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ABSTRACT Inactivating and noninactivating Na*t con-
ductances are known to generate, respectively, the rising phase
and the prolonged plateau phase of cerebellar Purkinje cell
(PC) action potentials. These conductances have different
voltage activation levels, suggesting the possibility that two
distinct types of ion channels are involved. Single Purkinje cell
reverse transcription—-PCR from guinea pig cerebellar slices
identified two Na* channel « subunit transcripts, the or-
thologs of RBI (rat brain I) and Nach6/Scn8a. The latter we
shall name CerlIl. Ir sifu hybridization histochemistry in rat
brain demonstrated broad CerllI expression at high levels in
many neuronal groups in the brain and spinal cord, with little
if any expression in white matter, or nerve tracts. RBII (rat
brain II), the most commonly studied recombinant Na*
channel « subunit is not expressed in PCs. As the absence of
Scn8a has been correlated with motor endplate disease (med),
in which transient sodium currents are spared, RBI appears
to be responsible for the transient sodium current in PC.
Conversely, jolting mice with a mutated Scn8a message dem-
onstrates PC abnormalities in rapid, simple spike generation,
linking CerllII to the persistent sodium current.

The electrical activity of excitable tissues is mediated by
voltage- and ligand-gated ion channels. Purkinje cells express
at least two different voltage-gated sodium conductances, one
responsible for the fast depolarization phase of the action
potential and the second for the prolonged plateau potentials
(1). This latter current activates at more negative potentials
(2). Noninactivating Na* conductances are also seen in other
neurons (3-6) and play an important role in neuronal oscil-
latory properties (7, 8).

Eleven different genes that encode subunits of voltage-gated
Na* channels have been identified in mammals (9-23). Of
these, eight are expressed in the nervous system (11, 22-25);
two of these are also expressed in heart and denervated
skeletal muscle (11, 14).

Biochemical studies have shown that voltage-gated sodium
channels are composed of a large (230 to 270 kDa) subunit and
several smaller subunits (26-28). The biophysical character-
istics of the Ina, supported by the large subunit is significantly
modulated by its associated subunits (28, 29) and its phos-
phorylation status (30-32).

To determine whether the transient and maintained Na*
conductances in PCs could be supported by different sodium
channels, the Na* channel « subunit transcripts expressed in
these cells were studied using single-cell reverse transcription—
PCR (RT-PCR). Part of these results have been presented in
abstract form (33).
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FiG. 1.

Expression of Na channel a subunits mRNAs in cerebel-
lum. (a) PCR amplification of sodium channels sequences in genomic
DNA and cerebellar rtRNA. Two percent agarose gel. Genomic DNA
(100 ng) or rtRNA (40 ng) was subjected to 40 cycles of PCR
amplification under standard PCR conditions. Lanes: A, no rtRNA or
DNA (negative control); B, cerebellar rtRNA; C, $174 Haelll Std.; D,
rat genomic DNA with the primers directed to sodium channels; E, rat
genomic DNA with primers that amplify a 740-bp product in genomic
DNA (positive control); F and G, similar to D and E but with genomic
DNA from mice. (b) Expression of sodium channels in rat cerebellar
mRNA. Northern blots of rat cerebellar poly(A) RNA (4 ug per lane)
were hybridized with probes specific to RbI (A), RbII (B), or CerlII
(C). The blots were exposed to Kodak XAR-5 film at —70°C with no
intensifying screens. The RNA sizes are from GIBCO/BRL RNA
markers. (¢) Single-cell RT-PCR. Samples obtained throughout the
recording electrodes from a single cell were amplified by PCR with
Na* channel-specific degenerate oligonucleotides. Seven microliters
of the amplification reaction were run in 2% agarose gel. Lanes: A, 50
ng of reverse-transcribed cerebellar RNA; B, chamber solution in
presence of reverse transcriptase (control 1); C, ¢174-Haelll molec-
ular weight Std.; D, non-reverse-transcribed RNA from a single PC
(control 2); E, reverse-transcribed RNA from a single Purkinje cell.

MATERIALS AND METHODS

Single-Cell RT-PCR. Single-cell RT-PCR was performed as
described by Lambolez et al. (34). All materials were freed of
RNase by heating at 160°C or soaking in 3% H,O, for 10 min.
Solutions were made in double-distilled water from GIBCO/
BRL.

The electrodes were filled with recording solution contain-
ing 120 mM CsCl, 3 mM MgCl,, and 5 mM EGTA and 10 mM
Hepes, pH 7.2. The reverse transcriptase master-mix solution
included 1.67 mM dNTP, 4.17 mM MgCl,, 4,000 units per ml
of Moloney Murine Leukemia Virus RNase H™ reverse tran-
scriptase, 6.25 uM random hexamer primer, 1,667 units per ml
of RNase inhibitor. The PCR master-mix solution included
26.7 mM KCI, 0.66 mM MgCl,, 1.7 uM of the sense and
antisense primers, and 5.33 mM Tris-HCI, pH 8.3. Tag poly-
merase enzyme mix included 24 mM KCl, 0.60 mM MgCl,, 500
units per ml Taq polymerase, and 4.8 mM TrissHCI, pH 8.3.

Abbreviations: PC, Purkinje cell; RT-PCR, reverse transcription—
PCR; RBI and II, rat brain I and II, respectively.

Data deposition: The sequences reported in this paper have been
deposited in the GenBank database [accession nos. AF003372 (GpbI)
and AF003373 (CerlII)].
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Fi1G. 2. Alignment of sodium channel sequences isolated from single cerebellar Purkinje cells by RT-PCR. Nucleotide and deduced amino acid
sequence of the sodium channel sequences isolated by single-cell PCR from guinea pig cerebellar Purkinje cell, compared with their rat ortologs.

A dash represents identical nucleotide or amino acid in that position.

Primer Design. Oligonucleotides matching the S6 region of
the third and fourth repeats flanking a stretch of 924 nucle-
otides of known sodium channel « subunits (12, 13, 15-19, 21,
35-39) were designed (40). The sense oligonucleotide ATT
GGT/C GTT/C ATT/C ATT/C/A GAT/C AAN TT is a
23-mer with a degeneracy of 144, and the antisense oligonu-
cleotide TC CAG GAT GAC/T NG/AC A/G/TAT G/ATA
CAT G/ATT, a 27-mer with a degeneracy of 192.

RNA Collection, Reverse Transcription, and PCR. RNA
from single guinea pig Purkinje cells was obtained using

recording microelectrodes filled with 8 ul of recording solu-
tion. The electrodes were emptied into 0.5-ml Ependorf tubes
and subjected to reverse transcription as follows: 12 ul of
reverse transcriptase master mix was added to the tube and 50
ul of oil was laid over, the tubes were incubated for 10 min at
20°C, followed by 15 min at 42°C and 5 min at 99°C, and then
cooled to 5°C for 5 min. PCR solution mix (75 ul) was added
to the cDNA, the mixture was heated for 5 min at 94°C, 5 ul
Taq solution was added, and 45 cycles of PCR were applied [1
min annealing at 48°C (except the first two annealing cycles
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Fic. 3. Expression of Rbl, RbIl, and Cerlll sodium channel
mRNA in cerebellum. X-ray film autoradiograms of coronal sections
A-C and their corresponding dark field images from emulsion auto-
radiograms D-F. A and D, B and E, and C and F hybridized to RBI,
RBII, and CerllI sodium channel probes, respectively.

that were at 45°C), 1 min extension at 72°C, and 1 min
denaturing at 94°C]. RT-PCR from cerebellar tissue was
performed in a similar way to the single-cell RT-PCR except
that 50 ng of total cerebellar RNA was used instead of the
Purkinje cell RNA. The bands obtained from the RT-PCR
were gel purified using Schleicher & Schuell NA45 DEAE-
paper, ligated into T-tailed Smal cut pBluescript (41), and
sequenced by the dideoxisequencing method (42) using Se-
quenase (United States Biochemical).

Probes for Northern Blot Analysis and in Situ Hybridiza-
tion. Probes were prepared by labeling cDNA fragments using
the random hexamer primer method (43) with 32P or 33S (for
Northern blots and in situ hybridization, respectively). The
following fragments were used: RBI, 638 bp from nucleotides
5952-6598 (17); RBII, 650 bp from nucleotides 5874-6524
(18); and CerlII (the first 523 nucleotides of the clone isolated
from the cerebellar RT-PCR).

Preparation of RNA and Northern Blot Analysis. Total
RNA from adult (150-175 g) Sprague-Dawley rat cerebellum
was prepared using the guanidinium-thyocianate method (44),
and poly(A) was selected with oligo(dT) cellulose columns as
previously described (45). The RNA was electrophoresed in
formaldehyde-denaturing gels and transferred to Hybond N
(Amersham) (45). The blots were hybridized with 1 X 10° cpm
TCA precipitable counts (0.5 to 1.0 ng of DNA/ml) of
32P-labeled probes per ml at 68°C in Stratagene Quick Hib for
2 h. After hybridization the blots were washed twice at room
temperature in 2X SSC with 0.1% SDS for 15 min, and then
washed for 30 min at 60°C in 0.1X SSC with 0.1% SDS. The
blot was exposed overnight at —70°C without intensifying
screens.

In Situ Hybridization. Rat brain sections were hybridized
with 33S-labeled probes as previously described by Stone et al.
(46). Briefly, the rats were deeply anesthetized with sodium
pentobarbital (Nembutal; 90 mg/kg, i.p.) and perfused tran-
scardially with normal saline containing 0.5% NaNO, and 10
units per ml of heparin followed by 400 ml of ice-cooled 0.1 M
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phosphate buffer (pH 7.2) containing 4% formaldehyde (pre-
pared from paraformaldehyde). The brains were removed, cut
in blocks, postfixed for 2—4 h in the 4% formaldehyde solution,
and placed in 30% sucrose overnight or until blocks settled.
Coronal or sagittal (30—40 um) freezing microtome sections
were collected in scintillation vials containing cold 2X SSC
made in diethyl-pyrocarbonate water. The sections were pre-
hybridized for 1-2 h at 48°C in a 53% formamide solution
(1.75% SSC/8.8% dextran sulfate/3.5X Denhardt’s solu-
tion/50 mM dithiothreitol/4.4 mM EDTA/44 mM Tris,
pH7.4/1.4 mg/ml sonicated denatured salmon sperm DNA).
After prehybridization, denatured labeled probe was added
and the sections hybridized for 17 h at 48°C. After hybridiza-
tion, the sections were washed twice with 2X SSC solution at
48°C followed by washing with SSC solutions of decreasing
concentration: 1X, 0.5X%, 0.25X, and 0.1X for 15 min at each
concentration. The sections were transferred into 0.1 M phos-
phate buffer, mounted on slides, and air dried. The slides were
exposed to Microvision-C (Dupont) film for 2-7 days and then
dipped in photographic emulsion (Kodak NTB-2) and stored
at 4°C (in the dark) for 6-21 days. After developing in Kodak
D-19, the slides were fixed, counterstained with cresyl violet,
and coverslipped with Permount (Fisher Scientific). The data
were analyzed by dark-field and bright-field microscopy with
an Olympus BH2 photomicroscope. Central nervous system
neuronal populations were identified using standard anatom-
ical references (47-49).

RESULTS

The PCR Target Sequence Is Not Contiguous in the Ge-
nome. The primers designed to identify sodium channel «
subunit transcripts did not amplify the expected products when
genomic DNA was used (Fig. 1a, lanes D and F), but were able
to amplify cerebellar rtRNA (Fig. 1a, lane B). The lack of
amplification from genomic DNA was not due to the quality
of the DNA because a fragment of 764 bp of exon III of Kv3
potassium channels was amplified (50). This suggests that the
sequence spanned by the primers is not contiguous in the
genome. In sodium channel « subunit genes with known
genomic organization, the sequence that is amplified from
mRNA transcripts is derived from four different exons (39,
51-53).

Three Different Sodium Channel a Subunits Are Expressed
in Cerebellum. Twenty-seven individual isolates from two
independent amplifications from cerebellar itRNA were se-
quenced. Three different sodium channel « subunits sequences
were found: Rat Brain I (RBI), Rat Brain II (RBII), and
CerIIl. Northern blot analysis of poly(A) cerebellar RNA
shows the typical bands for RBI (Fig. 1b, lane A) and RBII
(Fig. 1b, lane B), and a weak ~10-kb band and a strong band
of ~12 kb for CerlIlII (Fig. 1b, lane C).

Cerebellar Purkinje Cells Expressed Two Different Sodium
Channels. PCR-generated bands from rtRNA derived from
single PC (Fig. 1c, lane E) were subcloned, and individual
clones were sequenced. Two different sequences were found;
one was identified as the guinea pig ortholog of rat brain I
(98% identity) and the other one the guinea pig ortholog of
CerlIII (100% identity) (Fig. 2). In situ hybridization experi-
ments in rat brains showed that RBI and CerlII are expressed
in Purkinje cells (Fig. 3 D and F, respectively). RBI was also
expressed in deep cerebellar nuclei and weakly in the granular
cell layer (Fig. 3 4 and D). RBII, the most commonly studied
isoform in heterologous expression systems, was expressed
strongly in the granular cell layer but has no detectable
expression on cerebellar Purkinje cells (Fig. 3 B and E). CerIII
was strongly expressed in granule and Purkinje cells and was
strongly expressed in the molecular cell layer. The signal in
cerebellar white matter was similar to background. Deep



7062 Physiology: Vega-Saenz de Miera et al.

A cc CA3 CA2 CAl DG

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

F1G. 4. Expression of CerlII mRNA in the central nervous system. Autoradiograph of sagittal (4) and coronal sections at different levels (B—K)
of rat central nervous system hybridized with rat CerlII probe. 3, oculomotor nucleus; 3V, third ventricle; 7, facial nucleus; 12 and 12n, hypoglossal
nucleus and nerve, respectively; aca, anterior comisure anterior; aci, anterior comisure interstitial; AOD, anterior olfactory dorsal nucleus; AOL,
anterior olfactory lateral nucleus; AOM, anterior olfactory medial nucleus; AOV, anterior olfactory ventral nucleus; APT, anterior pretectal
nucleus; Aq, aqueduct; BLA, anterior basolateral amygdaloid nucleus; BLP, posterior basolateral amygdaloid nucleus; CA1 to CA3, areas of
Ammon’s horn; cc, corpus callosum; CPu, caudate putamen; Cu, cuneatus nucleus; Cx, cortex; DC, dorsal cochlear nucleus; DG, dentate gyrus;
DpMe, deep mesencephalic nucleus; DTg, dorsal tegmental nucleus; EP, entopeduncular nucleus; Gr, cerebellar granular cell layer; Gr, gracilis
nucleus; GrC, cerebellar granule cell layer; IC, inferior colliculus; IMLF, interstitial nucleus of the medial longitudinal fasciculus; IntA, anterior
interposed nucleus; IntP, posterior interposed nucleus; 10, inferior olive; IP, interpeduncular nucleus; IPC, caudal interpeduncular nucleus; IPI,
intermediate interpeduncular nucleus; Lat, lateral cerebellar nucleus (dentate nucleus); LPBI, internal part of the lateral parabrachial nucleus; LRT,
lateral reticulate nucleus; LV, lateral ventricle; LVe, lateral vestibular nucleus; Med, medial cerebellar nucleus; MeD, dorsal medial cerebellar
nucleus; MedDL, dorsolateral subdivision of the medial cerebellar nucleus; MGV, medial geniculate body; MHb, medial habenular nucleus; Mol,
cerebellar molecular cell layer; MVe, medial vestibular nucleus; OBgl, olfactori bulb glomerular cell layer; OBgr, olfactori bulb granular cell layer;
OBmi, olfactori bulb mitral cell layer; P, cerebellar Purkinje cell layer; Pir, piriform cortex; PN, pontine nucleus; PnO, pontine reticular nucleus,
oral; RSA, agranular retrosplenial cortex; RSG, granular retrosplenial cortex; Rt, reticular thalamic nucleus; SC, superior colliculus; SHI,
septohippocampal nucleus; SNR, substantia nigra reticulata; SpVe, spinal vestibular nucleus; SuVe, superior vestibular nucleus; T, thalamus; TT,
tenia tecta; Tz, nucleus of the trapezoid body; VL, ventrolateral nucleus; VM, ventromedial nucleus; VMH, ventromedial hypotalamic nucleus;

VPL, ventroposterior lateral nucleus; VPM, ventroposterior medial nucleus; wt, white matter.

cerebellar nuclear cells were also strongly labeled (Fig. 3 C and
F).
Cerlll Is Broadly Expressed in the Central Nervous System.
In situ hybridization experiments showed that CerlIIl mRNA
was abundant in many neuronal populations of the central
nervous system. In the olfactory bulb, signal was found over the
glomerular and mitral cell layers, and moderate expression was
seen in granular cells. Higher levels of expression were found
in anterior, dorsal, lateral (Fig. 44), and ventral olfactory
nuclei (Fig. 4B). In cerebral cortex strong expression was
observed displaying a lamellar distribution (Fig. 4 A-G). The
mRNA was more abundantly expressed in the retrosplenial
(Fig. 4 D-F) and piriform (Fig. 4 A-D) cortex. In these cortical
areas the message was highly expressed in layer II (Fig. 54 and
C). In the parietal cortex strong labeling was seen in the large
neurons of layer V (Fig. 5B). In the hippocampus high levels
of expression were observed in CA1-CA3 pyramidal cells (Fig.
4 A and D-F and Fig. 5D), in the granule cells, and in some
interneurons of the polymorphic layer of the dentate gyrus
(Fig. 4 A and D-G and Fig. 5D). High levels of expression were

also found in the septo-hippocampal nucleus, while moderate
levels of expression were observed in the caudate-putamen
(Fig. 4 A and C), hypothalamic nuclei, and the reticular
thalamus. Stronger signals were found in the medial habenular
nucleus and in several thalamic nuclei (VPM, VPL, VL, and
VM; Fig. 4D). The CerIll mRNA was also found in the
entopeduncular nucleus and in the amygdala. In the latter
structure the level of expression was higher in the BLA and
BLP nuclei (Fig. 4D). Several midbrain structures also ex-
pressed high levels of CerIlll mRNA, such as the inferior
colliculus, medial geniculate body, anterior pretectal nucleus,
the nucleus of the medial longitudinal fasciculus (Fig. 4E),
deep mesencephalic nucleus (Fig. 4F), interpeduncular nu-
cleus, and oculomotor nucleus (Fig. 4G). Fewer high levels of
expression were observed in the superior colliculus and in
substantia nigra reticulata (Fig. 4F). Medium levels of expres-
sion were found in the caudal interpeduncular nucleus and the
intermediate interpeduncular nucleus (Fig. 4G). The mRNA
was highly expressed in the medulla pons region with strong
expression in the internal part of the lateral parabrachial
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Fi1G. 5. Dark field images of selected brain areas hybridized with
Cerlll probe. (4) Retrosplenial granular cortex; (B) cortex; (C)
piriform cortex; (D) hippocampus; (E) deep cerebellar nuclei; (F)
inferior olive; (G and H) dark field and bright field of the lateral
cerebellar nucleus. See Fig. 4 for abbreviations. Scale bar = 0.6 mm
for A-F and 0.15 mm for G and H.

nucleus, and in the trapezoid nucleus, dorsal tegmental nucleus
(Fig. 4H), pontine nuclei (Fig. 4G), oral part of the pontine
reticular nucleus (Fig. 4H), and vestibular nuclei. High levels
of expression were also found in all the deep cerebellar nuclei
(Figs. 41 and 5E). In these nuclei the mRNA was highly
expressed by the large neurons (Fig. 5 G and H). High levels
of expression were also found in cuneate, gracilis, hypoglossal,
facial, and spinal trigeminal nuclei (Fig. 4/), and in the inferior
olive (Figs. 4/ and 5F). In the spinal cord the mRNA was
abundantly expressed in gray matter. Background signals were
found over the corpus callosus (Figs. 4 A, C, and D, and 54),
cerebellar white matter (Fig. 3 C and F), anterior comisure
(Fig. 4 A-D), and nerve tracts such as the facial (not shown)
and hypoglossal nerve bundles (Fig. 5F).

DISCUSSION

mRNA transcripts for three sodium channel a subunits were
found by RT-PCR of cerebellum, Rbl, RbII, and CerIIl. Of
this, only RbI and CerlIlI were expressed in adult Purkinje cells
based on single-cell RT-PCR (Figs. 1, 3, and 4) and in situ
hybridization histochemistry (Fig. 3). We also show that CerIII
is mostly a neuronal channel, highly expressed in the brain and
spinal cord.

Electrophysiologically, Purkinje cells demonstrate two dif-
ferent sodium conductances, a fast-inactivating and a nonin-
activating or persistent conductance (1). These have similar
single-channel conductance but differ in their voltage-
dependence, with the persistent sodium channel activating at
potentials negative to those required for the activation of the
transient sodium currents (2). Several hypotheses have been
proposed to account for the persistent sodium currents: (i) It
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represents a window current from the traditional Na conduc-
tance (54). However, the theoretical curve does not corre-
spond to the experimental findings (54). (i) It results from a
sodium channel with multiple gating states, where the switch-
ing between gating states is voltage-dependent (55). (i) It is
supported by a Na* channel different from that responsible for
the transient conductance.

The results presented here, together with recent observa-
tions from mutant mice, support the latter hypothesis. Thus, it
was found that an insertion in the gene encoding Scn8a
produces a med phenotype (56). This finding has been con-
firmed by demonstrating that med’ and med result in prema-
ture termination of the coding sequence of Scn8a, producing
nonfunctional Scn8a channels (57). Electrophysiological stud-
ies of med mice show that their Purkinje cells generate
abnormally low simple-spike frequency without altering axonal
conduction velocity (58). These findings indicate that med
Purkinje cells express functional transient sodium channels
and, therefore, that RBI encodes such channels.

In contrast to the “jolting” mutant, an allele of med has a
defect in Scn8a that causes a positive shift in the voltage
dependence of these channels (59). Interestingly, in this mu-
tant, PC fail to generate simple spike trains (58, 60), as would
be expected if the persistent sodium conductance functions as
a graded spike-boosting system (1). Taken together, the data
presented here suggest that RBI mediates the fast, transient
conductance and Cerlll, the persistent Na current in cerebel-
lar Purkinje cells. However, as neither the RBI nor CerlII
subunits have been expressed in heterologous expression
systems, the above conclusion must remain tentative. (Such
studies will determine whether the special properties of the
maintained Na conductance depend on the structure of the
large subunit itself or on interactions with B subunits or
specific postranslational modifications.)
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