
The development of excitability in mammal motoneurons

is a complex progression of events (Xie & Ziskind-

Conhaim, 1995; Gao & Ziskind-Conhaim, 1998). In the

rat, motoneurons become excitable at embryonic day 14

(E14), immediately after they cluster in the ventral horn

(Ziskind-Conhaim, 1988). Afferent fibres coming from

the dorsal horn enter the grey matter at E17 and at the

same time, motor axons form initial contacts with muscle

fibres (Grinnell, 1995). During late embryonic and post-

natal development, motoneuron excitability increases (Gao

& Ziskind-Conhaim, 1998), and these changes partially

interfere with important phenomena such as apoptosis,

axon terminal branching and synapse elimination (Mynlieff

& Beam, 1992; Grinnell, 1995).

To better understand the molecular mechanisms involved

in the maturation of motoneuronal excitability, it is

necessary to identify the ion channels, and their constitutive

subunits, expressed at the different stages of differentiation.

The basis of spike generation in mammal and chick spinal

motoneurons is relatively constant during development.

Na+-dependent action potentials are predominant from

the onset of excitability (MacDermott & Westbrook, 1986;

Ziskind-Conhaim, 1988; McCobb et al. 1990) and the

activation of transient and sustained K+ currents is

observed during spike repolarization (Takahashi, 1990).

Calcium currents are also observed (McCobb et al. 1989),

but their participation in spike generation is not as crucial

as that described in Xenopus motoneurons (O’Dowd et al.
1988).

Some of the Na+ and K+ channels expressed in adult rat

spinal motoneurons have already been identified (Black et
al. 1994; Veh et al. 1995; Rudy et al. 1999; Schaller &

Caldwell, 2000). However, until now, no information has

been available concerning the subunits expressed at the

onset of excitability.

In the present study, we established a correlation between

the molecular nature of voltage-dependent Na+ and K+

channels expressed in rat motoneurons and their electro-

physiological characteristics in the period when excitability

appears. For this purpose, we used spinal motoneurons

isolated from rat embryos at E14. This well characterized

model (Henderson et al. 1994) has mainly been used to
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study the requirement for trophic factors in motoneuron

survival (Oppenheim, 1996; Henderson et al. 1998). We

have shown that TTX-sensitive Na+ currents are likely to

be the consequence of the expression of Nav1.2 and

Nav1.3 a-subunits. Nav1.1 and Nav1.6 a-subunits were

identified in spliced forms corresponding to truncated

proteins, while the auxiliary Nav b-2.1 subunit was

surprisingly absent. We identified Kv4.3 and Kv4.2a-subunits as the molecular determinants of the transient

K+ current. The nature of the proteins underlying the

sustained K+ currents was not fully characterized despite

evidence that Kv1.6 was partially involved.

METHODS 
Motoneuron cell culture
Rats were anaesthetized by 4 % halothane inhalation and killed
with an excess of CO2. This procedure was in agreement with the
French Ministry of Agriculture and the European Community
Council Directive no. 86/609/EEC. Rat spinal motoneurons were
purified from ventral cords of E14 embryos as described by
Henderson et al. (1994). Purified motoneurons were plated in
35 mm dishes (Nalge Nunc, USA) or on glass coverslips (CML,
Angers, France) coated with polyornithine-laminin (Sigma, St
Louis, MO, USA). The culture medium was a chemically defined
medium composed of neurobasal (Gibco-BRL) supplemented
with 2 % B27 (Gibco-BRL), 2 % horse serum, 2.5 w 10_5

M

2-mercaptoethanol and containing glial cell line-derived neuro-
trophic factor (100 pg ml_1) and ciliary neurotrophic factor
(1 ng ml_1) (Calbiochem, La Jolla, CA, USA).

Total RNA isolation
RNA extraction was performed on motoneurons grown in 35 mm
dishes at a density of 4000–6000 cells per dish. Motoneurons were
quantified in Petri dishes by direct counting under phase-contrast.
Cultured cells were subjected to RQ1 DNase (100 U ml_1)
digestion (for 40 min at 37 °C) in order to remove DNA attached
to nuclear debris. Total RNA was then extracted with 0.8 ml Tri
Reagent (Sigma) containing 60 mg ml_1 yeast tRNA (Roche,
Mannheim, Germany), according to the manufacturer’s
instructions. The RNA pellet was solubilized in 20 ml of diethyl
pyrocarbonate-treated water and DNase treatment was performed
for 1 h at 37 °C in 30 ml of 1 w reverse transcription buffer (Life
Technologies) containing 6 mM dithiothreitol, 1000 U ml_1

ribonuclease inhibitor (Rnasin, Promega, Madison, WI, USA)
and 70 U ml_1 RQ1 DNase (Promega). RQ1 DNase was then
heat-inactivated for 5 min at 75 °C and DNase-treated RNA was
divided into aliquots and stored at _80 °C until use.

Semi-quantitative RT-PCR
Reverse transcription was mainly performed as described by
Lambolez et al. (1992). In brief, RNA was denatured at 95 °C for
1 min and reverse transcription initiated as described (Lambolez
et al. 1992) with 1 ml of reverse transcriptase (Superscript II,
Life Technologies). Amplification of DNA was conventionally
performed by PCR using an MJ Research thermal cycler
(Wathman, MA, USA). Primers used in this study were obtained
from Genosys (Pampisford, UK).They were either designed with
appropriate software (Oligo software, Medprobe, Oslo, Norway)
or using information taken from the literature (Song et al. 1998).
The main characteristics of the primers used in the present study
are summarized in Tables 1 and 2. PCRs were routinely prepared
as described (Lambolez et al. 1992) using Taq polymerase (Ampli

Tag Gold, Perkin Elmer, Foster City, CA, USA). The reaction
mixture was usually divided into two 50 ml aliquots, which were
amplified for 34 and 39 cycles respectively, allowing control of the
linearity of the reaction. The thermal cycling programme included
an initial activation step at 95 °C for 15 min followed by
amplification cycles (94 °C for 45 s, 58 (or 63 °C) for 80 s and 68 °C
for 90 s).

Amplification products were analysed by electrophoresis on 2 %
agarose gels containing 5 mg ml_1 ethidium bromide. Photographs
of the gels were digitized and images processed using Molecular
Analyst software (Biorad, Hercules, CA, USA) for quantification
of the signal.

In order to achieve a reliable relative estimation of the abundance
of the different mRNAs initially present in motoneurons, we set
several criteria in the PCR procedure. We first determined the
limits of linearity of the amplification reaction by running PCRs in
different cycles with different dilutions of cDNA. Linear intensity
of the signal as a function of cDNA concentration was observed
between 34 and 36 cycles. Thereafter (as indicated above), PCRs
were limited to two series of cycles (34 and 39 cycles respectively).
After a 34 cycle series, amplification was included in the linearity
zone and thus used for semi-quantification. The second series
(39 cycles) allowed us to ensure that the plateau was reached.
Variation of amplification efficacy is inherent in the use of
different sets of primers for different cDNA targets. To circumvent
this problem we decided to simultaneously amplify a given
amount of rat genomic DNA which contains a constant amount of
target copies and use this as a standard. The amplification signal
from any couple of primers directed towards any cDNA target
could thus be compared to the corresponding amplification signal
of genomic DNA. This approach, which was only possible when
the two primers were present on the same exon, imposes drastic
controls to eliminate the effect of DNA contamination. PCR
reactions on DNase-treated motoneuron RNA which had not
been previously subjected to RT were thus systematically
performed.

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA
amplification was used to normalize RT-PCR obtained from
different origins.

Specificity of the RT-PCR was controlled after analysis of the size
of each amplification product before and after restriction analysis.
RT-PCR studies of each transcript were usually performed with
two different sets of primers.

Analysis of alternative splicing of Nav1.6 exon 18
Analysis of alternative splicing of the different a-subunit genes in
regions homologous to mouse SCN8A/exon 18 was conducted by
RT-PCR and subsequent cloning of the reaction products. We
designed a set of primers (Nacom, Table 1), chosen in highly
conserved regions on each side of exon 18 of SCN8A. The
sequence of these primers perfectly matched that of all four central
nervous system a-subunits. RT-PCR products were subcloned
into PGEM-T vector (Promega) and DNA sequencing was
performed on 24 clones.

A search for alternative splicing of the Nav1.1 transcript in a
homologous region was completed with specific primers
(Na1-ex18) located in Nav1.1 regions homologous to exons 17
and 19 SCN8A. Amplification products were purified by gel
electrophoresis, submitted to a new run of amplification and then
sequenced on both strands using either primer of the Na1-ex18
pair.
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Single cell RT-PCR analysis for Kv4.2 and Kv4.3 transcripts
Single cell RT-PCR analysis was conducted as described by
(Lambolez et al. 1992). In brief, after membrane rupture, cell
content was harvested under visual control in the recording
pipette containing 10 ml intracellular solution. Two successive
amplifications (25 and 35 cycles respectively) were performed as
described, except that Taq polymerase was from Qiagen,
Switzerland. The following multiplexed primers were used: for
Kv4.2, upstream primer caaatgccaatgtgtcaggaa (nucleotides
2173–2193) and downstream primer ttccatagtcagggctcccat
(nucleotides 2489–2469) of Shal1 cDNA (Gene Bank accession
number S64320); for Kv4.3, upstream primer ttggctccatcgctccctaa
(nucleotides 1206–1226) and downstream primer cttgcccatgtg-
ctcctcttc (nucleotides 1459–1439) of Shal-related K+ channel
cDNA (Gene Bank accession number U42975).

Immunofluorescence labelling
Motoneurons were prefixed by adding paraformaldehyde (PAF,
2 % final concentration) in the dish (2 min at room temperature)
and subsequently fixed for 30 min with 4 % PAF. After quenching
the excess aldehyde groups with 50 mM ammonium chloride, cells
were washed and permeabilized with 0.1 % Triton X-100 in 1 %
BSA containing PBS. Monoclonal antibodies anti-Kv1.1, Kv1.2,
Kv1.4 or Kv1.6 were from Upstate Biotechnology (Lake Placid,
NY, USA). Polyclonal antibody anti-Kv4.3 was kindly given by Dr
J. Nerbonne (Barry et al. 1995). All primary antibodies were used
at 10 mg ml_1 and incubated for 1 h at room temperature. After
washing, cells were treated for 1 h with 5 mg ml_1 of either
biotinylated goat anti-mouse or anti-rabbit second antibody
(Vector, Burligame, CA, USA). Biotinylated antibody was revealed
with fluorescein-avidin (Vector). Images were collected under a
confocal microscope (Leica, Heidelberg, Germany).

Monoclonal pan anti-sodium channel a-subunit antibody (clone
58/35, Sigma) was used at 10 mg ml_1 and revealed with anti-
mouse Alexa 546 antibody (1:800 dilution) (Molecular Probes).
Polyclonal anti-Nav1.2 (Upstate Biotechnology) and anti-Nav1.6
(Chemicon, Temecula, CA, USA) antibodies were respectively
used at 1:20 and 1:100 dilution and revealed with anti-rabbit
Alexa 488 (1:400 dilution) (Molecular Probes).

Whole-cell patch clamp recording
Motoneurons were studied using the conventional whole-cell
patch clamp technique. The bath solution contained (mM):
140 NaCl, 2 KCl, 0.8 MgCl2, 1.8 CaCl2, 0.4 Na2HPO4 and 10 Hepes,
pH 7.3. Drugs were added to the bath solution or applied under
pressure with a broken pipette placed close to the soma of the
recorded motoneuron. We are grateful to S. Diochot (CNRS,
UPR 411, Sophia-Antipolis, France) for the generous gift of
Phrixotoxin 2 (PaTX2). 

Experiments were carried out at room temperature (20–24 °C)
with a List EPC7-patch-amplifier. Patch clamp electrodes with
resistances of 3.5 to 5 MV were filled with (mM): 120 KCl, 10
NaCl, 2 MgCl2, 0.56 CaCl2, 1 EGTA and 10 Hepes, pH 7.4.
H. Chagneux (CNRS, Marseille, France) drew up the software
programs used for stimulation, data acquisition and analysis.
Current or voltage traces were low-pass filtered at 2 kHz and
digitized on a hard disk at 2–10 kHz. Capacity transient
compensation was routinely performed in the cell-attached mode
before patch membrane rupture. In the whole-cell voltage clamp
configuration, capacitive transients and leakage currents were
subtracted using a factorized hyperpolarizing pulse, without
additional transient or series resistance compensation. A junction
potential of 5 mV was subtracted from applied voltages.
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Table 1. Characteristics of primer pairs used in PCR of different sodium channel transcripts

Primer Primer Product Accession 
mRNA pair position Sequence length number

Nav1.1 Na1-1 6179 gatgtccactgcagcttgt 371 X03638
6549 tccctacagtctgcatag

Nav1.1 Na-ex 18 3983 gcgaaagacaatcaagaccat 331 X03638
4313 gcaaaccagaagcacattca

Nav1.2 Na2-1 6323 tgtatctgtgactccctcagg 315 X03639
6637 atggcaggtgtggcagtta

Nav1.3 Na3-1 6064 agggaaggattgacttgcc 295 Y00766
6358 tggacctctccttagagtcca

Nav1.6 Na6-1 6137 cagatctcctatcgcttggg 401 L39018
6537 agtcctcctcagcctgaaac

Nav1.6 Na 6N tttaatgggagcttctggga — L39018
4301 atgtagatgttgccctcgtag

Nav1.6 Na 6A 3912 acgatttgaagggatgagggt 294 L39018
4205 tgaaggttgccacttgaagaa

Nav1.1–1.6 Nacom ttcaccaatgcctggtg — —
gccgaagatgatgaaga

Nab1.1 GNB1-1 485 gtgtggtgtggaacggtagt 338 M91808
822 caggtattccgaggcattct

Nab1.1A GNB1-1A 487 agggacagatggaaagaagg 211 AF182949
698 ggaatacacccgtcagagg

Nab2.1 GNB2-1 355 ctctctgaactggacttacc 402 U37026
756 ttcaggtcatccgtgctcag

GAPDH GAPDH 591 accacagtccatgccatcac 452 X02231
1042 tccaccaccctgttgctgta

ChAT ChAT-P tggcttactacaggctttaccagagactg 338 Promega
ggacaaaccggttgctcatcagg (Ref. G5760)



RESULTS 
Characterization of Na+ channel subunits expressed
in cultured motoneurons
RT-PCR analysis of Na+ channels was restricted to Nav1.1,

Nav1.2, Nav1.3 and Nav1.6 and to the two auxiliary sub-

unit Navb1.1 and Navb2.1 mRNAs. As shown in Fig. 1A,B,

Nav1.3, and to a lesser extent Nav1.2, were the most

abundant a-subunit mRNAs, with a lower expression of

Nav1.1 and Nav1.6 (Fig. 1A). No significant changes were

observed between day 0 and day 7 of culture for these

transcripts (Fig. 1B). In contrast, the amount of choline

acetyl transferase (ChAT) amplification product increased

during this period (Fig. 1D).

Since alternative splicing of exon 18 in the mouse and

human SCN8A gene, generating a truncated protein, was

reported to occur during development (Plummer et al.

1997), we investigated whether this phenomenon took place

in cultured rat motoneurons. RT-PCR was performed

with primers (Nacom) located on either side of exon 18

(Table 1). The perfect sequence match between primers

and all four a-subunits enabled us to investigate possible

alternative splicing in other a-subunits in addition to that

described for Nav1.6 transcripts. After subcloning the RT-

PCR products, sequence analysis of 22 independent clones

confirmed the predominance of Nav1.3 and Nav1.2

transcripts, without any alternative splicing. This set of

primers did not allow us to identify any clones related to

the Nav1.1 isoform. However, we identified two Nav1.6

clones corresponding to the neonatal forms of exon 18 in

the mouse orthologue gene (Plummer et al. 1997). Sequence

analysis of these clones revealed a 100 % sequence identity

between the mouse and the rat. By this approach we found

only one clone matching the expected sequence of the
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Figure 1. RT-PCR analysis of sodium channel
transcripts in cultured motoneurons
A, cDNA obtained from four different motoneuron
cultures (1–4) at DIV 0 (0) or DIV 7 (7) was amplified
by PCR with primer pairs Na1-1, Na2-1, Na3-1 and
Na6-1 (specific for Nav1.1, Nav1.2, Nav1.3 and
Nav1.6, respectively) and with primer pair GAPDH.
Simultaneous amplification of gDNA was carried out.
Positive controls on cDNA from adult rat brain (Ad
brain) were also performed (equivalent to 1 ng total
RNA for a-subunits or 100 pg for GAPDH
amplification). PCR products after 34 (no asterisk) and
39 cycles (asterisk) of amplification are shown for each
cDNA and for gDNA. B, relative expression of different
Na+ channel a-subunits in cultured motoneurons.
Semi-quantification of the signal amplified from
motoneuron cDNA was achieved after normalization
to the corresponding signal amplified from genomic
DNA. Experimental conditions were the same as
illustrated in A. Measurements of the signal were
performed at 34 cycles (linear zone). Results are
expressed as mean + S.E.M. of normalized values
obtained from three (DIV 0, 4) or two (DIV 7, 5)
independent cultures. C, top: cDNA obtained from
cultured motoneurons at day 7 (MN 7) of culture
(corresponding to 25 cells) was amplified by PCR with
primer pairs GNB1-1 (specific for Navb1) and with
primer pair GAPDH. Simultaneous amplification of
cDNA from adult rat brain (adult brain) was
performed (2 and 0.25 ng of total RNA). Bottom: PCR
amplification of Nav b2.1 with GNB2.1 primer set.
cDNA from 10 motoneurons on day 0 (MN 0) or day 7
(MN 7) of culture are compared with cDNA from adult
brain (Ad, 50 pg). PCR products after 34 (no asterisk)
and 39 cycles (asterisk) of amplification are shown.
D, cDNA obtained from cultured motoneurons at
day 0 (MN 0) and day 7 (MN 7) of culture
(corresponding to 25 cells) was amplified by PCR with
primer pairs CHAT (specific for ChAT) and with
primer pair GAPDH. Simultaneous amplification of
genomic DNA (gDNA) was carried out.



adult form of Nav1.6 and identified two other clones

corresponding to a truncation of exon 18. We further

analysed the alternative splicing of exon 18 by RT-PCR,

using two different sets of primers (Na6N and Na6A)

(Table 1), specifically designed to amplify either the

neonatal or the adult isoforms of Nav1.6 respectively. In

each of these primer sets, the location of the upstream

primer within the exon 18 boundaries impedes the

visualization of the truncated transcript (D 18). As shown

in Fig. 2A, we confirmed the large predominance of the

neonatal form of exon 18 in motoneurons on day 0.

Expression of this neonatal form decreased after 7 days in

culture; meanwhile the adult transcript began to be

detected. On day 7 of culture, immunodetection of Nav1.6

isoform was negative (not shown). However, Nav1.6 was

clearly detected at the initial segment of the axon on day 12

of culture (Fig. 5F).

RT-PCR was performed with specific primers for Nav1.1

(Na1-ex18 primers) to amplify cultured motoneurons and

adult brain cDNAs (Fig. 2B). Gel electrophoresis revealed

two major bands. The lower band was predominant in

adult brain. The upper band was found mainly in cultured

motoneurons. After gel purification of these two bands

and direct sequencing of the resulting PCR products, the

lower band corresponded to the expected sequence of rat

Nav1.1, while the upper one contained a 61 base pair (bp)

insert at position 4254 of the rat Nav1.1 sequence (Gene

Bank accession number X03638). This insertion resulted

in a shift of the open reading frame and premature ending

of translation. The insert does not have the canonical

features of an intron.

Levels of Nav b1.1 mRNA in cultured motoneurons were

estimated to represent one-fifth of that of rat adult brain

(Fig. 1C). No major changes in Nav b1.1 transcript levels

could be detected between day 0 and day 7 of culture

(not shown). We also detected the presence of Navb1.1A

transcript, corresponding to an embryonic isoform

(Kazen-Gillespie et al. 2000) derived from Navb1.1 by

alternative splicing (result not shown). In contrast Navb2.1 mRNA was not detected (Fig. 1C).

In a previous report (Alessandri-Haber et al. 1999) we

found, using 125I-iodinated a-scorpion toxin, that Na+

channels were exclusively distributed in axons and absent

from soma and dendrites. This labelling may thus

correspond to the expression of the isoforms, Nav1.2 and

Nav1.3. Using a pan anti-sodium antibody we show that

the majority of motoneurons in culture (DIV 7) displayed
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Figure 2. Developmental regulation of alternative splicing of Nav1.6 and Nav1.1 transcripts
in regions homologous to exon 18 of the mouse SCN8A gene
A, Nav1.6 alternative splicing: PCR was performed in parallel on cDNA obtained from motoneurons
(50 cells) at 0 (MN 0) or 7 days (MN 7) of culture and on cDNA from 1 and 0.1 ng (100 pg) total RNA from
adult rat brain (adult brain). PCR was conducted with the Na6A primer pair specific for the adult form of
exon 18 (exon 18A) or with the Na6N primer pair specific for the neonatal form of exon 18 (exon 18N). PCR
were performed as indicated in Fig. 1 legend with 34 and 39 cycles (asterisk). B, Nav1.1 alternative splicing in
a region homologous to Nav1.1 exon 18: Comparative PCR (39 cycles) on cDNA from cultured
motoneurons at 0 and 7 days of culture (MN 0 and MN 7) and on adult rat brain cDNA (adult brain), using
primer pair Na-ex 18, clearly demonstrates a different amplification profile. The major band in adult brain
cDNA had the expected size (331 bp) according to the primer pair position on Nav1.1 sequence. Conversely,
PCR from motoneuron cDNA generated a preponderant band slightly above 400 bp.



a dense labelling for sodium channels at the initial segment

(identified with anti-ankyrin G antibody, not shown)

(Fig. 5D). A granular intracellular staining was also visible

and probably due to newly synthesized channels (Fig. 5D).

Nav1.2 antibody revealed the same typical labelling of the

initial segment (DIV 7) in 20 % of the cell population

(Fig. 5E). As formerly mentioned, Nav1.6 immuno-

reactivity appeared later (DIV 12, Fig. 5F).

Characterization of voltage-dependent K+ channel
subunits expressed in cultured motoneurons
RT-PCR analysis of the majority of Kv subunits was carried

out on cDNAs from cultured motoneurons using the

primer sets described in Table 2. Results are summarized

in Table 3.

Shaker-related subfamily. Kv1.1 and Kv1.2 transcripts
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Table 2. Characteristics of primer pairs used in potassium channel PCR

mRNA Primer Primer Sequence Product Accession 
pair position length number

Kv 1.1 11-2 254 gtgatgtcaggggagaatgc 603 X12589
856 gtgaatggtgcccgtgaagt

11-3 1573 ccgccgcagctcctctactatca 209
1781 caagggttttgtttgggggctttt

Kv 1.2 12-1 581 gacccagtggatgaggctgc 640 X16003
1220 cggtgaaggaggtggactgc

12-2 1816 ccgggagacagagggagagg 537
2352 ttgatatggtgtgggggctatga

Kv 1.3 13-3 2453 ccatagcaacccgtgtttc 280 X16001
2732 agacgacagtttcctttctga

13-4 782 gagctgctggtgcgattcttt 207
988 gagcttgaagatgcggaagac

Kv 1.4 14-1 2310 ctgggggacaagtcagagtatcta 434 X16002
2743 actctcctcgggaccacct

Kv 1.5 15-1 2415 tttgcaagactgggggttcc 251 M27158
2665 gtgggcttaaatactcggtggtgt

Kv 1.6 16-1 1836 agacggagcaggaggaacaa 370 X17621
2205 gaggagcgagcaacagtcta

16-2 1559 ctcgggctactcatcttcttc 201
1759 acacagtgagcccacaatctt

Kv 2.1 2.1-4 594 gatcatgttcatcgtcctgtc 250 X16476
844 gctcttgttggattctgtgag

2.1-5 229 gacgactacagccttgaggac 197
426 tcgttcatctgctccttcttt

Kv 2.2 2.2-4 550 aggtgtgcgatgactacaac 344 M77482
878 cggatgagttcggcttc

2.2-5 682 ttggccaagagcttgattac 322
987 ttgcccaaattcatcgtt

Kv 3.1 31-3 2063 aagctgccaaggacgtgc 277 M68880
2323 ccaccagaagccgatggg

31-5 788 ccccatcatctctcccctcct 233
1020 gccacccaccccaaccaacga

Kv 3.2 32-2 1058 ccatcctccccttctactta 274 M84202
1331 acagcccaccagaaaccaat

Kv 3.3 33-3 1316 tcatgcgggtcaccttctgc 511 M84211
1826 ggcatggcaatggtcagcac

Kv 3.4 34-1 1292 tggttcgcattgtgtgctgc 676 X62841
1967 tcactgtaggtgctgtcccg

Kv 4.1 41-1 1386 cggacaaatgctgtgcgttag 467 M64226
1852 taggggaggaaggttgactttcat

Kv 4.2 42-1 2165 ccgaatcccaaatgccaatgtg 265 S64320
2429 cctgacgatgtttcctcccgaata

42-3 2030 tgtggatgaacaagtctttga 524
2553 ttgcttggctgtcttaatatg

Kv 4.3 43-1 1389(1331) gcaagcgcaatggactcctcaa 217(274) U42975
1605(1604) gaagggcttctggtggatgggtag (AB003887)

43-2 165 agcggcaagatgagctaatc 180 U42975
344 tgagcacacaacggaacact

43-3 1206 ttggctccatctgctccctaa 254
1459 cttgcccatgtgctcctcttc



were not detected by RT-PCR (Fig. 3A) with primer sets

11-2 and 12-1 (Table 2), respectively. We designed two

other sets of primers in order to control these results

(primer sets 11-3 and 12-2 respectively specific for Kv1.1

and Kv1.2, Table 2). These second sets of primers were

apparently more efficient, since they allowed detection of

the corresponding transcripts in cultured motoneurons.

However, subsequent semi-quantification indicated that

both transcripts were barely expressed. Similarly, Kv1.4

and Kv1.5 transcript levels were low. Kv1.3 levels were

moderate while Kv1.6 transcripts were abundant (Fig. 3A
and Table 3). The high level of Kv1.6 transcript expression

was in good agreement with the immunodetection of the

corresponding protein in cultured motoneurons (Fig. 5A).

The labelling of Kv1.6 was intense and present in all

motoneuronal compartments, especially the plasma

membrane and axon, while that of Kv1.1, Kv1.2, Kv1.5

(not shown) remained at background level as illustrated

for Kv1.4 (Fig. 5B).

Shab-related subfamily. Kv2.1 transcripts were moderately

expressed while Kv2.2 transcripts were poorly expressed

(Table 3). Interestingly we could detect the expression of

Kv2.3r transcripts (Castellano et al. 1997) homologous to

the regulatory a-subunit Kv8.1 (Salinas et al. 1997), but

their levels were low (not shown).

Shaw-related subfamily. Kv3.1 (not shown) and Kv3.3

(Fig. 3A) mRNAs were moderately expressed. Kv3.2 and

Kv3.4 mRNAs were barely detected or not at all (Table 3).

Shal-related subfamily. Levels of Kv4.2 and particularly of

Kv4.3 transcripts (Fig. 3A and Table 3) were high suggesting

that the corresponding proteins may play an important

role in the establishment of electrical activity in cultured
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Figure 3. RT-PCR analysis of potassium channel
transcripts in cultured motoneurons
A, K+ channel a-subunits: RT-PCR was performed on
cDNA from cultured motoneurons (corresponding to
8 cells) on day 0 (0) or 7 (7), on an equivalent amount of
RNA (negative control) from the same cells and on 140 pg
of rat gDNA (used as a standard allowing relative
comparison of different transcripts in the same
experiment). Amplification was performed as described
in Fig. 1A legend (same amount of initial target and same
number of cycles; asterisk indicates the 39th cycle). The
transcripts corresponding to Kv1.1 (primer pair 11-2),
Kv1.2 (primer pair 12 1) were not detected in
motoneurons. A comparison of the intensity of cDNA
and gDNA products indicates that Kv1.6, Kv4.2 and
Kv4.3 are the most abundant transcripts. The weak signal
with Kv3.4 on day 7 was not reproduced in other
experiments in different cultures. B, K+

channel b-subunits: RT-PCR with specific primers for
GAPDH, Kv b1 and Kv b2 was performed on cDNA
prepared from 25 motoneurons from three different
cultures on day 7 (MN 7) (1 to 3) and on rat adult brain
cDNA (adult brain, 2 ng and 500 pg).



motoneurons. These results were confirmed with different

sets of primers (not shown). In particular, a set of primers

for Kv4.3 (Song et al. 1998) allowed us to visualize a

differential splicing of Kv4.3. The long form of Kv4.3 was

predominant in motoneurons. Sequence analysis of the

two forms was in agreement with previously published

sequences (Ohya et al. 1997). Kv4.1 expression was low

(Fig. 3A).

The possibility that both Kv4.2 and Kv4.3 transcripts could

exist in the same motoneuron was assessed by single-cell

RT-PCR (Fig. 4). Of five cells analysed by this technique,

four were positive for Kv4.2 and 5 for Kv4.3.

Immunolabelling with an antibody against Kv4.3 confirmed

that the protein was expressed. Granular immunolabelling

was visible in axons, soma and dendrites of motoneurons

(Fig. 5C). This pattern was very close to that reported by

Wu et al. (1998) in hippocampal cultured neurons, using

the same anti-Kv4.3 antibody.

Auxiliary subunits. Kvb1 and Kvb2 mRNAs were both

detected (Fig. 3B) but not Kva3 mRNA (not shown).

Comparisons of Kvb1 and Kvb2 amplifications (normalized

with GAPDH) were indicative of significant levels of Kvb1

and, to a lesser degree, of Kvb2 transcripts in cultured

motoneurons. No significant difference was observed

between day 0 and day 7 of culture for Kv subunits.

Transient K+ currents are generated by Kv4.2 and
Kv4.3 channel subunits
In a previous report, we identified a transient (A-type

current) and a sustained K+ current in cultured moto-

neurons (Alessandri-Haber et al. 1999). The A-type

current was isolated by subtracting the outward currents

obtained at a holding potential of _100 mV from currents

obtained at a holding potential of _60 mV (Fig. 6A). The

voltage-dependent activation had a half value at _20 ± 1 mV

with a Boltzmann factor of 23 ± 1 mV, and a threshold

at _70 mV. The steady-state voltage dependence of

inactivation was studied by applying a conditioning step

(1.4 s, _140 mV to _10 mV) before a test pulse to 20 mV.

Normalized peak current amplitude was fitted to a

Boltzmann function having a half-value at _101 ± 0.5 mV

and a slope factor of _12 ± 1 mV (Fig. 6A). The current

was fully inactivated at _30 mV. Inactivation was fitted to

a single exponential function. The time constant (t)

decreased slightly as a function of the voltage with a slope

of 0.27 ms mV_1 and a value of 16 ± 3 ms at 0 mV

(Fig. 6B). The time course of recovery from inactivation

was best fitted to two exponentials, a fast one with a time

constant (t1) of 28 ms and a slow one with a time constant

(t2) of 353 ms (Fig. 6C).

On the basis of these characteristics and of RT-PCR

analysis, the transient K+ current may either result from

the expression of Kv1.4 or Kv4 a-subunits, or from the

coexpression of the Kvb1 subunit with Kv1.3 or Kv1.5a-subunits (Heinemann et al. 1996). This latter hypothesis

can be eliminated since (i) heterologous coexpression of

Kv1.3 and Kvb1 subunits generates a K+ current that

inactivates much more slowly than the A-type current

present in motoneurons; (ii) coexpression of Kv1.5 and
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Table 3. Relative frequency of Kv channel mRNAs in
cultured motoneurons

Kv family Level of Kv family Level of
expression expression

Shaker-related Shaw-related
Kv1.1 + Kv3.1 ++
Kv1.2 ± Kv3.2 ±
Kv1.3 ++ Kv3.3 ++
Kv1.4 + Kv3.4 ±
Kv1.5 +
Kv1.6 +++

Shab-related Shal-related
Kv 2.1 ++ Kv4.1 +
Kv2.2 ± Kv4.2 +++

Kv4.3 +++

Semi-quantitative analysis of Kv mRNAs was achieved by
comparison of the signal intensity obtained after amplification of
motoneuron cDNA and DNAg for a given primer set. ± indicates
that cDNA is barely detectable, + corresponds to an equivalent of 5
copies of cDNA per cell, ++ to 10 copiesof cDNA per cell and +++
to more than 20 copies of cDNA per cell.

Figure 4. Detection of Kv4.2 and Kv4.3 transcripts in
single cultured motoneurons
Single cell RT-PCR was performed as described in Methods. The
same cells were analysed for Kv4.2 and Kv4.3 mRNA expression.
The first round of PCR was conducted with multiplexed primers
and the second round with specific primers for Kv4.3 (A) or
Kv4.2 (B). Out of 5 cells analysed (numbered 1 to 5), 4 were
positive for Kv4.2 (signal for cell 1 is faint) and 5 were positive for
Kv4.3.



Kvb1 subunits generates an A-type current that recovers

from inactivation much more slowly (time constant of

2.4 s) (Heinemann et al. 1996) than the motoneuron

current.

In contrast, the biophysical properties of Kv4 or Kv1.4

channels (Tseng-Crank et al. 1990; Serodio et al. 1994) are

very similar to those of the transient current in moto-

neurons. However, these two channels can be distinguished

on the basis of three criteria: (i) Kv1.4 and Kv4 channels

differ in their rates of recovery from inactivation, (ii) Kv4

channels but not Kv1.4 are blocked by phrixotoxins 1 and

2 (PaTX1/PaTX2, (Diochot et al. 1999) and by an arachidonic

acid derivative, 5,8,11,14-eicosatetraynoic acid (ETYA)

(Villarroel, 1993) and (iii) the voltage dependence of the

steady-state inactivation curve of Kv4.2 and Kv4.3 but not

that of Kv1.4 is shifted by cadmium (Wickenden et al. 1999).

Figure 7 illustrates the pharmacological properties of the

transient K+ current in motoneurons. This current was (i)

insensitive to 20 mM tetraethylammonium (TEA) which

reduced the sustained K+ current (Fig. 7A); (ii) strongly

reduced (80 %) by 1 mM 4-aminopyridine (4AP) (Fig. 7A)

which partly (18 %) inhibited the sustained K+ current

(not illustrated); (iii) completely blocked by 10 mM ETYA

(Fig. 7B) and strongly reduced (80 %) by 100 nM PaTX2

(Fig. 7D). Cadmium chloride (500 mM) induced a 31 mV

rightward shift in the steady state inactivation curve of

the A-type current (Fig. 7C). All these biophysical and

pharmacological properties strongly favour a dominant

role of Kv4.2/Kv4.3 channels in supporting the transient

K+ current in cultured motoneurons. Finally, to detect the

function of the A-type K+ current, we recorded single

spikes elicited from a resting membrane potential of

Onset of spinal motoneuron excitabilityJ. Physiol. 541.1 33

Figure 5. Immunocytochemical characterization
of Kv1.6, Kv1.4, Kv4.3 and a-subunit of sodium
channels in cultured motoneurons
A, different optical sections (from left to right and top to
bottom) obtained by confocal microscopy illustrate
strong labelling of the different neuronal compartments
with anti-Kv1.6 antibody. The bottom left image
corresponds to the maximal projection of the different
sections. B, anti-Kv1.4 faintly stains the intra-cellular
compartment. C, immunolabelling of motoneurons
with anti-Kv4.3 was granular and present in the
different compartments including the axon (maximal
projection from confocal microscopy). D, pan anti-
sodium channel a-subunit clearly stains the initial
segment of the axon (arrow) (DIV 7). E, anti-Nav1.2
labelling of axonal initial segment of a motoneuron at
DIV 7 (arrow). F, on DIV 12, motoneuron initial
segment is labelled by anti-Nav1.6 antibody.



_74 mV in control conditions and in the presence of

PaTX2 (100 nM). PaTX2 broadened and increased the

overshoot of a spike (Fig. 7E).

Concerning the sustained K+ current, in addition to the

data given in the previous report (Alessandri-Haber et al.
1999), current trace analysis revealed a half-activation of

the conductance at 0 ± 3 mV and a Boltzmann coefficient

of 8 ± 1 mV. The sustained Kv current did not inactivate

with a 1 s depolarizing test pulse and was blocked by TEA

(IC50 = 7 mM, not illustrated).

DISCUSSION 
Molecular determinants of fast-inactivating Na+

current
In pure cultured motoneurons from rat embryos (E14),

fast-inactivating Na+ currents were detected after 18 h in
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Figure 6. Activation and inactivation of the transient K+ current in cultured motoneurons
A, left traces: transient K+ currents obtained by subtracting the currents elicited by depolarizing pulses (_50
to 60 mV, in 10 mV step) from a holding potential of _60 mV from the currents elicited from _80 to 60 mV
(10 mV step) from a holding potential of _100 mV. Right traces: transient K+ currents evoked by a
depolarizing step to 20 mV following successive pre-pulses (1.4 s) from _120 to _10 mV. The test pulse
recorded after a conditioning pulse of _10 mV was subtracted from each current trace. Plots: plot of the
relative peak conductance (•, right) as a function of the step voltage, and relative peak current (0, left) as a
function of the conditioning potential. The continuous lines are Boltzmann functions. Each point is the
mean of n = 5–8 experiments and error bars indicate S.E.M. The bath solution contained 3 mM TTX. B, plot of
mean ± S.E.M. inactivation time constant (t) as a function of step voltage from _50 to 60 mV (n = 12). The
transient K+ currents were obtained using the procedure described in Fig. 6A. C, inset: the recovery from
inactivation was determined by increasing the length of the interpulse (to _100 mV) applied between two
depolarizing pulses. The conditioning and test pulses were elicited at 50 mV. The test pulse current recorded
with an inter-pulse of 1 ms was subtracted from each recording. Plot: plot of the peak of the test pulse as a
function of the inter-pulse duration. Data were fitted to the sum of two exponentials with time constants of
28 and 353 ms.



culture and Na+-dependent action potentials were generated

as soon as the second day in vitro (Alessandri-Haber et al.
1999). However, the corresponding molecular determinants

remained unknown. We show here that the Na+ current

mainly resulted from Nav1.2 and/or Nav1.3 expression

during the first week in culture. First, mRNAs coding for

these subunits displayed the highest levels of expression

among the different a-subunits capable of supporting

Na+ currents. In addition, Nav1.6 and Nav1.1 mRNAs

underwent alternative splicing leading to truncated proteins

as previously described in other species or tissues

(Plummer et al. 1997; Oh & Waxman, 1998). Indeed, in a
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Figure 7. Pharmacological characterization of the transient K+ current
A, upper traces: outward currents evoked by a series of depolarizing steps from _40 to 20 mV from a holding
potential of _100 mV. Currents were recorded in control conditions and after application of TEA (20 mM).
Lower traces: transient K+ currents (IA) resulting from the subtraction of currents evoked by various steps
from _40 to 20 mV from two holding potentials _100 and _60 mV. Currents were recorded in control
conditions and after application of 4 AP (1 mM). B, effects of ETYA on a global K+ current evoked by a step to
20 mV from a holding potential of _100 mV. C, plot of the normalized peak current as a function of the
conditioning voltage, in the presence of CdCl2 (500 mM) in the bath saline. Each point was the mean ± S.E.M.
of n = 4 experiments. The continuous curve was determined as in Fig. 6A and the inactivation curve of
Fig. 6A was also drawn. D, A-type current obtained from the subtraction of K+ currents evoked from two
holding potentials of _100 and _60 mV, in control conditions and after application of PaTX2 (100 nM).
E, single spike elicited by current stimulation from _74 mV. Application of PaTX2 (100 nM) increased
overshoot and spike duration.



previous investigation, we demonstrated that the initial

segment of axons could be labelled with 125I-iodinateda-scorpion toxin (Alessandri-Haber et al. 1999). This toxin

interacts with the conserved S3–S4 loop in domain IV of

Nav1.2 and Nav1.3 (Rogers et al. 1996). In this previous

study, we demonstrated that most of the Na+ currents were

restricted to the axon and that action potentials were

generated from the axon while K+ currents remained

somato-dendritic (Alessandri-Haber et al. 1999). Our

results are in agreement with previous in situ hybridization

studies (Black et al. 1994; Felts et al. 1997).

Sodium channel mRNA detection was performed at the

time of motoneuron purification (DIV 0) and 1 week after

culture maturation (DIV 7). We thus consider that

subunits detected on DIV 0 may reflect the in vivo mRNA

expression at E14. Adult motoneurons express high levels

of Nav1.6 mRNA (Schaller et al. 1995) and protein

(Krzemien et al. 2000). In addition, Nav1.6 is the main Na+

channel detected in the nodes of Ranvier of sciatic nerves

(Caldwell et al. 2000). Nav1.6 protein expression is strongly

enhanced during the first post-natal week (Schaller &

Caldwell, 2000) and is the major contributor to Na+

current increase in motoneurons during the postnatal

period (Garcia et al. 1998). Nav1.1 protein (Westenbroek

et al. 1989) and mRNA (Black et al. 1994) are also expressed

in adult motoneurons.

Two alternatively spliced exons, 18N and 18A of the

Nav1.6 channel (encoded by the SCN8A gene) have been

identified in mice and humans (Plummer et al. 1997).

This alternative splicing is developmentally regulated.

Exon 18N is expressed in fetal brain (as well as in some

non-neuronal tissues) and leads to a truncated channel

because of a conserved in-frame stop codon. This

phenomenon also exists in cultured motoneurons with a

perfect conservation of the sequence of exon 18N between

the rat and mouse. Nav1.6 transcripts were devoid of

exon 18 (D 18), which also results in premature ending of

the translated protein (Plummer et al. 1997). Despite

significant levels of Nav1.6 transcripts during the first

week in culture, alternative splicing of exon 18 may lead to

the absence of function or aberrant addressing and/or

accelerated degradation of the corresponding protein.

However, we showed by immunocytochemistry that the

Nav1.6 protein could be detected and correctly located to

the initial segment of the axon as motoneurons mature in
vitro (12 days of culture). This indicates that a pure culture

of motoneurons may reflect the in vivo situation, in which

Nav1.2 is progressively replaced by Nav1.6 (Boiko et al.
2001; Kaplan et al. 2001). However, the important role of

glia in this phenomenon could not be studied in our system.

We did not find alternatively spliced forms of Nav1.2 and

Nav1.3 in regions homologous to Nav1.6 exon 18, but we

identified Nav1.1 transcripts with an insertion of 61 bases

(located at base 4254 of SCN1A, access number X0363)

which interrupts the open reading frame. Alternative

splicing of Nav1.1 in domain III has been described in

astrocytes and neuroblastoma cells (Oh & Waxman, 1998).

Particular attention must be paid to the Navb2.1 auxiliary

subunit which is totally absent from our culture model

although it is present in adult motoneurons (Levy-

Mozziconacci et al. 1998). Thus in embryonic moto-

neurons, Nav b2.1 is not necessary to correctly target

functional Na+ channels to the initial segment of axons.

Indirect evidence from northern blotting are indicative of

the low levels of Navb2.1 transcripts in the spinal cord

especially during embryonic life (Isom et al. 1995), and it

has been shown that Nav1.2 channels are not associated

with Navb2.1 subunits during the first two postnatal

weeks in the rat brain (Gong et al. 1999).

We found that both Navb1.1 and Navb1.1A isoforms were

expressed in cultured motoneurons, but we could not

achieve semi-quantitative estimation of their expression

because of the localization of both primer pairs on different

exons. This prevents comparison with the amplification of

genomic DNA. However, the level of expression of Navb1.1

in cultured motoneurons is not negligible compared to

that of adult brain. In vivo, mRNA encoding the auxiliary

subunit Navb1.1 is detected on postnatal day 2 and

increases strongly thereafter in motoneurons (Sashihara et
al. 1995). The Navb1.1A isoform results from alternative

splicing of the SCN1B gene and is expressed early in

development, in particular in spinal motoneurons

(Kazen-Gillespie et al. 2000). The simultaneous presence

of both Navb1.1 isoforms may affect a-subunit activity in

cultured motoneurons.

The sustained K+ current is partly supported by
Kv1.6
Again, we did not observe any difference in the K+ mRNAs

detected at DIV 0 and DIV 7 and we conclude that the

subunits amplified might correspond to K+ channel

subunits expressed in rat embryos at E14. Previous studies

have shown that the heterologous expression of Kv1.6

induced a slowly inactivating current, sensitive to TEA

(IC50 = 7 mM), with a threshold for activation of _50 mV,

a half-voltage for conductance activation of around

_3 mV and a Boltzmann slope factor of 6 mV (Grupe et al.
1990; Swanson et al. 1990). These values are in good

agreement with the characteristics of the sustained K+

current measured in our cultures. In addition, the detection

of the messenger for Kv1.6 and intense immunolabelling

of the entire motoneuron using a specific antibody,

demonstrate that Kv1.6 is a component of the sustained K+

current in embryonic motoneurons. However, pharmaco-

logical experiments performed in a previous study

(Alessandri-Haber et al. 1999) showed that only part

(around 30 %) of this current was blocked with high

concentrations of a-DTX (200 nM), a blocker of Kv1.1,

Kv1.2 and Kv1.6 channels (Harvey, 1997).
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Results from RT-PCR, suggest a participation of Kv1.3,

Kv2.1, Kv3.1 and Kv3.3 in the sustained K+ current.

However, Kv1.3 and Kv3.3 currents inactivate within 1 s

(Vega-Saenz de Miera et al. 1992; Grissmer et al. 1994);

Kv1.3 current is activated at negative potentials (voltage

for half conductance activation = _26 mV) and is very

sensitive to kaliotoxin (Mourre et al. 1999). These data do

not correlate well with the absence of inactivation and the

low sensitivity to kaliotoxin (Alessandri-Haber et al. 1999).

The mRNA for Kv3.1, present in our culture at a moderate

level, has also been detected in adult rat motoneurons

(Perney et al. 1992; Weiser et al. 1994; Rudy et al. 1999).

The role of the Kv2.1 subunit remains to be determined.

Finally, the most important difference we observed in our

preparations compared with adult motoneurons is the

absence of Kv1.1 and Kv1.2. In the ventral horn of adult

spinal cord, Kv1.1 and Kv1.2 mRNAs have been detected

and the corresponding proteins are localized in the somata

of the largest neurons (Veh et al. 1995) and in paranodal

regions of all the myelinated fibres of the sciatic nerve

(Rasband & Shrager, 2000).

Kv4 subunits are major determinants of the
transient K+ current
Single-cell RT-PCR, Kv4.3 immunocytochemistry and

blockade of most of the transient K+ current by ETYA and

PaTX2 demonstrate that the transient K+ current results

from Kv4.3 and Kv4.2 expression in cultured motoneurons.

This observation is novel because: (i) this is the first

description of a molecular determinant of the transient K+

current in mammalian motoneurons, (ii) Kv4.2 and Kv4.3

are frequently expressed in the same motoneuron (in

contrast to the complementary expression pattern noted

in some brain areas; Serodio et al. 1996), (iii) the somato-

dendritic compartment contains Kv4.2/4.3 channels as

observed in other cell types (Sheng et al. 1992; Hoffman &

Johnston, 1998), but in motoneurons the axon is also

labelled and (iv) we demonstrate that channel activation

modulates spike duration and the time course of

repolarization. The transient K+ current in motoneurons is

blocked by ETYA, which suggests a possible modulation of

dendritic signals by metabolites of the arachidonic acid

pathway, as proposed for some central (Colbert & Pan,

1999) and peripheral (Villarroel, 1993) neurons.

The transient current supported by Kv4.2/4.3 may

participate in the long-term potentiation observed in

motoneurons (Arvanov et al. 2000) during the early post-

natal period, as has been proposed to occur in the dendites

of CA1 hippocampal neurons (Adams et al. 2000).

In conclusion, our results emphasize the fact that the

expression of different Kv channel subunits is regulated

during development of rat spinal motoneurons. They also

suggest that differential splicing of the Nav1.1 and Nav1.6

genes occurs between E14 and the adult stage and that

truncated proteins in the embryo are replaced by

functional proteins in adults.
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