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We have cloned a tetrodotoxin-resistant (TTX-R)
voltage-gated sodium channel « subunit from a mouse
cDNA library and designated it as NaT. It encodes 1765
amino acid residues and is virtually identical to that of
Scnlla, which has been reported recently, except for
40 nt and 14 aa substitutions. The amino acid identity
of NaT/Scnlla with rat NaN/SNS2 is 88%. NaT/Scnlla
was mapped to mouse chromosome 9F3-F4 by fluores-
cence in situ hybridization (FISH). While rat NaN/
SNS2 has been reported to be expressed specifically in
the peripheral sensory neurons, NaT/Scnlla is ex-
pressed not only in the peripheral sensory neurons
but also in the spinal cord, uterus, testis, ovary, pla-
centa, and small intestine. NaT is detectable in mouse
embryos 15 days postcoitus (p.c.), around the phase of
organogenesis and gonadal differentiation. These
findings demonstrate a unique distribution of NaT/
Scnlla and suggest some of its roles in the above-

mentioned Processes. © 2000 Academic Press

The voltage-gated sodium channel is a membrane
protein that plays a fundamental role in the rising
phase of the action potential in most excitable cells
such as neurons and muscle cells (1, 2). The channel is
composed of one a subunit (~270 kDa) and one or two
auxiliary subunits g1 (~38 kDa) and B2 (~33 kDa) (3).
The « subunit mediates voltage-dependent gating and
ion conductance, andthe B subunits regulate the ki-
netic properties and facilitate membrane localization
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of sodium channels (4, 5). There is a molecular diver-
sity of « subunits (6, 7), and each « subunit is ex-
pressed in a tissue-specific and developmentally spe-
cific manner (8, 9).

Voltage-gated sodium channels are classified phar-
macologically into two large groups according to their
sensitivities to tetrodotoxin blocking (10). While most
sodium channels are tetrodotoxin-sensitive (TTX-S),
several clones have been reported to be resistant to
tetrodotoxin (TTX-R). Those include rat Scn5a, human
SCN5A (H1/SkM2/u2), rat PN3/SNS, mouse Scnl0a,
human SCN10A, rat NaN/SNS2 and mouse Scnlla (6,
7). Scnb5a and SCN5A are predominantly expressed in
the heart (11). Rat PN3/SNS and NaN/SNS2 are ex-
pressed specifically in primary sensory neurons (12—
15). Both TTX-S and TTX-R voltage-gated sodium cur-
rents have been observed in dorsal root ganglia (DRG)
(16). PN3/SNS and NaN/SNS2 generate TTX-R cur-
rents in DRG neurons (15, 17). PN3/SNS shows a mod-
erate level of amino acid identity of around 70% to the
other « subunit molecules, while NaN/SNS2 exhibits
less than 50% similarity to the other « subunit mole-
cules, including PN3/SNS. Both PN3/SNS and NaN/
SNS2 are expressed specifically in primary sensory
neurons and are not detectable in the other neural and
non-neural tissues in rats. While NaN/SNS2 is ex-
pressed in small-diameter neurons of DRG, PN3/SNS
is expressed in small- and medium-diameter neurons.
NaN/SNS2 is not detectable by day 15 of rat embryos,
while PN3/SNS is expressed at that stage. Mouse
Scnl0a and human SCN10A are the orthologues of rat
PN3/SNS (18, 19). Recently, mouse Scnlla has been
reported to be the orthologue of rat NaN/SNS2 (20).
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FIG. 2. Chromosomal mapping of NaT. (A) Idiogram of mouse chromosome 9. (B) Metaphase plate showing doublet signals on mouse
chromosome 9F3-F4 (arrows). The biotinylated cDNA probe for NaT was hybridized to chromosomes with replication bands prepared from
cultured splenocytes. After hybridization and washing, hybridization signals were amplified using rabbit anti-biotin (Enzo, NY) and
fluorescein-labeled goat anti-rabbit 1gG (Enzo, NY). The chromosomes were counterstained with propidium iodide. Double-exposure
photomicrography was performed to visualize hybridization signals and G-banded chromosomes using a combination of WIBA and WU filter

sets (Olympus).

We have independently cloned a mouse TTX-R
voltage-gated sodium channel « subunit, designated as
NaT, whose sequence is virtually identical to mouse
NaN. Our studies revealed that NaT/Scnlla was ex-
pressed not only in DRG but also in spinal cord and
non-neural tissues, in contrast to rat NaN, which was
specific to DRG. In this report, we show cloning and
mapping of NaT briefly and describe its expression in
detail.

MATERIALS AND METHODS

RNA preparation and cDNA library construction. Total RNA was
extracted using TRIZOL reagent (Gibco BRL), and mRNA was puri-

fied using an Oligotex-MAG mRNA purification kit (TaKaRa) from
500 mg of frozen eight-week-old normal BALB/c mouse testis tissue.
First strand cDNA was synthesized using SuperScript Il reverse
transcriptase (Gibco BRL) with oligo(dT) and random primers.
The cDNA library was constructed on a ZAP Express cDNA vector
(Stratagene).

Nested PCR and RACE. Nested PCR was performed using an
Expand High Fidelity PCR system (Roche Diagnostics), and the
degenerate primers were as follows: Na5A, 5'-GTG GTS GGC ATG
CAG CTS TTT GG-3'; Na5B, 5'-GAG TGG ATM GAG ACC ATG
TGG GAC-3'; Na3A,5-TTCATK GCRTTR TAG TAY TTC TTC TG;
Na3B, 5'-GTT GAA RTT RTC WAT GAT GAC RCC AAT-3". Na5A
and Na3A were used for the first step PCR and Na5B and Na3B for
the second PCR.

5" and 3’ rapid amplification of cDNA ends (RACEs) were carried
out using Marathon cDNA (Clontech) as a template. The NaT-

FIG. 1. Structure of mouse NaT/Scnlla. (A) Structure of the mouse NaT cDNA. The contig of the NaT clones are indicated. The dashed
horizontal line indicates the position of the RT-PCR product. (B) Predicted amino acid sequences of mouse NaT. DI-DIV represents the four
membrane-spanning domains, and the underlined S1-S6 and SS1-SS2 in individual domains indicate six putative a-helical transmembrane
segments and the pore-lining segments, respectively. The serine residue in the SS2 of domain I, which is believed to underlie the TTX-R

phenotype, is indicated in larger bold type (S358).
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specific primers used for RACE were as follows: R5-A, 5'-GCT AGG
ACG ACT GTC CAC AGA AG-3'; R5-B, 5'-TCT TGG CGC TGA AGC
GAT AGA TTG TTC-3’; R3-A, 5'-CAA GTG GCG ACC TAT AAG
GGC TGG CTG GAC-3'; R3-B, 5'-AAG ATG AGC AGC CGG CCT
TTG AGG CGA ATC-3'. The PCR and RACE products were sepa-
rated on 0.8% agarose gel. The DNA fragments of interest were
subcloned into pBluescript Il SK(+) (Stratagene).

Sequencing reactions were performed by the dideoxy nucleotide
chain termination method, and an ABI PRISM 377 DNA Sequencer
(Perkin Elmer) was used for analysis.

Fluorescence in situ hybridization (FISH). FISH was carried out
using the methods described in previous reports (21, 22). The two
subclones, 5-6 and H7-23, were used as probes (Fig. 1A).

Northern blot analysis. Mouse Multiple Choice Northern Blot
(OriGene) and Mouse Embryo Multiple Tissue Northern Blot (Clon-
tech) were purchased and used for Northern blot analysis. NaT-P1
(Fig. 1A) was used as a probe. After removal of NaT probes in 0.5%
SDS, filters were rehybridized with labeled human B-actin cDNA as
a control.

Reverse transcription (RT)-PCR. Two micrograms of total RNA of
various tissues were extracted from eight-week-old ICR mice, as
described above, and treated with RNase-free DNase | (Gibco BRL).
Reverse transcription was performed using SupesScript Il reverse
transcriptase (Gibco BRL) with oligo(dT) primer. The PCR amplifi-
cation was performed using Advantage cDNA polymerase mix (Clon-
tech). The NaT-specific primers were 5'-GGA TGT GCC CAA GAT
CAA GGT TCA TTG-3' and 5'-CAC CCA AAT CCG CAG CAC TGG
TAG-3'. The mouse B-actin primers were as follows: 5'-CCA AGG
CCA ACC GCG AGA AGA TGA C-3' and 5'-AGG GTA CAT GGT
GGT GCC GCC AGA C-3'".

In situ hybridization. Sense and antisense digoxigenin (DIG)-
labeled RNA probes were synthesized from NaT-P1 and NaT-I1SH2
(Fig. 1A) using a DIG RNA Labeling Kit (Roche Diagnostics). The
probes were hybridized with paraformaldehyde-fixed, dehydrated,
paraffin-embedded and RNase-treated tissues according to the stan-
dard protocols. Tissues from eight-week-old ICR mice were hybrid-
ized with NaT-1SH2, and tissues from ten-week-old Wistar rats were
hybridized with NaT-P1. Signals were detected using a DIG Nucleic
Acid Detection Kit (Roche Diagnostics).

RESULTS AND DISCUSSION

Cloning, Sequence Analysis, and Chromosomal
Mapping of NaT

To isolate mouse voltage-gated sodium channel «
subunit clones, we initially performed nested PCR us-
ing the degenerate primers, Na5A, Na5B, Na3A and
Na3B; those were designed based on highly conserved
sequences among known sodium channel « subunits.
The DNA fragments of 1.7 kb were subcloned and
sequenced. Among the 20 clones examined, one clone
was different from the others, which showed 87% nu-
cleotide homology with rat NaN/SNS2 and 50~70%
homology with other known sodium channels. We des-
ignated this clone as NaT (Fig. 1A). The other clones
were identical to known sodium channels.

To obtain a full-length cDNA of NaT, approximately
10° pfu of the testis cDNA library were screened, and
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FIG. 3. Expression analysis of NaT. (A and B) Northern blot
analysis of NaT in the various adult mouse tissues (A) and mouse
embryo (B) using a *P-labeled probe NaT-P1 (top) and a probe of
human g-actin (bottom). Each lane contains 2 ug of poly(A)" RNA.
The numbers indicated at the top of B are the embryo days p.c. The
filters were hybridized in ExpressHyb hybridization solution (Clon-
tech) at 68°C and washed according to the manufacturer’s instruc-
tion. After hybridization, the filters were autoradiographed on imag-
ing plates (Fujix), and the plates were analyzed by a STORM 830
(Molecular Dynamics). (C) RT-PCR analysis from total RNA of var-
ious mouse tissues using specific primers for NaT and B-actin. RT-
PCR resulted in specific amplifications of NaT and B-actin with 422
bp and 587 bp DNA fragments, respectively. The RT-PCR products
were electrophoresed on 1.5% agarose gel, stained with Vistra Green
(Amersham Pharmacia Biotech) and then analyzed with a Fluoro-
Imager 585 (Molecular Dynamics). Lanes are as follows: 1, trigemi-
nal ganglia; 2, DRG; 3, cerebrum; 4, cerebellum; 5, spinal cord; 6,
brain stem; 7, testis; 8, ovary; 9, uterus; 10, lung; 11, stomach; 12,
small intestine; 13, liver; 14, spleen; 15, kidney; 16, skeletal muscle;
17, cardiac muscle; 18, water.

two additional clones, H7-23 and H6, were obtained
(Fig. 1A).

To determine the ends of NaT, 5" and 3' RACEs were
carried out with the NaT-specific primers. Both 5’ and
3’ end clones were obtained; 5'-A7 for the 5’-end and
3'-27 for the 3'-end (Fig. 1A).

The longest open reading frame of NaT encodes
1,765 amino acid residues with a calculated molecular
weight of 201 kDa (Fig. 1B, the DDBJ/EMBL/GenBank
Accession Number is AB031389). The serine residue
which determines the TTX-R phenotype is conserved in
NaT (23, 24). The predicted amino acid sequence of
NaT is aligned well with other mammalian sodium
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channels, and it is identical to the mouse Scnlla that
has been recently reported, except for 40 nucleotide
and 14 amino acid substitutions (14, 20). These substi-
tutions might arise from the difference of mouse strain
employed. NaT and rat NaN/SNS2 show 89% nucleo-
tide identity and 88% amino acid identity. NaT shows
40-60% similarity with the other known sodium chan-
nel «a subunits.

FISH study revealed that specific hybridization
signals for NaT were observed on chromosome
9F3-F4 (Fig. 2). This region is close to the loci of
Scnb5a and Scnl0a and consistent with the previous
report of the locus of mouse Scnlla (20). The mouse
TTX-R sodium channel « subunit genes, Scnba,
Scnl0a, and Scnlla, seem to be located on mouse
chromosome 9 in a cluster.

Tissue-Specific and Developmentally Specific
Expression of NaT

Each subtype of sodium channel is expressed
in a tissue-specific and developmentally specific
manner. We examined the distribution of NaT
by Northern hybridization, RT-PCR and in situ
hybridization.

Northern blot hybridization revealed that the size of
NaT mRNA was approximately 6.0 kb, which was com-
patible with the size of the cDNA. The gene was pre-
dominantly expressed in the testes, and no signal was
detectable in any of the other mouse tissues examined
(Fig. 3A).

RT-PCR was carried out with the NaT-specific prim-
ers of the C-terminal and 3'UTR (dashed line in Fig.
1A). That experiment demonstrated that NaT was ex-
pressed not only in the testis but also in the trigeminal
ganglia, DRG, spinal cord, ovary, uterus and small
intestine (Fig. 3C).

To examine the expression of NaT in detail, in situ
hybridization was carried out with mouse and rat
tissues. To avoid cross-hybridization with other so-
dium channels, NaT-P1 and NaT-ISH2, which were
specific for NaT, were used (Fig. 1A). Mouse tissues
were hybridized with NaT-ISH2 containing 3'UTR
that has a lower similarity to the other sodium chan-
nel « subunits than the coding region. Rat tissues
were hybridized with NaT-P1. This probe contains
the intracellular loop L2 region that shows the low-
est similarity to the other sodium channel «a sub-
units, it is but highly conserved in the orthologous
genes among different species (16). In situ hybridiza-
tion showed that NaT was expressed in the DRG,
spinal cord, uterus, testis, ovary, placenta and small
intestine (Fig. 4). No hybridization signal was de-
tected with the sense probe in any of the tissues
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examined. A similar distribution of expression was
observed in rats (data not shown).

NaT is expressed in small-diameter neurons in
mouse DRG, and this is the same as in rat NaN/
SNS2 (14, 15). Since small-diameter neurons in DRG
include nociceptive cells, NaT/Scnlla might be con-
cerned with the pain pathway (16). In addition, our
study demonstrated the expression of NaT/Scnlla in
spinal neurons. The signals were relatively strong in
ventral large-diameter neurons that were presum-
ably motor neurons. Although it has been reported
that the TTX-R sodium channel Scnb5a is expressed
in spinal cord astrocytes, no expression of TTX-R
sodium channel has been demonstrated in neurons of
the spinal cord.

The expression of NaT was hardly detectable in skel-
etal or cardiac muscles. RT-PCR showed the expression
of NaT in the small intestine and uterus, which in-
cluded smooth muscles. In situ hybridization revealed
that NaT was not expressed in the muscle layer of the
small intestine.

In the small intestine, NaT was expressed in goblet
cells. Goblet cells are intestinal epithelial cells that are
short-lived and constantly renewed; they secrete mu-
cus. In epithelial cells, a nonvoltage-gated sodium
channel is expressed, but no voltage-gated sodium
channel expression has been reported.

NaT was expressed in both male and female go-
nads and placenta. Hybridization signals were de-
tected in spermatogonia and spermatocytes in the
testes, in granular cells surrounding oocytes and in
syncytiotrophoblasts in the placenta. Expression and
function of the sodium channel in gonads remains
obscure.

We examined the developmental profile of NaT ex-
pression by Northern hybridization of mouse embryos.
NaT was detectable in mouse embryos 15 days postcoi-
tus (p.c.) (Fig. 3B). After gastrulation, organogenesis
takes place in the mouse embryo beginning 9 days p.c.
(25). DRG arise from neural crest cells that are derived
from the neural plate and migrate away from the neu-
ral tube after neural tube closure (26). In mouse em-
bryos, neural tube closure is completed around 9.5 days
p.c., and DRG differentiate beginning 10 days p.c.
Germ cells enter the gonadal ridges at 10-11 days p.c.,
and the differences in the gonadal ridges of male and
female embryos can be detected initially around 12.5
days p.c. NaT becomes detectable during the organo-
genesis when DRG arise and gonads differentiate into
the appropriate sex.

We reported here a TTX-R sodium channel « sub-
unit, NaT/Scnlla, the expression of which is uniquely
distributed in the neurons, gonads and epithelial cells
in the small intestine.
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FIG. 4. Insitu hybridization analysis of NaT in mouse tissues. Sections show the DRG (A), spinal cord (C, ventral; D, dorsal), testis (E),
ovary (F), placenta (G), and small intestine (H) with antisense riboprobe. No hybridization signal was present with sense riboprobe in any
of the tissues examined (e.g., in DRG; B). The bar indicates 50 um.
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