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ABSTRACT Membrane excitability in different tissues is
due, in large part, to the selective expression of distinct genes
encoding the voltage-dependent sodium channel. Although the
predominant sodium channels in brain, skeletal muscle, and
cardiac muscle have been identified, the major sodium chan-
nel types responsible for excitability within the peripheral
nervous system have remained elusive. We now describe the
deduced primary structure of a sodium channel, peripheral
nerve type 1 (PN1), which is expressed at high levels through-
out the peripheral nervous system and is targeted to nerve
terminals of cultured dorsal root ganglion neurons. Studies
using cultured PC12 cells indicate that both expression and
targeting of PN1 is induced by treatment of the cells with
nerve growth factor. The preferential localization suggests
that the PN1 sodium channel plays a specific role in nerve
excitability.

Excitable cells have in common the ability to generate action
potentials. In nerve and muscle cells, this ability is due to the
presence of voltage-gated sodium channels in the plasma
membrane that permit the rapid entry of sodium ions into the
cell during depolarization (1). The voltage-dependent sodium
channel in mammals consists of a macromolecular assembly of
a and B subunits, with the « subunit being the pore-forming
component (reviewed in ref. 2). The « subunit is encoded by
a large family of related genes. Several of the « subunit
mRNAs are distributed broadly within the central nervous
system (CNS; brain types L, II, III, VI; refs. 3-6), whereas other
types are restricted to muscle (7-9).

Previous molecular and biochemical studies have indicated
that sodium channel types distinct from those in CNS and
muscle exist in the peripheral nervous system (PNS). Northern
blot analyses, using a probe encoding highly conserved sodium
channel sequences, detect an abundant sodium channel
mRNA of a size unique to the PNS (10, 11). Similarly, antibody
studies indicate the presence of a sodium channel type in the
PNS that is not accounted for by the other known CNS sodium
channel types (12). Physiology studies indicate that multiple
sodium channel types are present in the PNS. For example, at
least two distinct sodium currents with different sensitivities to
the blocker tetrodotoxin (TTX) have been observed in dorsal
root ganglia (DRG) (13-15). Candidates for these distinct
sodium channel types are beginning to emerge. Recently, a
new sodium channel « subunit type has been identified,
PN3/SNS, that is localized to a small population of sensory
neurons in DRG;, and that gives rise to TTX-insensitive sodium
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currents when expressed in Xenopus oocytes (16, 17). Because
of these features, it is likely that the PN3/SNS sodium channel
is responsible for the TTX-insensitive current observed in
some sensory neurons. The relative amount of PN3/SNS
mRNA in the ganglia, deduced from RNA hybridization data,
suggests that this sodium channel is not a major subtype in the
PNS ganglia. This finding, coupled with the observation that
the predominant sodium current in adult DRG neurons is TTX
sensitive (13-15), makes it likely that a major sodium channel
type in PNS is still not identified.

We described previously a putative sodium channel mRNA,
of a novel size, that was induced by treatment of PC12 cells
with nerve growth factor (NGF) [peripheral nerve 1 sodium
channel (PN1); refs. 11 and 18). Because NGF-differentiated
PC12 cells are a widely used model for peripheral sympathetic
neurons, the new sodium channel mRNA was a candidate for
coding for the major TTX-sensitive sodium current in PNS.
We have now identified the full-length cDNA coding for the
PN1 « subunit and have examined in detail its cellular and
subcellular distributions in peripheral neurons.

MATERIALS AND METHODS

Cell Culture. PC12 cells (19) and the PKI-4 PC12 subclone
that expresses the cAMP-dependent kinase inhibitor protein
(11) were grown on tissue culture dishes in Dulbecco’s mod-
ified Eagle’s medium (GIBCO/BRL) supplemented with 10%
donor horse serum (JRH Biosciences, Lenexa, KS), 5% fetal
bovine serum (JRH Biosciences), and 1% penicillin/
streptomycin (GIBCO/BRL), in an atmosphere of 10% CO, at
37°C. B-NGF was purified from mouse submaxillary glands
(20) and used at a final concentration of 100 ng/ml.

PCR Amplification. Total cellular RNA was isolated ac-
cording to the method of Cathala ez al. (21) from NGF-treated
PKI-4 cells. Two micrograms of the total RNA was used to
synthesize first-strand cDNA using random hexamer primers
for the reverse transcriptase reaction (22). The cDNA then
served as template for the PCR amplification, using a pair of
degenerate oligonucleotide primers that specified a 400-bp
region within repeat domain III of the sodium channel «
subunit gene (22). The PCR products were restricted, excised
from a low-melt agarose gel (SeaPlaque GTG, FMC), and
subcloned into a Bluescript II SK plasmid vector cleaved
previously with HindIII and BamHI. The clones were screened
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for cDNA inserts by miniprep (23) and sequenced in both
directions by dideoxy chain termination (Sequenase 2.0 kit,
United States Biochemical). Sequence data were compiled and
analyzed using GeneWorks software (IntelliGenetics). From
this PCR reaction, a 400-bp product termed PC12-1 was
obtained that encodes a portion (amino acids 1347-1477 in the
brain type II sodium channel) of the PN1 sodium channel.
cDNA Library Construction and Screening. Poly(A)-+
mRNA from the PKI-4 PC12 subclone was purified (mnRNA
purification kit, Pharmacia) and used to construct a random
and oligo(dT)-primed A ZAPII cDNA library (Stratagene).
The library consisted of ~1.4 X 107 independent clones prior
to amplification. Screening of ~8 X 10° recombinants with a
32P-labeled cDNA probe (oligo labeling kit, Pharmacia) gen-
erated from either pPC12-1 or the 5" ends of derived cDNAs
resulted in the isolation of clones PN1-7, PN1-17, PN1-24,
PN1-42, and PN1-49. Two of the clones, PN1-49 and PN1-42
(spanning nt 1-3063 and 2326-5952 of the coding region,
respectively), overlap by 738 bp to generate the full-length PN1
cDNA. Plasmid PN1-49 contains 325 bp of 5’ untranslated
sequence, and an additional 85 bp of 5 untranslated sequence
were found using 5’ rapid amplification of cDNA ends (data
not shown). Clone PN1-42 contains 3.5 kb of 3’ untranslated
sequence, including the consensus polyadenylylation signals
(24), but lacks a poly(A) tail. Like other sodium channels, PN1
does not have a consensus sequence for a eukaryotic initiation
site, but the 5’ untranslated region contains an out-of-frame
ATG codon at position —8 to —6, which is conserved in
previously cloned sodium channel cDNAs. The 5952-bp open
reading frame predicts a protein with 1984 amino acids and a
calculated molecular mass of 225,791 daltons (Fig. 1).
Northern Blot and Ribonuclease Protection Analyses. Total
cellular RNA was isolated from PC12 cells as described in
Cathala et al. (21) and from adult Sprague-Dawley rat brain,
spinal cord, superior cervical ganglion, dorsal root ganglion,
skeletal muscle, cardiac muscle, and adrenal gland using the
standard method of Chirgwin et al. (25). Northern blot analysis
was performed according to Toledo-Aral et al. (18) using
32P-UTP-labeled antisense RNA probes generated from the
following linearized templates: pPC12-1, pRB211 (26), and
pIB15 (cyclophilin; ref. 27). RNA probes were transcribed with
either T3 (pPC12-1) or SP6 (pRB211 and pIB15) RNA
polymerases. RNase protection assays were performed by use
of the RPA II kit (Ambion, Austin, TX). Total RNA was
hybridized with 10* cpm of antisense RNA probe generated
from pPC12-1 and the internal control pTRI-beta-actin (Am-
bion). Autoradiography was performed at —80°C using pre-
flashed Kodak XAR-5 film with an intensifying screen. Levels
of RNA were normalized to the levels of cyclophilin mRNA
(Northern blot) or B8 actin mRNA (RNase protection assay).
In Situ Hybridization. Newborn and adult mice were anes-
thetized by hypothermia or Avertin (200 mg/kg), respectively,
and perfused transcardially with 4% paraformaldehyde in PBS
(pH 7.4). Embryos were anesthetized by hypothermia and
immersed in the same fixative solution. All mice were postfixed
in fresh fixative overnight and then cryoprotected and OCT-
embedded and sectioned at 10 um. Sections from different
regions of the embryo, as well as from different regions of the
brain from newborn and adult mice were selected for in situ
hybridization. The in situ hybridization was performed using
33P-labeled cRNA probes generated from plasmid PC12-1
(28). Following a 1-week exposure at 4°C, slides were devel-
oped in D19 developer (Kodak), fixed in Kodak Fixer. After
counterstaining with 0.5% cresyl violet, slides were dehydrated
and coverslipped.
Antibodies. Antisera were raised, by immunizing rabbits to
a synthetic peptide coupled to keyhole limpet hemocyanin, to
an epitope in PN1 (residues 446—460), which is not present in
any of the other known sodium channels. Antibodies were
affinity purified on peptide columns before use. Sodium
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FiG. 1. Deduced primary structure of the PN1 « subunit. The
putative six transmembrane helices (S1-S6) within each repeat domain
(I-IV) are underlined.

channel antibody raised against a conserved epitope of verte-
brate sodium channels, corresponding to amino acids 1473—
1490 of PN1, was prepared as described (29).

Western Blots. Whole DRG were dissected from embryonic
day 15 (E15) rat embryos and homogenized using an Ultra-
Turrax apparatus in a buffered protease-inhibitor solution
(30). Homogenates were spun at 1500 X g for 5 min to remove
nuclei, and crude membranes were removed from the super-
natant after centrifuging at 100,000 X g for 1 hr. Homogenates
of rat brain and muscle were prepared in the same manner.
Membranes were then solubilized, subjected to SDS/PAGE,
and transferred to nitrocellulose. The membranes were probed
with the antibodies described above using standard proce-
dures. As controls, membranes were probed with antibodies
that were preincubated overnight with a 100-fold excess of
peptide antigen.

Immunocytochemistry. Primary cultures of E15 DRG neu-
rons were fixed in 3.7% formaldehyde, permeabilized with
methanol, and blocked in 15% goat serum in PBS, and
incubated with affinity-purified PN1 specific antibodies over-
night at room temperature. The cells were immunostained
with donkey anti-rabbit antiserum lissamine rhodamine con-
jugate (The Jackson Laboratory). PC12 cells were fused using
polyethyleneglycol and plated on glass coverslips coated with
polylysine and laminin as described in Halegoua (31). Cells
were treated with NGF 24 and 48 hr after plating. Three days
after plating, PN1 was visualized by indirect immunofluores-
cence using the affinity-purified PN1 specific antibodies and a
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fluorescein-conjugated goat affinity-purified secondary anti-
body to rabbit IgG (Cappel), as described (31). In both cases,
control cells (E15 DRG neurons and PC12) were treated with
antibodies that were preincubated with a 100-fold excess of
peptide antigen overnight. Confocal images were obtained
using a laser scanning confocal microscope (MRC 600; Bio-
Rad).

RESULTS

The PN1 Sodium Channel o Subunit Is Distinct Structur-
ally from the Other Rat Neuronal Sodium Channel Types. To
clone the PN1 cDNA, reverse transcriptase-PCR was per-
formed using total cellular RNA isolated from NGF-treated
PKI-4 PC12 cells (11). A 400-bp cDNA (PC12-1) was isolated
from the reaction products and identified as a portion of a new
sodium channel by sequence analysis. To confirm the authen-
ticity of this cDNA, we took advantage of previous findings
revealing a selective induction of “PN1 mRNA” in PC12 cells
treated with NGF (11, 18). In Northern blots, the putative PN1
cDNA probe hybridized specifically to the 11-kb transcript in
PC12 cells and this mRNA was induced by treatment of the
cells with the growth factor (Fig. 2). Using the PC12-1 cDNA
as a probe for screening a library generated from NGF-treated
PKI-4 PC12 cells (see Materials and Methods), two overlapping
cDNA clones were isolated that together spanned the entire
PN1 « subunit.

The primary structure of the PN1 « subunit was deduced
from the single open reading frame and the translational
initiation site was assigned to the first in-frame ATG codon
(Fig. 1). Using the presumed initiation site, the deduced PN1
primary structure can be aligned precisely with the primary
structures of the other known neuronal subunits. The deduced
primary structure of the PN1 « subunit is 76% identical to the
brain type II « subunit and contains all of the structural
hallmarks characteristic of the neuronal sodium channels. In
particular, the putative pore-lining segments (SS1-SS2), which
contain residues shown to be involved in sodium-selective
permeation and TTX sensitivity, are present in PN1. On the
other hand, PN1 exhibits some features that distinguish it from
the Type I, II, and III channels. For example, the PN1 protein
has fewer potential asparagine-linked (N-linked) glycosylation
sites. Significant differences among PN1 and the Type I, II, and
IIT sodium channels are found in some of the putative extra-
cellular loops between S5 and SS1, the intracellular loop
between domain I and II, and the carboxyl terminus. The
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Fic. 2. An antisense RNA generated from pPC12-1 (PN1) hy-
bridizes specifically to the 11-kb transcript in PC12 cells. Total cellular
RNA (10 pg) from control and NGF-treated PC12 cells (5 hr of
treatment) was subjected to Northern blot analysis. Duplicate blots
were hybridized with antisense RNA probes generated from the
generic sodium channel template pRB211 (Left) and from the cloned
PCR product pPC12-1 (Right). The positions of the PN1, type II/IIA,
and cyclophilin mRNAs are indicated.
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functional significance of these differences remain to be
clarified by further studies.

The PN1 Gene Is Expressed to High Levels Throughout the
Peripheral Nervous System. The tissue distribution of the PN1
sodium channel was first determined using RNA hybridization
analyses. Northern blots using a PN1-specific antisense RNA
probe (PC12-1) detected an ~11-kb transcript that was abun-
dant in both sensory and sympathetic ganglia. The PN1 mRNA
was detected in superior cervical and DRG ganglia (Fig. 34),
and trigeminal ganglion (not shown). In contrast to these
tissues, the levels of PN1 mRNA were barely detectable in
spinal cord, and no transcripts were detected in skeletal muscle
and cardiac muscle, brain (Fig. 34), and liver (data not shown).
RNase protection analyses confirmed the high levels of ex-
pression of PN1 in peripheral nerve tissues (Fig. 3B). Very low
amounts of PN1 transcript could be detected in rat adrenal
gland RNA with long exposure times (data not shown).

To determine that the restriction of PN1 mRNA to the PNS
was also reflected in the distribution of PN1 protein, a
polyclonal antibody was raised against a PN1 peptide that is not
shared with other known sodium channels (see Materials and
Methods). A single band of strong immunoreactivity, blocked
in the presence of the immunizing peptide, was observed in
Western blots of extracts of whole E15 DRG (Fig. 4A4).
Extracts of rat brain and skeletal muscle, which contain other
sodium channel types, showed no detectable PN1 immunore-
activity at equivalent levels of applied protein. Challenge of
DRG blots with a sodium channel antibody directed against an
epitope conserved among different sodium channels (29)
revealed only a single band of the same electrophoretic
mobility as detected with the PN1-specific antibody (Fig. 4C).
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FiG. 3. The PNI1 gene is expressed preferentially in the PNS. (A4)
Northern blot analysis using an antisense RNA probe from PNI1
sequences (left) or from the generic sodium channel template pRB211
(far right) indicating the positions of the type II/IIA transcripts. Each
lane contains 8 pg of total RNA. (B) RNase protection assay
indicating that the mRNA detected in Northern blot analysis is
identical to PN1. Total cellular RNA (5 pg) from the indicated tissues
was hybridized to the PN1-specific antisense RNA probe (pPC12-1;
424 nt). The protected RNA fragments are the expected 343 nt. To
control for differences in the amounts of RNA among samples a probe
for B actin (protected fragment = 250 bp) is also included.
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F16. 4. PN1 is a major sodium channel type in DRG. (4) Western blot analysis using membrane extract (4 pg per lane) isolated from different
tissues, visualized using a PN1-specific antibody. For controls, the antibody was preincubated with the immunizing peptide (Blocked Ab). In the
muscle extracts, the weak nonspecific signal, presumably myosin, is not blocked by the antibody incubation with PN1 peptide. (B) Western blot
analysis using rat brain membrane extract (0.5 pg per lane) and DRG membrane extract (5 ug/lane), visualized using an antibody directed against
an epitope conserved among neuronal sodium channels. (C) Western blot analysis using DRG membrane extract (4 ug per lane). The antibodies
raised against the conserved sodium channel epitope (“All”’) and the PN1-specific epitope (PN1) both recognize a protein of the same size. Control

lanes (Blocked Abs) are as described for 4.

Thus, the protein and RNA analyses taken together indicate
that PN1 is a major sodium channel type in the PNS.

Interestingly, the PN1 band migrated as a significantly
smaller species (M, of about 210 kDa) than the bulk of sodium
channels in either rat brain (Fig. 4B) or rat muscle (not shown),
as visualized using the “conserved” antibody. However, the
overall length of the deduced amino acid sequence is not
significantly different from either of the major sodium channel
isoforms of rat brain or skeletal muscle. It is possible that the
difference observed in the mobility of SDS/PAGE is related to
the unusually small number of consensus sites for N-linked
glycosylation in the PN1 sequence.

The PN1 « Subunit Is Localized to Neurons and Targeted
to Neurite Terminals. An in situ hybridization study (Fig. 5)
indicated that PN1 expression was confined to the neuronal
population within the peripheral ganglia. Both sensory and
sympathetic ganglia contained PN1 transcripts. No differences
in the patterns of expression of PN1 mRNA were observed
between neonate and adult ganglia (Fig. 5 and data not shown)
and, in concurrence with the RNase protection analyses,
signals were never detected in brain sections (data not shown).
PN1 transcripts were not detected in Schwann cells that
populate the nerve roots (Fig. 5 E and F) or in satellite cells
of nerve in DRG (Fig. 5G). Thus, the in situ hybridization study
showed both the neuronal specificity of PN1 gene expression
in the PNS and its absence in postmitotic neurons in the CNS.

The subcellular localization of PN1 protein was examined in
cultured DRG neurons (Fig. 6 A and B). Extensive observa-
tions were made in 12 separate cultures of ~10* cells each. In
cultures where neurite termini could be identified, PN1 im-
munoreactivity was observed predominantly in the growth
cones, with lower levels of staining seen along the lengths of
the neurites (Fig. 6B). All soma exhibited positive immuno-
staining for PN1, with modest variation in staining intensities
among cells (Fig. 64). The somal staining appeared to be
confined to internal membranes because the staining was
perinuclear and highly punctate, and was very similar in
appearance to the staining pattern of the trans-Golgi network
antigen TGN-38 in these cells (data not shown). In control
experiments, preincubation of antibody with a 100-fold excess
of the synthetic peptide antigen eliminated all of the immu-
nofluorescence (except for a very weak, diffuse background
fluorescence; data not shown).

Because of previous studies indicating that PN1 transcripts
were induced dramatically by treatment of PC12 cells with
NGF, the distribution of PN1 protein in NGF-differentiated
PC12 cells was also examined. Fused PC12 cells were NGF-

treated for 2 days, a protocol sufficient for both induction of
neurite growth (31) and PN1 sodium-channel expression (11,
18). Immunofluorescent localization of PN1 protein was car-
ried out using the PN1-specific antibody as described. Specific
staining of cells was never observed when the PN1 immunizing
peptide was included with the antibody (data not shown). As
seen in Fig. 6C, staining with the anti-PN1 antibody was
highest at the neurite terminals, at the leading edges of the
growth cones. Staining of growth cones was seen in all cells in
which specific staining of PN1 protein was observed (>100
cells). Staining of cell bodies was occasionally observed at the
cell periphery, particularly at sites of cell-cell contact (data not
shown). Thus, the staining patterns in both cultured DRG
neurons and NGF-treated PC12 cells are consistent with a
targeting of PN1 protein from an intracellular pool to neurite
terminals.

DISCUSSION

The molecular cloning experiments herein reveal that PN1 is
a new member of the rat sodium channel gene family. Fur-
thermore, this sodium channel type is expressed specifically,
and to high levels, in neuronal populations throughout the
PNS. The PN1 transcript corresponds to the mRNA induced
selectively by brief treatment of PC12 cells with NGF (18), and
likely corresponds to the sodium channel type whose existence
in PNS was suggested from earlier RNA hybridization (10, 11)
and immunochemical studies (12) using probes for conserved
sodium channel sequences.

Surprisingly, comparison of the overall structure of PN1 to
other known sodium channels indicates that it was likely the rat
homolog (=~90% amino acid identity) of two recently identi-
fied human and rabbit sodium channels termed NeuroEndo-
crine sodium channel (hNE-Na; ref. 32) and Schwann cell
sodium channel (Nas; ref. 33), respectively. The names of these
two sodium channel types were assigned based upon isolation
of their cDNAs from a neuroendocrine tumor cell line and
cultured Schwann cells, respectively. In contrast to the Nas
study, our concerted RNA hybridization and Western blot
analyses indicate that the rat PN1 gene expression is restricted
to neuronal populations within the PNS. A possible explana-
tion for the apparent different tissue distributions is the use of
RT-PCR in the Nas study, which is not a quantitative measure
of the level of expression. Additionally, the Nas cDNA was
cloned originally from cultured Schwann cells (33), and it is
possible that genes are expressed aberrantly when these cells
are placed in culture. Although the studies of both the human
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F1G.5. PNI1 expression is restricted to neuronal populations within
peripheral ganglia. (4) Dark-field photograph from a transverse
section through an E13.5 embryo showing PN1 transcripts in DRGs
(thick arrows) and sympathetic chain (thin arrow). (B) Bright-field
view from the inset in 4 showing the DRG (arrow) and spinal cord
(asterisk). (C) Coronal section through the head of a newborn mouse
showing PN1 expression in the trigeminal ganglia. (D) Bright-field
view from the inset in C showing PN1 transcripts with respect to the
neuronal and glial cell areas within the trigeminal ganglia. (E)
Dark-field photograph of an adult mouse DRG showing high levels of
PN1 transcripts (arrow). Note lack of PN1 transcripts in nerve root
(arrowheads). (F) Higher magnification (bright field) of an adult DRG
nerve root cut longitudinally. Note lack of PN1 transcripts in the
Schwann cells (arrows). (G) Higher magnification (bright field) of an
adult DRG showing PN1 expression in sensory neurons (asterisks) but
not in nonneuronal cells (arrows). (4, C, and E, X250; B and D, X450;
F and G, x800.)

homolog of PN1 and rat PN1 revealed expression in adrenal
gland, the former study did not examine for the presence of
transcripts in the PNS, where PN1 is expressed to much higher
levels. Thus, at this time, the most parsimonious explanation
of all of the data is that the PN1/hNE-Na/Nas « subunit genes
are expressed at the highest levels in PNS, and at much lower
levels in brain, spinal cord, Schwann cells, and other tissues.

At least two sodium currents with different sensitivities to
the sodium channel blocker TTX have been recorded from
sensory neurons (13-15). In vertebrates, the proportions of the
two currents correlate with the size of the neurons (14, 15), but
the TTX-resistant sodium current is a minor component
overall. The TTX-resistant sodium current is likely the result
of expression of the newly described PN3/SNS « subunit,
whose expression is restricted to small populations of sensory
neurons in dorsal root, trigeminal, and nodose ganglia (16, 17).
In contrast to the PN3/SNS sodium channel, the human
homolog of PN1 (hNE-Na) gives rise to a TTX-sensitive
sodium current when expressed in heterologous mammalian
cells (32). We suggest that rat PN1, like its human homolog, is
also TTX sensitive. In support of this idea, PN1 transcripts are

Proc. Natl. Acad. Sci. USA 94 (1997) 1531

Fi1G. 6. Preferential targeting of PN1 to growth cone processes.
Cultured E15 DRG neurons (4 and B) and NGF-treated PC12 cells
(C) were stained for PN1 epitopes using the PN1-specific antibody as
described. (4 and B, X250; C, X650.)

expressed to high levels in two neuronal areas where TTX-
resistant currents are not detected, superior cervical ganglion
and medium and large diameter neurons within the DRG.
Thus, these two distinct « subunit types (PN3/SNS and PN1/
hNE-Na/Nas) may underlie two of the distinct sodium currents
described previously in sensory neurons. It has been proposed
that the PN3/SNS sodium channel participates in nociception.
The presence of PN1 in the same ganglia as PN3/SNS, and the
fact that NGF induces both PN1 mRNA (11, 18) and hyper-
algesia (34-36), suggests the possibility that both sodium
channel types may be involved in nociception.

The results from this study, combined with the results from
two previous studies (11, 18), indicate that the PN1 sodium
channel gene is induced by NGF in PC12 cells, concomitant
with the appearance of membrane excitability. The previous
electrophysiological studies were not able to determine the
location of the sodium channels in the differentiated cells.



1532 Neurobiology: Toledo-Aral et al.

Because of the generation of a PN1-specific antibody, we were
now able to examine the subcellular distribution of PN1
protein in NGF-treated PC12 cells that had elaborated neuritic
processes. These studies revealed the presence of PN1 protein
in the neurite terminals. Furthermore, the distribution of PN1
o subunit in cultured DRG cells was similar to that observed
in the PC12 cells. To our knowledge, this is the first immu-
nocytochemical demonstration of the targeting of sodium
channels to the terminal region, although previous studies have
shown that different sodium channel types are targeted to
distinct parts of neuronal cell membranes (37-42). Some
staining of PN1 was detected in the cell bodies of both
NGF-treated PC12 cells and the cultured DRG neurons.
However, in this cellular compartment, very little PN1 protein
appeared to be in the plasma membrane. The association of
sodium channels with intracellular membranes has been noted
previously for sodium channels in neurons, and may reflect
pools of unassembled « subunits (42-46). Other ionic chan-
nels, including several potassium channels, are known to be
targeted preferentially to the axon terminals (47-51). Al-
though the mechanisms responsible for targeting of PN1 are
not known, the localization of PN1 in the terminals suggest that
this sodium channel is an additional important player in the
final shaping of action potentials in the PNS.
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