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Abstract
Nav1.5 is the principal voltage-gated sodium channel expressed in heart, and is also expressed at
lower abundance in embryonic dorsal root ganglia (DRG) with little or no expression reported
postnatally. We report here the expression of Nav1.5 mRNA isoforms in adult mouse and rat
DRG. The major isoform of mouse DRG is Nav1.5a, which encodes a protein with an IDII/III
cytoplasmic loop reduced by 53 amino acids. Western blot analysis of adult mouse DRG
membrane proteins confirmed the expression of Nav1.5 protein. The Na+ current produced by the
Nav1.5a isoform has a voltage-dependent inactivation significantly shifted to more negative
potentials (by ~5 mV) compared to the full-length Nav1.5 when expressed in the DRG
neuroblastoma cell line ND7/23. These results imply that the alternatively spliced exon 18 of
Nav1.5 plays a role in channel inactivation and that Nav1.5a is likely to make a significant
contribution to adult DRG neuronal function.

Introduction
Mammalian voltage-gated sodium channels are critical determinants of electrical excitability
in sensory neurons, underlie action potential generation and play a major role in nociception
by controlling afferent impulse discharge (Devor, 2006; Lai et al., 2004; Wood et al., 2004).
Nine sodium channel pore-forming α-subunits have been cloned, designated Nav1.1-Nav1.9,
each of which contain four internally homologous transmembrane domains (I-IV) connected
by the three interdomain cytoplasmic loops IDI/II, IDII/III and the smaller IDIII/IV. The α-
subunits can be classified into two pharmacologically distinct groups on the basis of their
sensitivity to the specific inhibitor tetrodotoxin (TTX): the TTX-resistant (TTX-R) channels
Nav1.5, Nav1.8 and Nav1.9 are blocked by concentrations of TTX at least 200-fold greater
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than those that block TTX-sensitive (TTX-S) channels (Plummer and Meisler, 1999; Yu and
Catterall, 2003). Each of the TTX-R channels have different electrophysiological properties:
Nav1.5 produces a Na+ current with fast activation and inactivation (Renganathan et al.,
2002), Nav1.8 produces a slowly activating and inactivating Na+ current (Akopian et al.,
1999) and Nav1.9 produces a persistent Na+ current (Renganathan et al., 2002).

Expression of Nav1.8 is restricted to small-diameter sensory neurons in DRG, trigeminal
ganglia and nodose ganglia (Akopian et al., 1996; Sangameswaran et al., 1996), whilst
Nav1.9 is preferentially expressed in small-diameter DRG and trigeminal ganglia neurons
(Dib-Hajj et al., 1998; Tate et al., 1998). Nav1.5 is the predominant cardiac subtype
(Plummer and Meisler, 1999), with much lower levels also being expressed in brain,
intestinal smooth muscle and embryonic skeletal muscle (Donahue et al., 2000; Gersdorff
Korsgaard et al., 2001; Hartmann et al., 1999; Kallen et al., 1990; Ou et al., 2002). Two
groups failed to demonstrate Nav1.5 mRNA expression in adult DRG (Akopian et al., 1999;
Renganathan et al., 2002), though in vitro patch-clamp studies have detected a subset of rat
small- and medium-diameter DRG neurons that have TTX-R voltage-gated Na+ currents
with the properties of Nav1.5 (Renganathan et al., 2002; Rush et al., 1998; Scholz et al.,
1998).

In addition to the full-length Nav1.5 cDNA sequence (Gellens et al., 1992; Rogart et al.,
1989; Zimmer et al., 2002), a Nav1.5a/H1-2/hNbR1-2 (hereafter Nav1.5a) isoform with an
in-frame deletion of exon 18 has been described in mouse, rat and a human neuroblastoma
cell line, that encodes a protein with an IDII/III cytoplasmic loop reduced by 53 amino acids
(Gersdorff Korsgaard et al., 2001; Ou et al., 2005; Zimmer et al., 2002). Other splice
variants of Nav1.5 include a non-functional Nav1.5b (H1-3) isoform, with an in-frame
deletion of exons 17 and 18 that removes 201 amino acids from the IDII/III cytoplasmic
loop (Wang et al., 1996; Zimmer et al., 2002), and Nav1.5c with the introduction of a CAG
trinucleotide into exon 18 that encodes an additional glutamine residue (Kerr et al., 2004).
Studies of functional differences between the exon 18-deleted Nav1.5a and full-length
Nav1.5 isoforms have produced apparently contradictory results. No differences between the
mouse Nav1.5a and Nav1.5 channels were detected when expressed in the human embryonic
kidney 293 (HEK293) cell line (Zimmer et al., 2002), whereas in the same cell line human
Nav1.5a (hNbR1–2) showed differences in voltage dependence of activation and inactivation
from a human full-length Nav1.5 isoform (hNbR1) (Ou et al., 2005). Potential differences
when expressed in neuronal cells were not assessed.

In this study, we investigated the expression of Nav1.5 mRNA isoforms in the intact adult
DRG and after axotomy, identifying Nav1.5a rather than the full-length Nav1.5 channel as
the major isoform of adult mouse DRG, and demonstrate functional differences between the
two isoforms when expressed in the DRG neuroblastoma cell line ND7/23 (previously
validated as a suitable heterologous expression system for other tetrodotoxin-resistant
sodium channels).

Results
Nav1.5 mRNA isoforms are expressed in adult mouse and rat DRG

Using reverse transcription PCR (RT-PCR), we show expression of Nav1.5 mRNA in adult
mouse DRG for the first time (Fig. 1A). Although we have previously detected Nav1.5
mRNA in neonatal mouse DRG (Kerr et al., 2004), to the best of our knowledge, this is the
first demonstration of its expression in the adult DRG of any species. The more abundant
product of 358 basepairs (bp) was cloned and identified as the Nav1.5a isoform, which has
an in-frame deletion of exon 18 (Gersdorff Korsgaard et al., 2001; Wang et al., 1996;
Zimmer et al., 2002). The larger and much rarer product is of the expected size of 517/520
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bp for the Nav1.5 (CAG-skipped) full-length isoform unresolved from the alternatively
spliced Nav1.5c (CAG-inclusive) isoform (Kerr et al., 2004; Zimmer et al., 2002), with
cloning and DNA sequencing identifying 18 cDNA clones as the Nav1.5 isoform and 2 as
the Nav1.5c isoform. Therefore, in adult mouse DRG the apparent relative expression of
isoforms is: Nav1.5a (Δ exon 18) ≫ Nav1.5 (CAG-skipped)>Nav1.5c (CAG-inclusive).

Nav1.5 cDNA was also cloned from adult rat DRG, with DNA sequencing identifying 46
clones as being the Nav1.5 isoform and 2 clones as the Nav1.5c isoform. Unlike mouse, the
level of expression of Nav1.5a (Δ exon 18) was similar to Nav1.5/Nav1.5c (Fig. 1B), such
that the apparent relative expression of isoforms in adult rat DRG is
Nav1.5a≈Nav1.5>Nav1.5c. We have previously reported expression of Nav1.5/Nav1.5c
mRNA in adult rat trigeminal ganglia (Kerr et al., 2004), but as the primer set used in those
experiments could not amplify the Nav1.5a isoform, we also demonstrate here that the
relative expression of Nav1.5/Nav1.5c to Nav1.5a in the rat trigeminal ganglia is similar to
that in DRG (Fig. 1B). In contrast, adult cardiac expression of Nav1.5/Nav1.5c markedly
exceeded Nav1.5a, as previously reported (Gersdorff Korsgaard et al., 2001).

The effect of axotomy on Nav1.5 and Nav1.8 mRNA expression in adult mice
In rats, peripheral nerve transection (axotomy) is known to result in a decrease in Nav1.8
mRNA levels in small-diameter lumbar DRG neurons (Dib-Hajj et al., 1996; Okuse et al.,
1997). We therefore optimized real-time quantitative RT-PCR assays for mouse Nav1.5a,
Nav1.5/Nav1.5c and Nav1.8/Nav1.8c mRNAs in order to assess the effects of peripheral
axotomy on DRG expression of these channels. The specificity of each assay was
demonstrated by testing against Nav1.5a, Nav1.5, Nav1.8 and Nav1.9 cDNA plasmids (data
not shown). Expression levels were normalized to GAPDH mRNA, which has previously
been shown to be unchanged following sciatic nerve lesion (Macdonald et al., 2001), and the
suitability of GAPDH as a control was confirmed in the present study by the mean threshold
cycle values (Ct) not being altered 1 week after axotomy (P=0.16824). Seven days after
peripheral axotomy, the expression of Nav1.5a mRNA decreased by 48.1%, Nav1.5/Nav1.5c
mRNA decreased by 46.4% and Nav1.8/Nav1.8c mRNA also decreased by 46.4% in mouse
lumbar L4 and L5 DRG (Fig. 2).

Expression of Nav1.5 protein in adult DRG
To address the potential expression of Nav1.5 protein in adult DRG, Western blots of
detergent-solubilized membrane preparations from adult mouse lumbar DRG and heart were
probed with an anti-Nav1.5 antibody that has previously been used to detect Nav1.5 protein
in rat cardiac myocytes (Dhar et al., 2001). A single major band of >250 kDa was detected
in both DRG and heart, with expression in DRG being much lower (Fig. 3; note 8-fold more
DRG membrane protein used). This size was a little larger than previous reports from
cardiac tissue (Cohen and Levitt, 1993; Dhar et al., 2001; Mohler et al., 2004), and the
specificity of the band was confirmed by the absence of signal detected in heart membrane
proteins when the antibody was pre-adsorbed to immunizing peptide (data not shown). The
predicted difference in size between Nav1.5 and Nav1.5a isoforms of only 5.7 kDa (Wu et
al., 2003) would not be expected to be detected under the conditions used.

Electrophysiological properties of Nav1.5 and Nav1.5a in DRG neuroblastoma cells
Although we have found Nav1.5a mRNA to be the major isoform expressed in mouse DRG,
it is not known whether there are functional differences between the currents produced by
this isoform and the full-length Nav1.5 isoform when expressed in neuronal cells. Therefore
we made use of the ND7/23 DRG neuroblastoma cell line, which is known to produce
endogenous TTX-S but not TTX-R Na+ currents, and has been used successfully to express
Nav1.8 channels (Choi et al., 2004; John et al., 2004; Zhou et al., 2003). We found that in
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untransfected ND7/23 cells, the endogenous TTX-S INa was blocked completely by 30 nM
TTX (INa at −12 mV: 12.13±1.8 pA/pF, TTX 0±0 pA/pF, n=7, P<0.001). The IC50 for TTX
blockade of the endogenous Na+ current was between 1 and 3 nM, consistent with a
previous report (Zhou et al., 2003).

ND7/23 cells were transiently transfected with Nav1.5 or Nav1.5a cDNA, using a vector that
co-expresses EGFP, and whole-cell voltage-clamp recordings were made from the
fluorescent, transfected cells. Endogenous Na+ current was blocked by 30 nM TTX added to
the bath solution, a concentration that will have had negligible effect on Nav1.5 channel
currents (Ou et al., 2005; Zimmer et al., 2002), and a low extracellular Na+ concentration
(20 mM) was used in order to reduce the amplitude of Na+ currents (INa) and thereby to
improve the control of voltage (Zimmer et al., 2002). Depolarizations positive to −72 mV
elicited rapidly activating and inactivating currents in both Nav1.5- and Nav1.5a-transfected
cells (Figs. 4A, B). Following correction of the current–voltage relation for the voltage-drop
across the series resistance between the pipette electrode and the cell interior using Eq. (1)
(Fig. 4B), there was no difference between the two isoforms in the half-maximal voltage of
activation of the currents (Fig. 4C), although the slope factor of activation of the Nav1.5a
currents was slightly greater than that of the full-length isoform, reflecting a less steep
voltage-dependence of activation (Fig. 4D).

The current traces provided evidence of marked differences in both voltage- and time-
dependent inactivation of the currents. The time course of current inactivation was fitted
with a single decaying exponential (e.g. Fig. 4A), the time constant of which was voltage-
dependent (Fig. 5A). At moderately depolarizing command potentials (i.e. −52 mV to −42
mV), currents through the exon 18-deleted Nav1.5a isoform showed faster inactivation than
currents through the full-length Nav1.5 channel (Fig. 5A). There were no differences
between the isoforms in the rate of recovery from inactivation (Fig. 5B), whereas the steady-
state inactivation of Nav1.5a was shifted negatively by ~5 mV in comparison to the full-
length isoform (Fig. 5D).

Due to the overlap between the voltage-dependence of steady-state activation and
inactivation, a so-called ‘window current’ (Herzog et al., 2001) would occur at membrane
potentials from −80 mV to −40 mV (Fig. 6). The shift in the voltage-dependence of
inactivation together with the lower slope of activation of Nav1.5a compared to the full-
length isoform results in a shift of the membrane potential of peak window current from
−62.7 mV (Nav1.5) to −66.4 mV (see inset, Fig. 6).

Discussion
In this study, the expression of Nav1.5 mRNA in adult mouse and rat DRG was detected by
RT-PCR and confirmed by DNA sequencing, with Nav1.5 protein expression being detected
by Western blot analysis. A previous study that did not detect Nav1.5 mRNA in adult mouse
DRG may have been limited by the sensitivity of the RT-PCR, as rat sequence primers were
used because the mouse cDNA had not been cloned at that time (Akopian et al., 1999) (four
nucleotide differences in forward primer). Another study of Nav1.5 mRNA expression using
a combined RT-PCR and restriction enzyme polymorphism assay in embryonic and neonatal
rat DRG suggested that Nav1.5 levels decrease during development from embryonic day 15
(E15) to little or no detectable Nav1.5 in the DRG at birth or postnatal day 7 (P7)
(Renganathan et al., 2002). That result may also have been influenced by the primer pair
used, which amplifies both Nav1.5 (three substitutions and an insertion in reverse primer)
and Nav1.6 (Black et al., 1998; Renganathan et al., 2002), and by Nav1.6 mRNA expression
increasing substantially between E17 and P15 (Felts et al., 1997).
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We have previously reported that the apparent ratio of Nav1.5/Nav1.5c to the Nav1.5a
mRNA isoform varies widely between different mouse tissues (Kerr et al., 2004).
Expression in the adult DRG is similar to neonatal DRG in which Nav1.5a ≫ Nav1.5/
Nav1.5c (Fig. 1A), in contrast to similar levels of each isoform in neonatal heart (Haufe et
al., 2005; Kerr et al., 2004) and Nav1.5/Nav1.5c ≫ Nav1.5a in adult heart (Gersdorff
Korsgaard et al., 2001; Haufe et al., 2005; Kerr et al., 2004; Zimmer et al., 2002). These data
indicate that in the adult mouse there is a marked tissue-specific bias in the pre-mRNA
alternative splicing of exon 18, with retention in heart but preferential excision in DRG.
Nav1.5a mRNA is also a major isoform expressed in adult rat DRG and trigeminal ganglia
(Fig. 1B). A species-specific mechanism appears to control the alternative splicing that
produces either the Nav1.5 (CAG-skipped) or Nav1.5c (CAG-inclusive) isoforms: the ratio
of Nav1.5 to Nav1.5c isoforms is approximately 9:1 in adult mouse DRG and heart, 20:1 in
adult rat DRG and trigeminal ganglia (see above; (Kerr et al., 2004)), and in humans the
corresponding Q1077del and Q1077 isoforms have a ratio of 2:1 in heart (Makielski et al.,
2003; Tan et al., 2005).

After peripheral axotomy, expression of Nav1.5a, Nav1.5/Nav1.5c and Nav1.8/Nav1.8c
mRNAs each decreased by around 50% in mouse lumbar L4 and L5 DRG (Fig. 2), similar
in extent to that previously described for Nav1.8 mRNA in rat (Dib-Hajj et al., 1996; Okuse
et al., 1997). The down-regulation of Nav1.8 after axotomy has been attributed to a lack of
peripheral target-derived signals, such as nerve growth factor (NGF) and glial cell line-
derived neurotrophic factor (GDNF), as transection of the central axonal projections (dorsal
rhizotomy) did not change Nav1.8 levels ((Sleeper et al., 2000); and references therein).
Interestingly, whereas Nav1.5 mRNA levels decreased in the DRG after axotomy, it has
previously been reported that expression within adult rat hind leg muscle increased from
undetectable by at least 100-fold after axotomy (Kallen et al., 1990).

Our electrophysiological results demonstrate for the first time that there are functional
differences between the exon 18-deleted Nav1.5a isoform and the corresponding full-length
isoform when expressed in a neuronal cell line. The time constants of inactivation at
moderate potentials (i.e. −42 to −52 mV) were faster (Fig. 5A), and the voltage-dependence
of steady-state inactivation shifted ~5 mV negatively (Fig. 5D), in Nav1.5a compared to the
full-length Nav1.5 channels. These results are in contrast to the findings of Zimmer and
colleagues who, using precisely the same mouse Nav1.5 and Nav1.5a constructs, found no
functional differences between the isoforms when heterologously expressed in HEK293
cells (Zimmer et al., 2002). The remarkable similarity in V0.5,act and V0.5,inact of the full-
length isoform between this study (V0.5,act~−41 mV; V0.5,inact~−83 mV) and Zimmer et al.
(V0.5act~−39 mV; V0.5,inact~−83 mV; Zimmer et al., 2002) suggests that it is the neuronal
phenotype of the ND7/23 cells interacting with the Nav1.5a isoform, that is responsible for
the differences reported here. In contrast, functional differences in both voltage-dependent
activation and inactivation have been reported between human Nav1.5a (hNbR1–2) and a
full-length isoform when expressed in HEK293 cells (Ou et al., 2005). However, of the
human full-length Nav1.5 isoforms Q1077del and Q1077 that correspond to rodent Nav1.5
and Nav1.5c, respectively (Kerr et al., 2004; Makielski et al., 2003; Tan et al., 2005), the one
used by Ou et al. (2005; hNbR1; AB158469) corresponds to human Q1077, so that this
study was equivalent to comparing the rodent Nav1.5c and Nav1.5a isoforms. Recent
evidence has demonstrated the importance of the glutamine at position 1077 to channel
function: when the human Q1077del and Q1077 isoforms were each expressed in HEK293
cells in the presence of eight different common polymorphisms of SCN5A (Nav1.5), six
showed distinct phenotypes dependent on the splice variant used (Makielski et al., 2003; Tan
et al., 2005).
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Our results implicate the 53 residues encoded by the alternatively spliced exon 18 in the
control of channel inactivation. At least two possible mechanisms exist for the observed
differences between the two isoforms, which are not mutually exclusive: (a) the deletion of
the 53 amino acids may directly affect the biophysical properties of the channel and the
resulting sodium current, and (b) the inclusion or exclusion of the 53 amino acids may alter
a protein interaction site, permitting or preventing association with target proteins.
Cytoplasmic loops are potential sites for interaction with intracellular proteins that modulate
channel function (Malik-Hall et al., 2003; Plummer and Meisler, 1999), but the portion of
the Nav1.5 IDII/III cytoplasmic loop encoded by exon 18 is C-terminal to the motif
necessary for interaction with ankyrin-G (Lemaillet et al., 2003; Mohler et al., 2004) and has
only one type of predicted protein motif (PROSITE, release 19.23): [S/T]-X-X-[D/E]
putative phosphorylation sites for CK2 (formerly casein kinase 2) (Meggio and Pinna,
2003). In the mouse exon 18-encoded sequence there are four putative sites for
phosphorylation by CK2, two of which are conserved between mouse, rat and human.
However, in preliminary experiments, we found no difference between the mouse Nav1.5
and Nav1.5a isoforms in the effect on current inactivation of pre-treatment with the CK2
inhibitor 4,5,6,7-tetrabromobenzotriazole (TBB; Sarno et al., 2001), suggesting that CK2
phosphorylation of these sites does not account for the functional differences between the
isoforms (Kerr, Gao, James & Wynick, unpublished data). Nevertheless, it is clear from
work on the human SCN5A (Nav1.5) common polymorphisms P1090L and S1103Y that the
exon 18-encoded region can influence voltage-dependent gating (Splawski et al., 2002; Tan
et al., 2005).

Although we have demonstrated the presence of Nav1.5 protein in adult DRG (Fig. 3), the
functional significance of this expression is as yet unclear. In a study of small-diameter
neurons from rat DRG, TTX-R voltage-gated Na+ currents with the properties of Nav1.5
were detected in 20% of neonatal and 3% of adult neurons (Renganathan et al., 2002; Rush
et al., 1998), and similar currents have been detected in medium-diameter rat DRG neurons
(Scholz et al., 1998). In those studies the range of half-maximal voltages of activation and of
inactivation (V0.5,act~−42 mV to −31 mV; V0.5,inact~−113 mV to −66 mV) are comparable
with those found in the present study (Renganathan et al., 2002; Rush et al., 1998; Scholz et
al., 1998). As the resting membrane potential of the soma of adult DRG neurones in vivo has
been reported to range from −69 mV to −41 mV (Fang et al., 2005), similar to in vitro
values (Rush et al., 1998), one might predict that the majority of Nav1.5 and Nav1.5a
channels in the ND7/23 cells would be in the inactivated state and therefore not available for
activation. However, this overlooks the existence of a window current (Fig. 6) that,
assuming the half-maximal voltages of activation and inactivation in the present study apply
to adult DRG neurones in vivo, could be expected to contribute to the resting membrane
potential and membrane excitability as suggested for the persistent TTX-R Na+ current
(Herzog et al., 2001). Moreover, negative shifts in voltage-dependent inactivation that are
thought to be due to dialysis of cell contents during whole-cell patch-clamp recordings
(Kunze et al., 1985; Sakakibara et al., 1993) may result in the underestimation of the
contribution of Nav1.5a channels to the window current and membrane excitability. Thus,
the properties of Nav1.5a channels are consistent with their making a significant contribution
to adult DRG neuronal function.

In summary, we have demonstrated the expression of Nav1.5 mRNA isoforms in adult
mouse and rat DRG, with the predominant Nav1.5a isoform in adult mouse DRG decreasing
following peripheral nerve injury. Expression of Nav1.5 protein in adult DRG was
confirmed by Western blot analysis, and differences have been identified between the
Nav1.5 and Nav1.5a isoforms in voltage-dependent inactivation of the currents when
expressed in a neuronal cell line. Since these differences may be of considerable
significance to DRG function, further investigation of the role of Nav1.5 channels in the
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adult DRG is now warranted, though this cannot currently be addressed in Nav1.5-knockout
(Scn5a−/−) mice due to lethality around embryonic day 11.5 (Papadatos et al., 2002).

Experimental methods
Animals, surgery and tissue collection

All animals were fed standard chow and water ad libitum, and animal care procedures were
carried out within UK Home Office protocols and guidelines. Neonatal (postnatal day 2) and
adult (12-week-old) lumbar DRG were each pooled from 129/OlaHsd mice (Bristol
University colony). For studies on peripheral nerve transection (axotomy), the right sciatic
nerve of 10-12-week-old male 129/OlaHsd mice were transected at the mid-thigh level (Kerr
et al., 2004), prior to killing 7 days later by cervical dislocation to obtain ipsilateral
(axotomized) and contralateral (control) lumbar L4 and L5 DRG pools. Lumbar DRG,
trigeminal ganglia and hearts were each pooled from two adult male Wistar rats (Bristol
University colony). Tissues were frozen on dry ice and stored at −80 °C.

RNA extraction and reverse transcription
Total RNA isolation, DNase treatment and re-extraction, and reverse transcription (RT)
reactions with random hexamers were as previously published (Kerr et al., 2004).

RT-PCR of Nav1.5 cDNA from mouse and rat tissues
Nav1.5 cDNA was amplified from adult male or neonatal 129/OlaHsd mouse DRG using 5
μl (100 ng total RNA equivalent) of RT reaction in a 50 μl RT-PCR with recombinant Taq
DNA polymerase (Invitrogen) and the primers 5for1 (Kerr et al., 2004) and 5′-
GTCTTGCGCAGTCTCCACCAGAC-3′ (nucleotides (nt) 3646-3624 of AJ271477
(Zimmer et al., 2002)). These amplify a portion of the IDII/III cytoplasmic loop coding
region, spanning DNA corresponding to human SCN5A (Nav1.5) exons 17-20 (Wang et al.,
1996). PCR conditions were: 94 °C for 2 min, and 35 cycles of 94 °C, 30 sec; 64 °C, 45 sec;
72 °C, 45 sec, with a final 72 °C for 10 min. Adult products were excised from a 3% agarose
gel, purified (GenElute, Sigma-Aldrich) and cloned into pCRII-TOPO (Invitrogen) (Kerr et
al., 2004). Mouse Nav1.5 cDNA sequences included the three previously reported nucleotide
substitutions (Kerr et al., 2004), compared to AJ271477 (Zimmer et al., 2002).

Rat Nav1.5 cDNA was amplified from adult male tissues, as above, with primers 5′-
ACACGATTCGAGGAGGACAAGCGA-3′ and 5′-
CGGCGGTGTTGGTCATGTCAGCT-3′ that correspond, respectively, to nt 3282-3305 and
3648-3626 of M27902 (Rogart et al., 1989) and span DNA corresponding to human SCN5A
exons 17-19 (Wang et al., 1996).

DNA sequencing was performed by the Department of Biochemistry, Oxford University.

Real-time quantitative RT-PCR assays of mouse Nav1.5 and Nav1.8 mRNAs
Real-time quantitative RT-PCR assays (reviewed in Giulietti et al., 2001) used primer and
probe sets designed using default parameters of Primer Express software (Applied
Biosystems). Probes had the 5′ fluorescent reporter dye FAM (6-carboxyfluorescein) and
the 3′ quencher dye TAMRA (6-carboxy-tetramethyl-rhodamine), except for the
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) control which had a 5′ VIC reporter
dye.

Primers to detect the Nav1.5a isoform cDNA (Gersdorff Korsgaard et al., 2001; Wang et al.,
1996; Zimmer et al., 2002) were based on a reverse primer spanning the exon 17/19 junction
sequence: forward primer 5′-CATCGCAGTGGCTGAGTCA-3′, reverse primer 5′-
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GTAACTGTCCTCGGGAGTCTGT-3′ and TaqMan antisense probe 5′-
CCTCCTCCGTGCCAAGGCTGTTCT-3′, that correspond, respectively, to nt 3200-3218,
(3464-3447+3287-3284) and 3270-3247 of AJ271477 (Zimmer et al., 2002), except for the
previously described nt 3449, 3448 and 3284 substitutions (underlined; (Kerr et al., 2004)).
Primers to detect Nav1.5/Nav1.5c isoform cDNAs were for a product that crossed a 1.28 kb
intron (anonymous genomic clone AC121922 nt 56143-57425/57428) analogous to human
SCN5A intron 17 (Wang et al., 1996): forward primer 5′-
CAGGAAGAGGATGAGGAGAACAG-3′, reverse primer 5′-
CACCAGACACAACTTGGGATTC-3′ and TaqMan antisense probe 5′-
TGTTTGCTGGACTCTTCCTCCTCCGTG-3′, that correspond, respectively, to nt
3231-3253, 3309-3288 and 3286-3260 of AJ271477 (Zimmer et al., 2002), except for the
previously described nt 3284 substitution (underlined; (Kerr et al., 2004)). Primers to detect
Nav1.8/Nav1.8c isoform cDNAs were for a product that crossed Scn10a intron 16 of
approximately 1.4 kb (Kerr et al., 2004; Souslova et al., 1997): forward primer 5′-
GACCTTGATGAGCTCGAGGAA-3′, reverse primer 5′-
GGTGATCTTCACACTTTTGGACTTG-3′ and internal TaqMan probe 5′-
TCCTGGCAGGAAGAGAGCCCCAA-3′, that correspond, respectively, to nt 3051-3071,
3165-3141 and 3096-3118 of Y09108 (Souslova et al., 1997), except for the previously
described nt 3159 substitution (underlined; Table I of Kerr et al., 2004). Endogenous control
GAPDH cDNA primers were: forward primer 5′-GCAGTGGCAAAGTGGAGATTG-3′,
reverse primer 5′-CTGGAACATGTAGACCATGTAGTTGA-3′ and TaqMan probe 5′-
CCATCAACGACCCCTTCATTGAC-3′, that correspond, respectively, to nt 111-131,
184-159 and 135-157 of M32599 (Sabath et al., 1990).

Replicate 25 μl PCRs included 12.5 μl TaqMan Universal PCR Master Mix (Applied
Biosystems), water (Sigma-Aldrich), primers, probe and template, and used standard cycling
conditions (95 °C for 10 min, followed by 50 cycles of 95 °C, 15 sec and 60 °C, 1 min) in an
ABI PRISM 7900 Sequence Detection System (Applied Biosystems). Primer and probe
concentrations were optimized against corresponding cDNA plasmids, and single products
of the expected size were amplified from DRG, as detected by gel electrophoresis on 4%
agarose gels (data not shown). For each RNA sample, duplicate incubations with reverse
transcriptase (RT+) and a single incubation without enzyme (RT−; control for RT-
dependence) were carried out at 1 μg total RNA per 50 μl (Kerr et al., 2004), from each of
which triplicate PCRs were set up. Sodium channel and GAPDH templates were amplified
in separate wells of the same 96 well plate, all threshold cycle (Ct) values were determined
at the 0.2 default threshold, and relative expression levels were determined by the
comparative Ct method (Giulietti et al., 2001). Results are presented as mean±S.E. of log
transformed data, with statistical significance judged by one-tail Student t-test (Proudnikov
et al., 2003).

Preparation of membrane proteins and Western blotting
Adult male 129/OlaHsd mouse lumbar DRG (pooled 10- and 15-week-old) and hearts (15-
week-old) were frozen on dry ice and stored at −80 °C. Ice-cold homogenization buffer
(Mohler et al., 2004), including protease inhibitor cocktail (Sigma-Aldrich; P8340) but
without EGTA, was added to DRG, vortexed briefly and homogenized using an ice-cold
Dounce homogenizer. Hearts were ground into a fine powder by mortar and pestle prior to
the addition of homogenization buffer. Homogenates were centrifuged at 1000×g for 10 min
at 4 °C, to pellet large membranes and nuclei (Mohler et al., 2004), the supernatant was
saved and the pellet resuspended (Hartshorne and Catterall, 1984; Nishiwaki et al., 1998) in
homogenization buffer, and centrifuged as above. The combined supernatants were
centrifuged at 100,000×g for 1 h at 4 °C. The pellets were solubilized in 75 μl (DRG) or 400
μl (heart) of ice-cold homogenization buffer (Mohler et al., 2004), without sucrose or
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EGTA, containing 1.5% (v/v) Triton X-100 (VWR International) and 1% (w/v) sodium
deoxycholate (Sigma-Aldrich), and incubated at 4 °C with rotation for 1 h. Insoluble
material was removed by centrifugation at 20,000×g for 1 h (Nishiwaki et al., 1998) at 4 °C,
and the supernatant protein concentration was determined by Pierce BCA assay kit (Perbio
Science UK).

Protein samples and molecular weight markers (Precision Plus Protein Standards, All Blue;
Bio-Rad Laboratories) were boiled in SDS-PAGE sample buffer containing 5% β-
mercaptoethanol, fractionated on 4% stacking and 6% resolving acrylamide (37.5:1
acrylamide: bisacrylamide; Sigma-Aldrich) gels, and transferred onto nitrocellulose
(Hybond-C Extra, GE Healthcare). Membranes were blocked overnight in 0.5% Blocker
(1×TBS [20 mM Tris-HCl (pH 7.6), 137 mM NaCl] with diluted 10% Western Blocking
Reagent [Roche]) and probed for 1 h with anti-Nav1.5 antibody (Alomone Labs; ASC-005)
at a dilution of 1:200 in 10 ml of 0.5% Blocker, each at 4 °C. Subsequent stages at room
temperature were: washing for 2×10 min in TBST (1×TBS with 0.1% (v/v) Tween 20
[VWR International]); re-blocking for 2×10 min in 0.5% Blocker; incubation for 45 min
with HRP-conjugated goat anti-rabbit secondary antibody (Cell Signaling Technology;
7727) at a dilution of 1:2000 in 10 ml of 0.5% Blocker; and washing for 4×10 min in TBST.
Antibody was detected using Super-Signal West Pico Chemiluminescent Substrate (Pierce)
and Hyperfilm ECL (GE Healthcare).

Pre-incubation of anti-Nav1.5 antibody with control peptide followed manufacturerTs
instructions (Alomone Labs).

Cell culture and transfection
The ND7/23 DRG neuroblastoma cell line (Wood et al., 1990) obtained from ECACC was
cultured as previously reported (Roobol et al., 1995). For electrophysiological experiments,
cells were plated at low density (4 or 6×104 cells) onto coverslips in 40×11 mm petri dishes
(Helena Bioscience). 24 h later cells in 1.5 ml antibiotic-free medium were transfected with
500 μl lipid–DNA complex, containing 4 μg endotoxin-free maxiprep DNA (Qiagen) and
25 μl Optifect (Invitrogen), following manufacturer’s recommendations (Invitrogen).
Plasmids of mouse Nav1.5 (mH1) or Nav1.5a (mH1-2) in the vector pTSV40Gnew were
kindly provided by Thomas Zimmer (University of Jena, Germany) (Zimmer et al., 2002),
and were verified by DNA sequencing. In these constructs the sodium channel is expressed
from the SV40 promoter, and enhanced green fluorescent protein (EGFP) from the CMV
promoter.

Electrophysiological recordings
All whole-cell patch-clamp recordings were carried out between 24 h and 32 h after
transfection. The coverslips were mounted in a perfusion chamber on the stage of an
inverted microscope (Olympus CK-40, Olympus UK Ltd). Patch-pipettes were pulled
(Narishige PP-830) from borosilicate glass (Corning 7052, A-M Systems) and polished with
a microforge (Narishige MF-83). The tip resistance of the pipette was 1.0-1.5 MΩ when
filled with pipette solution, modified from Choi et al. (2004), which contained (in mM): 140
CsF, 1 EGTA, 10 NaCl, 10 HEPES, 5 glucose, pH 7.25 (CsOH). The bath solution for
recordings, from Zimmer et al. (2002), contained (in mM): 120 CsCl, 20 NaCl, 0.1 CaCl2,
10 HEPES, 1 MgCl2, 10 glucose, 0.00003 tetrodotoxin (TTX), pH 7.35 (CsOH). Liquid
junction potentials were compensated electronically with the pipette in the bath prior to
formation of the giga-seal. It was estimated that there would be a junction potential of ~
−8mV(−8.0±0.3 mV, n=3) in the whole-cell configuration, for which all data has been
corrected. Whole-cell currents were passed through a 5 kHz lowpass Bessel filter and
recorded at 20 kHz to the hard disk of an Apple Macintosh G3 computer using an Axopatch
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200B patch-clamp amplifier (Axon Instruments Inc) and Pulse software (HEKA Elektronik
GmbH). The experiments were conducted at room temperature (20-22 °C). The currents
were elicited by 25 ms test potentials from −82 to +18 mV in 5 mV increment from a
holding potential of −92 mV at 2 ms interval. Currents were normalized to the whole-cell
capacitance as a measure of cell size. Test potentials were corrected for the voltage drop
error across the series resistance (2.15±0.16 MΩ, n=71) using the following equation:

(1)

where Vm is the corrected test potential, Vcom is the uncorrected command test potential, Ipk
is the peak inward current and Rs is the series resistance, according to Marty and Neher
(1995). For example, the corrected test potential at a command potential of −32 mV was
−26.75±0.79 mV (n=71). The current–voltage (I-V) relationship for INa was constructed and
the data were fitted with the modified Boltzmann equation (Yuill et al., 2000):

(2)

where INa is the current density at the corrected test potential of Vm, Gmax is the maximal
Na conductance, Vrev is the reversal potential, V0.5,act is the membrane potential of half-
maximal current activation, and s is the slope factor.

Steady-state inactivation was determined using a double-pulse protocol consisting of 500 ms
conditioning pulses to command potentials of between −122 and −22 mV, followed by a
constant test pulse of 25 ms to −22 mV (2 s pulse interval). The amplitude of peak INa
during the test pulses was normalized to the maximum peak current and plotted as function
of the conditioning potential. Data were fitted with a Boltzmann equation:

(3)

where V is the test potential, V0.5,inact is the potential of half-maximal inactivation, and s is
the slope factor.

The time course of INa decline during depolarizing pulses to command potentials from −52
mV to +18 mV was fitted with a single decaying exponential, as follows:

(4)

where I(t) is the current at time t, A is the maximum current amplitude at t=0, t is the time
following depolarization, τ is the time constant and C is the non-inactivating component of
the current.

Recovery from inactivation was evaluated by using a double-pulse protocol from a holding
potential of −112 mV. A 25 ms control pulse (Icon) to −22 mV was followed after a variable
delay by a 25 ms test pulse (Itest) to −22 mV. The time course of the recovery from
inactivation was obtained by plotting the ratio, Itest/Icon, against the delay period (Δt); this
was fitted with the following double exponential function:

(5)

where A is the fraction of the total current described by a fast time constant (τ1) and τ2
represents a slow time constant.
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Electrophysiology data analysis
Data were analyzed using PulseFit (HEKA Elektronic GmbH) and IgorPro Vs3.16B
(Wavemetrics Inc). Statistical comparisons of data were made using one-way analysis of
variance (ANOVA) with, where appropriate, Student–Newman–Keuls multiple comparisons
post hoc test. P<0.05 was accepted as being significant (n.s. denotes lack of statistical
significance). Statistical analyses were carried out using GraphPad 4.02 (GraphPad Software
Inc.).

Drugs
TTX (Sigma-Aldrich) was prepared as a stock solution of 3 mM in deionized water and
stored at −20 °C. The final concentration of 30 nM was freshly prepared by series dilution
with extracellular solution on the days of experiments.
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Fig. 1.
(A) Expression of Nav1.5 mRNA isoforms in adult and neonatal mouse dorsal root ganglia
(DRG). A faint Nav1.5/Nav1.5c product of approximately 520 bp and a more abundant
Nav1.5a (Δ exon 18) product of approximately 360 bp were detected in adult (lane 3) and
neonatal DRG (lane 5) RNA that had been reverse transcribed (RT+), but not from either
adult or neonatal DRG RNA that has not been reverse transcribed (RT-; lanes 2 and 4,
respectively. Lane 1 was a 1 kb DNA ladder (Invitrogen). The neonatal sample was from
postnatal day 2 (P2), and RT-PCR was for 35 cycles. (B) Expression of Nav1.5 mRNA
isoforms in adult rat tissues. Nav1.5/Nav1.5c and Nav1.5a products of approximately 370
and 210 bp were detected in adult rat DRG (lane 3), trigeminal ganglia (lane 4) and heart
(lane 5). Lane 2 was a water control, and lane 1 was a 1 kb DNA ladder. RT-PCR was for 35
cycles.
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Fig. 2.
Expression of Nav1.5 and Nav1.8 mRNAs decrease in adult mouse DRG after axotomy. In
quantitative RT-PCR assays the expression of Nav1.5a mRNA decreased to 0.519±0.027 of
control (n=5; P<0.0005), Nav1.5/Nav1.5c mRNA decreased to 0.536±0.019 of control (n=6;
P<0.0001) and Nav1.8/Nav1.8c mRNA decreased to 0.536±0.065 of control (n=6;
P<0.0005) in pooled ipsilateral (axotomized) lumbar L4 and L5 DRG compared to
contralateral (unaxotomized) controls, 7 days after axotomy. Data are shown as mean±S.E.,
in which expression after axotomy (filled boxes) was compared to contralateral controls of
1.00 relative units (unfilled boxes).
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Fig. 3.
Detection of Nav1.5 protein in DRG and heart membrane proteins isolated from adult mice.
A Western blot of detergent-solubilized membrane proteins from heart (50 μg, lane 1) and
DRG (400 μg, lane 3) was probed with an anti-Nav1.5 antibody, resulting in the detection in
both tissues of a single major band with an apparent molecular weight (Mr)of >250 kDa.
Lane 2 is blank. Positions of molecular weight markers are indicated in kDa.
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Fig. 4.
Voltage-gated inward currents through Nav1.5 and Nav1.5a channels. (A) Example of
inward currents through Nav1.5 channels activated by depolarizing pulses to the command
potentials (CP) indicated. Holding potential was −92 mV. Solid line superimposed on
current trace at −47 mV shows an example of a fit to a decaying exponential (Eq. (4)). Inset
shows voltage protocol. (Identical findings were observed using the Nav1.5a construct.) (B)
Peak inward current–voltage relation for data shown in A. Open circles—uncorrected data;
filled triangles—data corrected for voltage-drop across the series resistance (Eq. (1)). Solid
lines represent a fit to a modified Boltzmann relation (Eq. (2)). In this representative
example, V0.5,act for uncorrected data shown was −46.5 mVand for corrected data was −41.6
mV. (C) Mean (±S.E.M.) V0.5,act for Nav1.5 and Nav1.5a channel currents. (D) Mean
(±S.E.M.) for slope factors (s). *, P<0.05.
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Fig. 5.
Inactivation of Nav1.5 and Nav1.5a channel currents. (A) Voltage-dependence of time
constant (τ; Eq. (4)) of inactivation for Nav1.5 (open circles) and Nav1.5a (filled triangles).
***, P<0.001; *, P<0.05. (B) Recovery from inactivation of Nav1.5 (open circles) and
Nav1.5a (filled triangles) channel currents. Solid lines represent fits to double exponential
relation (Eq. (5)). Fitted parameters were as follows: Nav1.5, A=0.96±0.05, τ1=5.04±0.24
ms, τ2=158.9±28.8 ms (n=28); Nav1.5a, A=0.97±0.04, τ1=4.52±0.22 ms, τ2=246.9±60.3 ms
(n=28, n.s.). (C) Representative current traces obtained at a command potential of −22 mV
following preconditioning potentials indicated using voltage protocol shown. (D) Left-hand
panel shows mean (±S.E.M.) V0.5,inact for Nav1.5 and Nav1.5a channel currents. **, P<0.01.
Right-hand panel shows mean (±S.E.M.) for slope factors (s).
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Fig. 6.
Voltage-dependence of activation and inactivation for Nav1.5 and Nav1.5a currents. The
mean fitted parameters used are from Figs. 4C, D and 5D. Nav1.5: V0.5,act=−41.1 mV,
sact=5.8 mV; V0.5,inact=−83.3 mV, sinact=−5.5 mV. Nav1.5a: V0.5,act=−40.2 mV, sact=6.6
mV; V0.5,inact=−88.1 mV, sinact=−5.5 mV. Inset shows region of overlap between activation
and inactivation that would produce a window current. Arrows indicate voltage of peak
window current for each isoform.
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