R1407X, in exon 21 of the Scnla gene was generated and charac-

terized (Fig. 1). We choose the RX mutation because this muta-
tion is identical to a pathogenic mutation found in three unre-
lated SMEI patients (Sugawara et al., 2002; Fujiwara et al., 2003;
Fukuma et al., 2004) and the mutant Na, 1.1 expressed heterolo-
gously in HEK293 cells was inactive in channel function (Sug-
awara et al., 2003). The RX mutation, therefore, should be repre-
sentative of SMEI mutations.

Homozygous knock-in (Scnla™*®**) pups were born in ap-
proximated expected Mendelian ratios (supplemental Table 1,
available at www.jneurosci.org as supplemental material).
Scn1a™®X pups were viable and physically indistinguishable
from their Scnla™’* and Scnla™ ™ littermates in the first post-
natal week. However, Scnla™ ™ pups subsequently developed
recurrent spontaneous seizures at P12, whereas no epileptic sei-
zure phenotypes were seen in their age-matched Scnla ™'t and
Scnla™™* littermates. Scnla™®* pups showed tonic-clonic and
clonic seizures at P12-P16; they suffered rhythmic jerking move-
ments and involuntary muscle contraction. Typically, the seizure
duration was 1-3 min, and the intervals between seizure attacks
were ~1—4 h. To confirm that these episodes were, in fact, sei-
zures, we performed EcoG recordings of freely moving mice us-
ing P14—P16 Scnla™** and Scnla ™" pups. EcoG analysis of
Scn1a™ ™% pups demonstrated not only background activities
similar to those of Scnla *'* pups (Fig. 2 A, B), but also ictal EcoG
patterns consisting of 1-4 Hz polyspike-wave discharges (Fig.
2C,D). The appearances of abnormal EcoG patterns coincided
with those of rhythmic jerking movements.

Furthermore, at p10, Scnla™®* pups developed abnormal
and unstable gait that apparently brought to Sci1a™®* pups the
disadvantage in competition for feeding with their Scnla *'* and
Scnla™™" littermates. Scnla™ ™ pups became progressively
malnourished from P10 and showed, at P14—P15, an ~40% re-
duction in body weight compared with their Scnla™" and
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Scnla™'* littermates (Fig. 2E, F). The Scnla™/** gastrointesti-
nal content was markedly smaller than their Scnla™’* and
Scnla™™* littermates. Eventually, all Scnla™™* pups died
within the third postnatal week, and we calculated a mean life-
time of 15.8 = 0.8 d (n = 19) for these mice (Fig. 2G). Some
Scn1a™ ™ pups in the smaller litters were moderately malnour-
ished but still died prematurely.

Although Scnla™* pups did not generally suffer seizures
until the beginning of the third postnatal week, some individuals
exhibited recurrent spontaneous seizures after P18. After P18,
sporadic sudden death was also observed in many Scnla™™"
mice, and ~25% and 40% died within the first and third postna-
tal months, respectively (Fig. 2G).

Because mouse strain differences in seizure susceptibility have
been described (Schauwecker, 2002), we examined genetic back-
ground effects on the abnormal phenotypes. We backcrossed an
F1 Scn1a™" male in a C57BL/6/129 (50%/50%) background to
100% of 129 females to generate N2 Scrnla™" mice in a C57BL/
6/129 (~25%/75%) background. The N2 Scn1a™" mice do not
show premature lethal phenotype, indicating that genetic back-
grounds might have modest effects on seizure susceptibility in the
case of heterozygous mice. We also generated Scnla™*** mice in
a C57BL/6/129 (~25%/75%) background by intercrossing N2
Scn1a™" mice and observed that, like the Scnla™ ™ pups in a
C57BL/6/129 (~75%/25%) background, these mice also showed
unstable gait, spontaneous seizures, and malnutrition. All mice
suffered premature death within the third postnatal week (Fig.
2 H), and we calculated a mean lifetime of 17.0 = 0.8 d (n = 8) for
these mice. These results suggest that in the case of homozygous
mice, there might be minimal genetic background effects on
phenotype.

To rule out the possibility that the presence of the neo cassette
in the mouse genome might, by some unknown mechanisms,
contribute to spontaneous epileptic seizures and premature
death of Scnla knock-in mice, the frt-flanked neo cassette was
removed from the genome of Scnla knock-in mice (supplemen-
tal Fig. 1, available at www.jneurosci.org as supplemental mate-
rial). Four F1 Scnla™/" mice in a C57BL/6/129 background
(~87.5%/12.5%) lacking the neo cassette were obtained. Two of
these died within the third month after birth. A neo-lacking F1
Scn1a™* female was then crossed with a C57BL/6 male. Analy-
sis of the viability of neo-lacking N2 Scnla™™ mice showed that
some developed spontaneous epileptic seizures and suffered pre-
mature deaths, suggesting that the phenotypes of the neo-lacking
Scnla knock-in mice do not differ significantly from those of the
neo-containing Scrnla knock-in mice.

Loss of Na, 1.1 protein expression in homozygous

knock-in mice

We performed Northern blot analyses of brain mRNA using
three different probes, which were targeted against the 5" un-
translated, coding, and 3" untranslated regions of mouse Scnla
mRNA, respectively. As shown in Figure 3A, Scnla mRNA ex-
pression in Scnla™™* pups was significantly lower than that in
Scnla™'™ pups. Scnla mRNA was apparently expressed at low
levels in Scnla™®* pups, because Scnla mRNA expression was
detected in Scnla™®* pups by reverse transcriptase-PCR anal-
ysis, and the existence of the RX mutation was confirmed by
sequencing the amplicons (our unpublished results). We then
analyzed brain membrane proteins by Western blot analyses us-
ing three different anti-Na,1.1 antibodies. Two were raised
against internal region and one was raised against C terminus. As
shown in Figure 3, B and C, and supplemental Figure 2 (available
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Figure 3. Expression of Scn7a mRNA and Na,1.1 protein in P14—P16 Scnla A
Sen1a™'*, and Scn1a™™ pups. 4, Northern blot analyses of total brain poly(A) RNA were

performed with three different probes (namely, 5’-UTR, coding region, and 3’-UTR probes,
respectively). B-Actin was used as internal control. B, Western blot analysis of total brain
membrane fraction using the goat anti-internal region Na, 1.1 polyclonal antibody (left). This
antibody recognized both full-length and truncated mutant Na, 1.1 expressed heterologously in
HEK293 cells (right). Note that the rabbit anti-internal region Na,1.1 antibody provided an
identical pattern (supplemental Fig. 2, available at www.jneurosci.org as supplemental mate-
rial). B-Tubulin was used as internal control. C, Western blot analysis of total brain membrane
fraction using the rabbit anti-C-terminal Na, 1.1 polyclonal antibody (left). This antibody recog-
nized full-length Na, 1.1 but not truncated mutant Na, 1.1 expressed heterologously in HEK293
cells (right). 3-Tubulin was used as internal control. D, The developmental expression of Na, 1.1
protein in the wild-type mouse brain at different stages. Western blot analysis of total brain
membrane fraction was performed with the rabbit anti-C-terminal Na, 1.1 polyclonal antibody.
B-Tubulin was used as internal control.

at www.jneurosci.org as supplemental material), whereas full-
length Na, 1.1 expression level was high, moderate, and negligible
in Senla™*, Scn1a™", and Scn1a™®* pups, respectively,
truncated mutant Na, 1.1 expression was under a detectable level
in Scn1a™* and Sen1a™ ™ pups. These results suggest that the
mutant Scnla allele is effectively inactivated in the knock-in mice.

The observation that Scnla™** and Scnla™* mice ap-
peared to be worsened progressively in the first postnatal month
led us to investigate change in the Na,1.1 expression level in
wild-type pups during early development with Western blot anal-
ysis. Figure 3D showed that Na, 1.1 expression level was very low
at P4, steeply increased during the second and third postnatal
weeks, and reached peak before P30. Notably, the onset of unsta-
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ble gait and spontaneous seizures coin- A

cided with that of dramatic Na,l.1

upregulation. a
Western blot analyses also showed no

significant changes in Na,l.2, Na,1.3,

Na, 1.6, total sodium channel « subunit,

Na,2.1,Na,2.2,Na,2.3 and Na 2.4 expres-

sion levels in Scnla™™* pups compared

with Scnla™™ littermates (supplemental /

Fig. 3, available at www.jneurosci.org as ++

supplemental material), suggesting that B

the absence of Na,1.1 did not markedly a

alter the basal expression levels of other

sodium channel subunits. The total so-

dium channel a subunit expression was

not significantly reduced probably be-

cause Na,1.1 accounted for only 10% of

total brain sodium channel « subunits .

(Gordon et al., 1987), and our analyses +/+
might lack the sensitivity to detect 10%
expression level differences. Figure4.

Cresyl violet stainings
paraformaldehyde-fixed brain slices from
Scn1a™ ™ pups (supplemental Fig. 44,
available at www.jneurosci.org as supple-
mental material) showed neither gross an-
atomical abnormalities nor marked alter-
ations in neuronal cell density compared
with their wild-type and heterozygous lit-
termates. However, Scnla™ ™ pups
tended to have slightly smaller brains than age-matched
Scnla™'* and Scnla™™ littermates, probably because of a sec-
ondary effect of malnutrition (supplemental Fig. 4 B, available at
www.jneurosci.org as supplemental material).

Heterogeneous regional distribution of Scnla mRNA and

Na, 1.1 protein in the developing mouse brains

We performed in situ hybridization using two different probes
complementary to the 3'-UTR and coding sequence of mouse
Scnla mRNA. Both probes showed intermediate hybridization
signal levels to brain sections in an identical distribution pattern.
Scnla mRNA expression was relatively high in thalamus, superior
colliculus, inferior colliculus, deep cerebellar nuclei, pons, me-
dulla, and spinal cord, whereas it was low in hippocampus, cere-
bral cortex, and cerebellum (Fig. 4 Aa; supplemental Figs. 54, 6,
available at www.jneurosci.org as supplemental material). These
observations were consistent with the results of previous in situ
hybridization [Beckh et al., 1989; Furuyama et al., 1993; Black et
al., 1994; the Allen brain atlas (www.brain-map.org)]. In addi-
tion, homozygous knock-in mice showed no obvious in situ hy-
bridization signals (supplemental Figs. 4 Ab, 5b, available at ww-
w.jneurosci.org as supplemental material), indicating the high
specificity of cellular Scnla mRNA localization in the present
study.

We next examined Na,l.1 distribution in the developing
(P14-P16) mouse brains by means of immunohistochemistry
using three different anti-Na,1.1 antibodies (Fig. 4 Ba; supple-
mental Fig. 7Aa,Ba, available at www.jneurosci.org as supple-
mental material). The three antibodies gave an identical staining
pattern with low-to-moderate signal intensity over the brain re-
gions. The Na, 1.1 immunostaining was relatively intense in the
caudal brain parts, including thalamus, superior colliculus, infe-
rior colliculus, pons, medulla, deep cerebellar nuclei, and spinal
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RX/RX

RX/RX

Regional distribution of Scn7a mRNA and Na, 1.1 protein in the developing mouse brain. A, Detection of Scn7a mRNA
of  expressioninP14-P16Scn7a ™" (a) and Scn7a™/® pups (b) by in situ hybridization with the probe complementary to 3'-UTR
of ScnTamRNA. Note that in situ hybridization with another probe complementary to Scn7a mRNA coding region gave an identical
pattern (supplemental Fig. 5, available at www.jneurosci.org as supplemental material). Higher-magnified images are also shown
in supplemental Figure 6 (available at www.jneurosci.org as supplemental material). Scale bars, 1 mm. B, Detection of Na, 1.1
protein in P14—P16 Scnia ™ (a) and Scn7a™™ (b) pups by immunohistochemistry with the rabbit anti-C-terminal Na, 1.1
antibody. Note that the anti-internal region Na, 1.1 antibodies provided an identical staining (supplemental Fig. 7 A, B, available at
www.jneurosci.org as supplemental material). Higher-magnified images are also shown in Figures 54, 6 4, and 74 and supple-
mental Figure 8 4 (available at www.jneurosci.org as supplemental material). Scale bars, T mm.

cord. This Na,1.1 protein distribution in the brain agreed with
the Scnla mRNA distribution as described above (Fig. 4 Aa). Al-
though a previous study showed the homogenous brain distribu-
tion of Na,1.1 (Westenbroek et al., 1989) (see Discussion), we
verified the specificity of our immunohistochemistry by using
the Na,1.1-deficient homozygous knock-in mice as negative
controls (Fig. 4 Bb; supplemental Fig. 7Ab,Bb, available at www.
jneurosci.org as supplemental material).

Na, 1.1 protein clusters predominantly at axon initial
segments of parvalbumin-positive interneurons in the
developing mouse neocortex

In neocortex, the intense Na,1.1-immunoreactive fibers were ob-
served, and some apparently originated from somata of some
neurons (Fig. 5Aa,Ab; supplemental Fig. 7C,D). Because only a
subpopulation of neocortical neurons seemed to have the
Na,1.1-immunoreactive signals in the proximal portion of their
neurites, we assumed that these neurons belong to some of the
interneuron subtypes. Examination of Na,1.1 localization with
interneuron markers, including somatostatin, calretinin, and
parvalbumin, revealed that the Na,l.l-immunoreactive fibers
were PV interneuron specific (Fig. 5Ba,Bc,Bd and our unpub-
lished results).

We assumed that the immunoreactive signals for Na, 1.1 were
concentrated at axon initial segments (AISs) of the nerve fiber, as
judged from their pronounced localization in the proximal por-
tion of the neurites. Examination of Na,1.1 colocalization with
BIV-spectrin, which is associated with ankyrin-G and specifically
clustered at AISs and nodes of Ranvier (Berghs et al., 2000;
Komada and Soriano, 2002; Inda et al., 2006), revealed that the
Na,l.1-immunoreactive portions of the nerve fibers were the
BIV-spectrin-immunoreactive AISs of PV interneurons (Fig.
5Ba,Bb,Bd). Notably, Na, 1.1 immunoreactivities were undetec-
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immunoreactive moderately, whereas
Na,l.1 immunoreactivities of pyramidal
cell somata were negligible (Fig. 6 Aa,Ab).
These observations are consistent with
the results of in situ hybridization (see
supplemental Fig. 6, available at www.
jneurosci.org as supplemental material)
but different from those of previous im-
munohistochemistry, suggesting that
Na,1.1 is expressed in both pyramidal and
nonpyramidal cells (Westenbroek et al.,
1989; Gong et al., 1999; Yu et al., 2006)
(see Discussion).

Examination of Na,1.1 colocaliza-
tion with parvalbumin revealed that
nearly all (54 of 55; 98.2%) PV inter-
neurons had Na,l.1-immunoreactive
somata and that PV interneurons com-
posed the majority (54 of 71; 76.1%)
of Na,l.l-immunoreactive cells (Fig.
6Ba,Bc,Bd). Some relatively long
Na,1.1-immunoreactive fibers scattered
in stratum oriens and pyramidale were
parvalbumin immunoreactive weakly
but not BIV-spectrin immunoreactive
(Fig. 6 Be—Bh). These fibers were phos-
phorylated neurofilament immunoreac-
tive (Fig. 6Ca—Cc), suggesting possible

+/+

Figure5. Na,1.1localization to AlSs of parvalbumin-positive interneurons in the developing neocortex. P14 —P16 Scnfa
and Scn1a™® pups were examined. Shown are representative images. Arrowheads indicate examples of Na,1.1-
immunoreactive AlSs. A, Neocortices of Scna ™/ (a) and Scnla ™™ (c) pups were stained using the rabbit anti-C-terminal
Na, 1.1 antibody and DAB. b, d, Higher-magnified images outlined in @ and c. Scale bars: a, ¢, 500 um; b, d, 40 m. B, Inmuno-
fluorescence histochemistry with the rabbit anti-C-terminal Na, 1.1 antibody (a, e; red), together with the anti- BIV-spectrin (b, f;
green) and anti-parvalbumin (¢, g; blue) antibodies. d, h, Merged images. a— d, Arrows indicate examples of AlSsimmunopositive
for BIV-spectrin but not for Na,1.1. Scale bars, 50 pem. €, Inmunofluorescence histochemistry with the rabbit anti-C-terminal
Na, 1.1 (a; red) and anti-BIV-spectrin (b; green) antibodies, together with 4’-6-diamidino-2-phenylindole (DAPI) (c; blue). d,
Merged images. Arrows indicate examples of AlSs immunopositive for BIV-spectrin but not for Na,1.1. Scale bars, 10 um. D,
Immunofluorescence histochemistry with the rabbit anti-C-terminal Na,1.1 antibody (a, d; red), together with the anti-
phosphorylated neurofilament antibody mixture (SMI312) (b, e; green). ¢, f, Merged images. Scale bars, 50 m. All images are

Na, 1.1 localization to distal axons of PV
interneurons. In other cases, Na,1.1-
immunoreactive fibers were BIV-spec-
trin immunoreactive and located at the
AlSs of PV interneurons (Fig. 6 Bi—BI).
These results indicate that Na,1.1 in hip-
pocampus is largely localized to somata
and, perhaps, proximal and distal axons
of nonpyramidal cells, the majority of
which are PV interneurons.

oriented from pial surface (top) to callosal (bottom).

ted in almost all of the BIV-spectrin-immunoreactive fibers that
seemed to be pyramidal cell AISs (Fig. 5C) (Komada and Soriano,
2002).

To further confirm Na,1.1 localization to AISs, we examined
Na,1.1 colocalization with phosphorylated neurofilaments,
which are distributed to selected axons (Sternberger and
Sternberger, 1983; Ulfig et al., 1998). Expectedly, Na,1.1-
immunoreactive AISs were also phosphorylated neurofilament
immunoreactive (Fig. 5Da—Dc). Together, these results indicate
that Na,1.1 in the developing neocortex is predominantly local-
ized at AISs of PV interneurons.

Some Na,1.1-immunoreactive fibers scattered in the layer II/III
did not colocalize with BIV-spectrin and, therefore, they seemed not
to be AISs. Although these fibers remained uncharacterized, these
fibers might be distal axons because of a generality of Na, 1.1 local-
ization to axons in the developing mouse brains (see below).

Subcellular localization of Na 1.1

protein in the developing mouse cerebellum
In cerebellum, we observed strongly Na,1.1-immunoreactive fi-
bers, which were also immunoreactive for both BIV-spectrin and
phosphorylated neurofilaments (Fig. 7A, Ba—Bd,C). These were
distributed in inner portion of the molecular layer, close to the
Purkinje cell somata. Normally, intense Na, 1.1 immunoreactiv-
ity was located in a part of the fiber in which the immunoreactiv-
ity for BIV-spectrin was weak or undetectable. Therefore, Na, 1.1
seems to be largely localized to distal axons. Because the Na,1.1-
immunoreactive fibers were located in the lower molecular layer,
they appear to be axons of basket cells (Bishop, 1993).

Moreover, the Na, 1.1-immunoreactive signals were visible on
the proximal portion of BIV-spectrin-immunoreactive AISs of
Purkinje cells (Fig. 7Be—Bh). These observations are consistent
with the results of a previous study showing the reduction in
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whole-cell sodium current densities in A

dissociated Purkinje cells of Na,1.1-null i
i a
mice (Kalume et al., 2005). _ O iy 2
We also observed strongly Na,l.1- CA2.
immunoreactive puncta, which were im- 3
CA3 DG

munoreactive for BIV-spectrin as well, in
cerebellar fastigial, interpositus, and lat- '+
eral deep nuclei and white matter (supple-
mental Fig. 8A, B, available at www.jneu-
rosci.org as supplemental material).
Examination of Na,1.1 localization with
Kv1.2, which is normally restricted to the
juxtaparanodes flanking nodal PBIV-
spectrin in cerebellar white matter (Lacas-
Gervais et al., 2004), revealed that the
Na,l.1-immunoreactive puncta localized
to a subpopulation of nodes of Ranvier in
cerebellar white matter (supplemental Fig.
8Da—Dd, available at www.jneurosci.org as
supplemental material). Moreover, the
Na, 1.1 immunoreactivities were undetect-
able in the BIV-spectrin-immunoreactive
AISs of Kvl.2-immunoreactive neurons of
deep cerebellar nuclei (supplemental Fig.
8 De—Dh, available at www.jneurosci.org as
supplemental material). These observations
further support Na,1.1 localization at the
nodes of Ranvier in the cerebellar white mat-
ter and deep nuclei.

Furthermore, in developing corpus
callosum and fimbria, we observed
Na,l.l1-immunoreactive puncta, which
were immunoreactive for BIV-spectrin as
well (our unpublished results). These ob-
servations suggest that Na 1.1 might be
predominantly localized at the nodes of
Ranvier in corpus callosum and fimbria.

Altogether, these results show a gener-
ality of Na, 1.1 localization to axons in the
developing mouse brains but distinct
from the results of previous immunohis-
tochemical analyses indicating somato-
dendritic Na,1.1 localization (Westen-
broek et al., 1989; Gong et al., 1999) (see
Discussion). RX/RX
Rapid amplitude decrement in the
spike trains in heterozygous
neocortical fast-spiking interneurons
We examined whether reduced Na 1.1 ex-
pression altered the firing properties of neo-
cortical PV interneurons, which would also
be regarded as fast-spiking interneurons
(Kawaguchi and Kondo, 2002), using patch-
clamp recordings from neurons in mouse
neocortical slices. To facilitate identification
of PV, fast-spiking interneurons, we crossed
N2 Scnla ™™ mice with heterozygous GAD67-GFP (Aneo) mice
(Gad1 ™" mice) (Tamamaki et al, 2003) in a C57BL/6/129
(~75%/25%) background to obtain Gadl“™*:Scnla™’* and
Gad1 ™" :Scn1a™ " mice. The phenotypes of the Gadl“™'™:
Scn1a™™" mice do not differ significantly from those of the Gadl */
+:Scnla™ ™" mice.

Figure 6.
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Na, 1.1 localization to somata and axons of parvalbumin-positive interneurons in the developing hippocampus.
P14-P16 ScnTa /™ and ScnTa ™® pups were examined. Shown are representative images. Arrowheads and arrows indicate
examples of Na, 1.1-immunoreactive fibers and somata, respectively. 4, Hippocampi of Scna ™/ (a) and Scn1a™™ (¢) pups
were stained using the rabbit anti-C-terminal Na, 1.1 antibody and DAB. b, d, Higher-magnified images outlined in @ and c. Scale
bars: a, ¢, 500 m; b, d, 40 rm. B, Immunofluorescence histochemistry with the rabbit anti-C-terminal Na, 1.1 antibody (a, e, i,
m; red), together with the anti- BIV-spectrin (b, f, j, n; green) and anti-parvalbumin (c, g, k, 0; blue) antibodies. d, h, I, p, Merged
images. Scale bars, 50 wm. €, Inmunofluorescence histochemistry with the rabbit anti-C-terminal Na, 1.1 antibody (a, d; red),
together with the anti-phosphorylated neurofilament antibody mixture (SMI312) (b, e; green). ¢, f, Merged images. Scale bars, 50
m. DG, Dentate gyrus; 0, stratum oriens; P, stratum pyramidale; R, stratum radiatum.

No difference in input resistance, average spike half-width, or
threshold was observed between Gadl®™ *:Scnia™™ and
Gad1 ™' :Scn1a™ ™ interneurons (1 = 8, each group). Single-
spike amplitude was also similar in the two groups. However,
during prolonged spike trains, spike amplitude decrement was
pronounced in Gadl “**'*:Scn1a™* interneurons (Fig. 8 A, B).
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Figure 7. Na,1.1 localization to axons in the developing cerebellar cortex. P14—-P16 Scnla and Scnla pups were
examined. Shown are representative images. Arrowheads indicate examples of Na,1.1-immunoreactive fibers. A, Cerebellar
cortices of Scnta ™/ (a) and Scna ™™ (c) pups were stained using the rabbit anti-C-terminal Na, 1.1 antibody and DAB. b, d,
Higher-magnified images outlined in @ and ¢. Scale bars: a, ¢, 500 um; b, d, 40 em. B, Inmunofluorescence histochemistry with
the rabbit anti-C-terminal Na, 1.1 antibody (a, e, i; red), together with the anti- BIV-spectrin (b, f, j; green) and anti-parvalbumin
(¢, g, k; blue) antibodies. d, h, I, Merged images. e— h, Double arrowheads indicate examples of Na, 1.1-immunoreactive AlSs of
Purkinje cells. Scale bars, 50 wm. €, Immunofluorescence histochemistry with the rabbit anti-C-terminal Na, 1.1 antibody (a, d;
red), together with the anti-phosphorylated neurofilament antibody mixture (SMI312) (b, e; green). ¢, f, Merged images. Scale
bars, 50 m. IC, Inferior colliculus; CL, cerebellar lobule; M, molecular cell layer; P, Purkinje cell layer; G, granule cell layer.

J. Neurosci., May 30, 2007 - 27(22):5903-5914 = 5911

Scnla™" interneurons. None of these

differences were evident in neighboring
pyramidal neurons (supplemental Fig. 9,
available at www.jneurosci.org as supple-
mental material).

Because single-spike amplitude in
Gad1S™*:Scn1a™'" interneurons was
unaltered, other Na, channels might be in-
volved in action potential generation in
the interneurons. Immunohistochemistry
showed that Na, 1.6, which would be nor-
mally contained in neocortical AISs (Van
Wart and Matthews, 2006), were localized
at AISs of PV, fast-spiking interneurons in
the developing neocortex (supplemental
Fig. 10, available at www.jneurosci.org as
supplemental material). In contrast to
Na,1.1, Na, 1.6 was also localized to AISs
of the neocortical pyramidal cells.

Discussion

This study on mice genetically engi-
neered to harbor a pathogenic SMEI
mutation, R1407X, in the Scnla gene,
has advanced our understanding of how
Na, 1.1 haploinsufficiency may cause ep-
ilepsy. Homozygous mice developed un-
stable gait and tonic-clonic, clonic, and
polyspike-wave seizures in the second
postnatal week. Heterozygous mice also
showed epileptic recurrent seizure in the
third postnatal week. Two abnormal
phenotypes (namely, early onset with
epileptic recurrent seizures in homozy-
gous and heterozygous mice and unsta-
ble gait in homozygous mice) are analo-
gous to the corresponding clinical
features of SMEL Thus, both homozy-
gous and heterozygous mice should pro-
vide a useful tool for understanding the
molecular basis of SMEI pathology and
developing new therapeutic strategies
for the treatment.

Homozygous mice were progressively
malnourished from P10 and finally died
before P20. Because the appearance of
malnutrition was coincident with that of
abnormal gait, nutritional starvation re-
sulting from severely impaired locomotor
activity seems to be one cause of prema-
ture death in the mice. In addition, mod-
erately malnourished homozygous mice

These results suggest that Na, 1.1 is necessary to maintain but not
initiate sustained fast spiking. This finding is consistent with de-
cline of number of action potentials in dissociated hippocampal
interneurons from heterozygous and homozygous Na, 1.1 knock-
out mice with increasing injected current recently reported by Yu
et al. (2006). Moreover, resting membrane potential was more
negative for Gadl ™" :Scn1a™" interneurons (Fig. 8C) with a
current—voltage relationship showing a significant rectification
toward more negative voltages in Gadl “™'*:Scn1a™™ inter-
neurons (slope, p = 0.0002) (Fig. 8 D). These results are in good
agreement with reduced Na,l.l1 expression in Gadl“™'*:

showed premature lethality, suggesting seizures and/or status
epilepticus as other possible causes of premature death in the
homozygous mice. Although heterozygous mice were not appar-
ently malnourished, these heterozygous mice suffered sudden
death after P18. At P18, they also developed recurrent seizures.
Hence, seizures and/or status epilepticus might be the most prob-
able cause of death in heterozygous mice. Interestingly, mortality
rate in heterozygous mice varied with genetic background. The
importance of genetic background, or modifier genes, has been
also suggested in some familial SMEI cases in which SMEI pa-
tients have inherited the SCN1A mutations from mildly affected
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parents (Gennaro et al., 2003; Nabbout et A
al., 2003; Meisler and Kearney, 2005; Ya-

makawa, 2005). Half width
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Yamakawa, 2005) and therefore might
parallel the current findings in our
knock-in mice.

We previously reported a sporadic
Na,1.2 truncation mutation in a patient
with intractable childhood epilepsy and
severe mental decline and proposed a pos-
sible dominant-negative effect of trun-
cated mutant Na,1.2 on the electrophysi-
ological properties of wild-type Na, 1.2
channels (Kamiya et al.,, 2004). In our
knock-in mice, any modulating effects of the mutant truncated
Na,1.1 on wild-type Na,1.1 and/or other sodium channel sub-
units can be excluded because only negligible levels of the mutant
protein were expressed.

In developing wild-type mouse brains, Na, 1.1 expression was
significantly upregulated in the second and third postnatal weeks
when abnormal phenotypes first appeared in homozygous and
heterozygous mice. Although reduced Na, 1.1 expression appar-
ently led to epileptic brains in our knock-in mice, neonates ex-
pressing Na, 1.1 at extremely low levels develop no spontaneous
seizures, possibly because other a subunits, such as Na,1.2 and
Na,1.3, might have compensatory effects in neonatal brains.
During early development, the retina and caudal part of the brain
switch from Na, 1.2 expression to Na, 1.1 expression (Beckh et al.,
1989; Van Wart et al., 2005). Similarly, Na, 1.3 expression is high
in fetal brains but becomes reduced after birth (Beckh et al.,
1989). Unlike normal neonates, Na,1.2 and Na,1.3 probably do
not fully compensate for loss of Na, 1.1 in our knock-in mice or in
Na,1.1-null mice (Yu et al., 2006).

Although previous immunohistochemical studies have indi-
cated that Na,1.1 is distributed homogenously in the brain
(Westenbroek et al., 1989), our findings, which involve three
different antibodies, suggest a heterogeneous distribution:
Na,1.1 expression in the caudal brain is higher than that in the
rostral brain. Moreover, we verified the specificity of each anti-
body using the Na,1.1-deficient homozygous knock-in mice as
negative controls. Furthermore, our observations are supported
by other studies, which used biochemical analysis (Gordon et al.,

Figure 8.  Summary of electrophysiological properties of Gad1 ™™ :Scn1a */* (WT; open circles; n = 8 neurons) and
Gad1P/ " :Scn1a ™/ (HET; filled circles; n = 8 neurons) interneurons. 4, Properties (half-width and spike amplitude) of single
action potentials at threshold and spike decrement of interneurons to a prolonged depolarizing current pulse (5X threshold; 500
ms). Spike decrement was calculated as percentage of last spike amplitude divided by first spike amplitude. Values represent
means = SEM; **p < 0.01. B, Representative traces of a WT (top) and HET (bottom) interneuron to a depolarizing current pulse
at 5 threshold. Note that the rate of spike firing decreases mainly in HET interneurons. Representative biocytin-filled interneu-
ronsare shown for WT and HET mice. Scale bars, 50 m. €, Membrane properties of interneurons. Values represent means == SEM;
*p < 0.05. D, Plot of the current—voltage relationship of interneurons in WT (broken line) and HET (straight line) mice. Points
represent voltages recorded at different injected current pulses. Linear regression is shown for each case.

1987), Northern blot analysis (Beckh et al., 1989), and in situ
hybridization [Furuyama et al., 1993; Black et al., 1994; the Allen
brain atlas (www.brain-map.org)].

Our study has also revealed another interesting aspect of
Na, 1.1 distribution. Although previous immunohistochemical
analyses suggested that Na,1.1 is generally localized to somata
and dendrites of neurons (Westenbroek et al., 1989; Gong et al.,
1999; Whitaker et al., 2001; Yu et al., 2006), our findings indicate
that, with the exception of somata of hippocampal nonpyramidal
cells, Na, 1.1 is generally localized to axons. Several other studies
and data support this axonal Na,l.1 localization. Recently,
Na,1.1 was reported to cluster predominantly to the AIS-like
subsets of neuronal fibers in the developing retina (Van Wart et
al., 2005) and AISs of retinal ganglion cells (Van Wart and Mat-
thews, 2006; Van Wart et al., 2007). Moreover, Na,1.1 possesses
the motif required for localization to AISs (Garrido et al., 2003;
Lemaillet et al., 2003; Pan et al., 2006).

In addition, although both hippocampal pyramidal and non-
pyramidal cells express Na,1.1 in somata (Westenbroek et al.,
1989; Gong et al., 1999; Yu et al., 2006), our immunohistochem-
ical analyses suggest that whereas Na, 1.1 is moderately expressed
in somata of nonpyramidal cells, pyramidal cells expressed
Na, 1.1 only at negligible levels. Our results are consistent with in
situ hybridization data indicating that, in hippocampus, nonpy-
ramidal cells express significantly higher Na, 1.1 levels than pyra-
midal cells [Furuyama et al., 1993; the Allen brain atlas (www.
brain-map.org); this study]. Furthermore, our results may ex-



Ogiwara et al.  Na, 1.1 Localization to Interneuron Axons

plain the interneuron-specific reduction in whole-cell sodium
currents observed in hippocampus of Na,1.1-null mice (Yu etal.,
2006) (see Introduction). It will be interesting to conduct more
detailed functional analyses of how the distinctive axonal distri-
bution of Na,1.1 contributes to its function and to abnormal
phenotypes in mutant mice.

Most importantly, our immunohistochemistry revealed that
Na, 1.1 is primarily localized to AISs, axons, and somata of PV
interneurons in the developing neocortex and hippocampus.
Also, the heterozygous fast-spiking interneurons that should be
regarded as PV interneurons (Kawaguchi and Kondo, 2002)
showed no shift in the single-spike amplitudes but rapidly de-
creased spike amplitudes in the spiking trains, suggesting that
Na,1.1 is involved in the maintenance but not in the initiation of
sustained fast spiking in the interneurons and probably also in
regulating GABA release from the interneurons.

Cortical PV interneurons are morphologically grouped as
basket and chandelier cells whose axons exclusively innervate
somata, proximal dendrites, and AISs of pyramidal cells (Somo-
gyi et al., 1998; Kawaguchi and Kondo, 2002). Also, these inter-
neurons are not only connected electrically and chemically to
each other but are also self-innervated (Galarreta and Hestrin,
1999; Deans et al., 2001; Gibson et al., 2005; Bacci and Hugue-
nard, 2006; Vida et al., 2006). We propose that lowered levels of
functional Na,1.1, arising from Na,1.1 haploinsufficiency, alter
function of the inhibitory local circuits and networks mediated
by PV interneurons and, thereby, cause epileptic seizures.

Neocortical PV interneurons in Kv3.2 knock-out mice also
show the rapid amplitude decrement in the spike trains (Lau et
al., 2000). Kv3 channels are prominently expressed in PV inter-
neurons in neocortex, and loss of Kv3.2 caused the decreased
spike repolarization rate and reduced afterhyperpolarization cur-
rents, which may result in the amplitude decrement in the spike
trains (Lau et al., 2000; Rudy and McBain, 2001). Moreover,
Kv3.2 knock-out mice had increased seizure susceptibility, and
some showed spontaneous epileptic seizures (Lau et al., 2000). It
is therefore likely that impaired fast spiking in PV interneurons
might contribute to seizure phenotypes in Kv3.2 knock-out and
our Na,1.1 knock-in mice.

SMEI mutant Na,1.1 channels expressed heterologously in
HEK293 cells are inactivated or have attenuated activity (Lossin
etal., 2003; Sugawara et al., 2003; Rhodes et al., 2004; Ohmori et
al., 2006). However, in HEK293 cells, whereas some GEFS+ and
ICEGTC mutations cause loss-of-functional Na,1.1 channels,
other mutations are gain of functional (Lossin et al., 2002, 2003;
Rhodes et al., 2005). These varying mutant channel properties
indicate that coherent relationships between altered channel
functions and clinical phenotypes are difficult to assess (George,
2005). The biophysical study on PV interneurons expressing
GEFS+ and ICEGTC mutant Na,1.1 channels may help to un-
derstand pathological differences among the disorders.

Cortical PV interneurons show correlated activity during
theta oscillations and sharp-wave-associated ripples that have
been implicated in information processing (Klausberger et al.,
2003). Moreover, in the developing visual cortex, PV interneu-
rons play important roles in critical period plasticity (Hensch,
2005a,b). It is likely that impaired fast spiking in PV interneurons
might also contribute to slowed psychomotor development in the
SMEI patients. Clearly, additional studies are required to under-
stand the role of Na, 1.1 in maintaining PV circuits and in devel-
oping epileptic seizures, ataxia, and mental decline in SMEI pa-
tients. Finally, we cannot rule out the potential contribution to
SMEI pathology of other Scnla/Na,1.1-expressing neurons.
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