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Abstract The Na,1.6 voltage-gated sodium channel has been
implicated in the generation of resurgent currents in cerebellar
Purkinje neurons. Our data show that resurgent sodium currents
are produced by some large diameter dorsal root ganglion
(DRG) neurons from wild-type mice, but not from Na,1.6-null
mice; small DRG neurons do not produce resurgent currents.
Many, but not all, DRG neurons transfected with Na,1.6 pro-
duce resurgent currents. These results demonstrate for the first
time the intrinsic ability of Na,1.6 to produce a resurgent cur-
rent, and also show that cell background is critical in permitting
the generation of these currents.

© 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.

Keywords: Sodium channel; Sodium current; Subthreshold
current; Sensory neuron; Biolistic transfection

1. Introduction

Voltage-gated sodium channels underlie the generation of
action potentials in excitable cells. Nine different voltage-gated
sodium channels have been identified in mammals [1,2]. Many
of these channels have specific developmental, tissue or cellular
distributions [3], and expression of recombinant channels indi-
cates that different channels can have distinct functional prop-
erties [4-6]. Differences in the properties of voltage-gated
sodium channels may be important determinants of the inte-
grative and firing properties of neurons.

Resurgent sodium currents are an unusual type of sodium
current that reactivate during mild repolarizations following
depolarization to positive potentials and may be critical in
determining the firing patterns of cerebellar Purkinje neurons
[7]. While classic sodium channel tail currents activate instan-
taneously and decay rapidly, resurgent currents show much
slower kinetics and are thought to arise from a distinct inacti-
vation mechanism [8]. A 90% reduction of resurgent sodium
currents in Purkinje neurons from Na,1.6 null mice strongly

“Corresponding author. Fax: +1 317 278 5849.
E-mail address: trcummin@iupui.edu (T.R. Cummins).

suggested that Na,1.6 underlies most of this current [9].
Na, 1.6 channels are expressed in many different neuronal pop-
ulations including dorsal root ganglion (DRG) neurons|[1,3,10].
Therefore, we asked whether DRG neurons could generate
resurgent currents. Our results show that resurgent currents
can be recorded from native DRG neurons and show that
Na,1.6 channels underlie the generation of these currents in
these neurons. Part of this work has been presented in abstract
form [11].

2. Methods

2.1. Culture of DRG neurons

DRG neurons were cultured as previously described [12]. Briefly, L4
and L5 DRG ganglia were harvested from wild-type mice, Na,1.8-null
mice [13] and Na,1.6-null mice [14]. DRGs were treated with collage-
nase A (1 mg/ml) for 25 min, and collagenase D (1 mg/ml) and papain
(30 U/ml) for 25 min, dissociated in DMEM medium supplemented
with 10% fetal bovine serum and plated on glass coverslips.

2.2. Biolistic transfection of mouse DRG neurons

The Helios Gene Gun (Bio-Rad Laboratories) was used to transfect
DRG neurons with recombinant sodium channels, as previously de-
scribed [5,6]. To facilitate isolation of Na,l1.6 and Na,l1.4 currents,
our studies utilized cDNA constructs that encode tetrodotoxin-resis-
tant (TTX-R) versions of Na,1.6 (Na,l.6r), and Na,l1.4 (Na,l.4r)
[15,16]. For these experiments Na,1.8-null neurons were kept under
standard tissue culture conditions for 5-7 days before biolistic trans-
fections. We previously showed that Na,l.8-null DRG neurons do
not express fast or slow-inactivating TTX-R sodium currents [5,17].
Some Na,1.8-null DRG neurons express persistent TTX-R sodium
currents [17], but because these currents fall below 1 nA after several
days in culture and run down quickly in whole-cell recording configu-
ration, they are not significant under the recording conditions used in
the present study. Neurons were cotransfected with green fluorescent
protein (GFP). Electrophysiologic studies were conducted 18-48 h
after transfection; most of the cells that expressed GFP also expressed
fast-inactivating recombinant TTX-R sodium currents.

2.3. Whole-cell patch-clamp recordings

Whole-cell patch-clamp recordings were conducted at room temper-
ature (~21°C) using an EPC-9 amplifier (HEKA Electronic,
Germany) as previously described [4]. Fire-polished electrodes were
fabricated from 1.7-mm capillary glass using a Sutter P-97 puller (No-
vato, CA). Voltage errors were minimized using low resistance pipettes
(0.8-1.5 MQ) and 80-90% series resistance compensation. Linear leak
currents were subtracted using —P/5 pulse protocols applied before the
test protocol for all voltage clamp recordings. The pipette solution
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contained (in mM): 140 CsF, 1 EGTA, 10 NaCl and 10 HEPES (pH
7.3). The standard bathing solution was (in mM) 140 NaCl, 3 KCl,
1 MgCl,, 1 CaCl,, 0.05 CdCl,, and 10 HEPES (pH 7.3). Osmolarity
of all solutions was adjusted to 310 mosM using glucose. Data were
typically low-pass filtered at 4 kHz and sampled at 20 kHz. Data were
analyzed using the Pulsefit (HEKA, Germany) and Origin (Microcal,
Northampton, MA) software programs. Unless otherwise noted, sta-
tistical significance was determined by P < 0.05 using an unpaired
t test. Results are presented as means = S.E.M.

3. Results

3.1. Resurgent sodium currents in native DRG neurons

To determine whether DRG neurons express TTX-sensitive
(TTX-S) resurgent sodium currents, we recorded from wild-
type mouse DRG neurons, 24 h after culture, using a strong
depolarization (20 ms at +30 mV) followed by intermediate
repolarization pulses to voltages ranging from —30 to
—70 mV (for 100 ms). Resurgent sodium currents were not ob-
served in small (<35 um diameter) DRG neurons (n = 8; Fig.
1A). However, we recorded large (2.1 £ 0.4% of peak current
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Fig. 1. Resurgent currents are detected in some, but not all, DRG
neurons. (A) Family of sodium currents recorded from a small DRG
neuron. The peak sodium current amplitude was 49 nA and the cell
capacitance was 29 pF. Small neurons did not exhibit resurgent sodium
currents in response to repolarization. (B) Sodium currents recorded
from an isolated mouse large DRG neuron. The peak sodium current
amplitude was 54 nA and the cell capacitance was 37 pF. This cell
exhibited large resurgent currents. (C) Representative sodium currents
recorded from a large DRG neuron that did not exhibit resurgent
currents. The peak sodium current amplitude was 163 nA and the cell
capacitance was 43 pF. The voltage protocol used to elicit the currents
is shown at the bottom of the figure. Resurgent currents were evoked
by repolarizations to voltages ranging from —10 to —70 mV. The
amplitudes of the current traces on the right side are magnified 20
times for comparison of resurgent currents.
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amplitude) resurgent sodium currents from some larger (35—
50 pm diameter) DRG neurons. Twelve out of 27 large diam-
eter DRG neurons exhibited resurgent currents (Fig. 1B); some
large diameter neurons did not produce resurgent currents
(Fig. 1C). To further investigate the origin of these resurgent
currents, we recorded from Na,1.8-null mouse DRG neurons,
which do not express the slowly-inactivating TTX-R sodium
current generated by Na,1.8. While none of the small diameter
(<35 um) Na,1.8-null DRG neurons exhibited resurgent cur-
rents (n = 8), 5 out of 11 large diameter Na,1.8-null DRG neu-
rons did (Fig. 2A). The voltage-dependence of the resurgent
current recorded from DRG neurons is similar to that re-
corded from cerebellar Purkinje neurons [7,9]. Four of the cells
exhibiting resurgent currents were exposed to 500 nM TTX
and in each case TTX blocked the resurgent current (Fig.
2C), as it did in wild-type neurons (data not shown). Resurgent
currents were never recorded in the presence of TTX in either
large or small diameter neurons. These data indicate that
TTX-sensitive channels generate resurgent sodium currents
in large diameter DRG neurons.
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Fig. 2. TTX-sensitive resurgent currents are generated in Na,1.8-null
but not Na,l.6-null DRG neurons. (A) Representative resurgent
sodium currents recorded from a large (64 pF) Na,l.8-null DRG
neuron. The amplitudes of the current traces on the right side are
magnified in order to better see the resurgent currents. (B) The voltage-
dependence of the resurgent currents in (A) is shown by plotting the
peak resurgent current amplitude against the repolarization pulse
potential. (C) The left panel shows currents from a large (62 pF)
Na,1.8-null neuron before and after exposure to TTX (500 nM). The
right panel shows the TTX-sensitive current (obtained by subtracting
the after-TTX current from the before-TTX current). The currents
were evoked by a repolarization to —45mV following a 20 ms
depolarization to +30 mV.
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3.1.1. DRG neurons from Na,l.6-null mice do not produce
resurgent currents. Previous studies have shown that TTX-S
resurgent currents are much smaller in cerebellar Purkinje neu-
rons isolated from Na,1.6-null mice than from wild-type mice
[9]. We investigated the presence of resurgent currents in DRG
neurons from Na,1.6-null mice. Resurgent currents, either
TTX-S or TTX-R, were not observed in small (z = 16) or large
diameter (n = 25) Na,1.6-null DRG neurons (data not shown).
These results indicate that Na,1.6 underlies the resurgent cur-
rent in DRG neurons. However, because Na,1.6-null mice are
juvenile lethal and may have developmental abnormalities [18],
it is also possible that the lack of resurgent currents in DRG
neurons from these mice is an indirect consequence of the dis-
ruption of Na,1.6 (possibly by altering kinase activity or the
expression of beta subunits that could conceivably influence
resurgent currents generated by other sodium channel iso-
forms).

3.1.2. Recombinant Na,l.6 channels generate resurgent cur-
rents. To further investigate if Na,1.6 channels generate
resurgent currents in DRG neurons, we expressed Na,l1.6
channels directly in Na,1.8-null mice DRG neurons using
the Na,l.6r version of this channel [6]. The Na,1.8-null
DRG neurons were transfected with GFP alone or in combina-
tion with Na,1.6r cDNA after 5-7 days in culture. Sodium cur-
rents were recorded in the presence of 500 nM TTX, 24-48 h
after transfection, permitting recording of Na,1.6 currents
without contribution of other TTX-S sodium currents in these
cells. While Na,1.8-null neurons transfected with GFP alone
did not produce fast-inactivating, TTX-R sodium currents,
the Na,1.6r channels produced large fast-inactivating TTX-R
sodium currents following biolistic transfection of Na,1.8-null
DRG neurons, consistent with our previous findings [6].
Resurgent currents were observed in 62% of the Na,1.8-null
DRG neurons (n = 45) transfected with Na,1.6r cDNA (Fig.
3A). In many of these neurons the resurgent currents were
quite large, ranging from 0.4% to 6.4% of the peak current
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amplitude. Overall, the resurgent current amplitude averaged
1.6 £ 0.2% of the peak transient sodium current amplitude.
However, 38% of the cells expressing Na,l.6r exhibited no
detectable resurgent current (Fig. 3B). It is not clear what con-
tributed to the variation in resurgent current generation. There
was no clear correlation either between peak current amplitude
and relative amplitude of the resurgent current, or between cell
capacitance and the amplitude of the resurgent current. Mean
cell capacitance was 24 + 2 pF (range 8-64 pF). Lidocaine
(2 mM) equally inhibited both the resurgent current and peak
transient current amplitudes (by 68 * 4% and 69 * 1%, respec-
tively; n = 3; holding potential set at —120 mV).

In contrast to Na,l.6r-transfected cells, we did not observe
resurgent currents in Na,1.8-null DRG neurons that were bio-
listically transfected with GFP alone or with a TTX-R version
of the rat skeletal muscle sodium channel Na,1.4 (n = 41; Fig.
3C). This is despite that fact that Na,1.4r channels generated
larger peak sodium current amplitudes (76 + 8 nA) than
Na,1.6r channels (40 = 3 nA).

4. Discussion

We have shown that a subpopulation of DRG neurons
generate TTX-sensitive resurgent currents. Resurgent cur-
rents were not observed in DRG neurons isolated from
Na,1.6-null mice. Recombinant Navl.6 channels, however,
could produce large resurgent currents in cultured Na,1.8-
null DRG neurons. Thus, our data demonstrate that the
Nay1.6 channel isoform can produce resurgent currents in
DRG neurons.

Native resurgent sodium currents have not been previously
reported in DRG neurons. We show in this study that resur-
gent sodium currents can be recorded from ~40% of large
diameter DRG neurons. In several of the native DRG cells
that we studied the resurgent current was >1000 pA. These
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Fig. 3. Resurgent sodium currents generated by recombinant sodium channels. Sodium currents were recorded from Na,1.8-null DRG neurons
transfected with Na,1.6r (A, B) and Na,1.4r (C) sodium channels. The voltage protocol is shown in (A). Neurons, held at —120 mV, were depolarized
to +30 mV for 20 ms, after which they were repolarized to voltages ranging from —30 to —70 mV for 100 ms to elicit resurgent currents. Large
resurgent currents were clearly present in some (A) but not all (B) neurons expressing Na,1.6r currents. (C) Resurgent currents were not detected in
neurons expressing Na,l.4r currents. The lower traces are magnified 10 times for comparison of resurgent currents.
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large resurgent currents were similar to those recorded from
Purkinje neurons [7], with a clear rising phase and maximum
amplitude typically elicited with intermediate repolarizations
to voltages close to —40 mV.

Several previous studies have described TTX-S and TTX-R
persistent or “late” sodium currents in large [19,20] and small
[21,22] DRG neurons. Persistent sodium currents result from
channels that fail to completely inactivate, or from window
currents that result from overlap in the activation and stea-
dy-state inactivation curves. Persistent sodium currents can
generate classic tail currents during repolarizations, currents
that typically activate instantaneously, decay rapidly and have
amplitudes that increase proportionally as the repolarization
potential becomes more negative. Although these TTX-R
and TTX-S persistent currents can have important influences
on excitability, they are distinct from resurgent currents.
Resurgent currents exhibit slower activation and decay kinetics
during repolarizations than classic tail currents, and have a
distinctive voltage-dependence (Fig. 2B). TTX-S “de-inactivat-
ing” currents previously observed in large DRG neurons [20]
may be related to the resurgent sodium currents that we de-
scribe here in large DRG neurons. Small de-inactivating so-
dium current has also been observed in small DRG neurons
[21]. However, because data on these de-inactivating currents
are limited and different voltage protocols are used to elicit
these currents, it is not clear if these are indeed the same as
the resurgent currents that we describe here. It has been
proposed that resurgent sodium currents arise from channels
that inactivate during strong depolarizations due to the bind-
ing of a alternative binding particle [8], possibly the c-terminus
of the B4 sodium channel auxiliary subunit [23], that unbinds
with a different kinetics from the conventional inactivation
particle.

The absence of resurgent currents from DRG neurons iso-
lated from mice lacking functional Na,1.6 channels is consis-
tent with the finding that resurgent currents are reduced by
more than 90% in cerebellar Purkinje neurons from Na,1.6-
null mice [9]. The small residual resurgent current in Purkinje
neurons suggested that other sodium channels can produce
these currents. Indeed a recent study indicates that Na,l1.6
channels are not the sole generator of resurgent sodium cur-
rents in subthalamic nucleus neurons [24]. However, the ab-
sence of residual resurgent current in Na,l1.6-null DRG
neurons strongly suggests that the complement of the TTX-S
channels in these neurons, which includes Na,1.1 and Na,1.7
in addition to the TTX-R channels Na,1.8 and Na,1.9, are
incapable of producing resurgent currents. Thus, we hypothe-
size that Na,1.2 can produce a resurgent current. This conclu-
sion is further supported by the absence of Na,1.2, a TTX-S
sodium channel that is expressed in Purkinje neurons [3], in
adult rodent DRG neurons [25]. In agreement with this view,
Na,1.2 can produce a resurgent current when expressed in
Na,1.8-null DRG neurons (Rush, Dib-Hajj and Waxman,
unpublished data).

Resurgent currents were not observed in small DRG neu-
rons, which have been shown to express Na,l1.6 channels
[10]. Additionally, resurgent currents have not been recorded
from hippocampal CA3 neurons [7] or from spinal neurons
[26], even though transcripts of Na,l.6 are detected in these
cells. Thus, factors that are differentially expressed in small
and large DRG neurons could also be important in determin-
ing the ability of large DRG neurons to generate resurgent cur-
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rents. For example, the p4 sodium channel auxiliary subunit
has been reported to be expressed at higher levels in large
DRG neurons than small DRG neurons [27] and a recent re-
port suggests that this subunit might be a crucial modulator
of resurgent sodium currents [23]. Phosphorylation has also
been implicated in modulating resurgent sodium currents [28]
and therefore differential kinase activity might determine
which sensory neuron populations express resurgent sodium
currents. Cell background appears to be crucial for the pro-
duction of the resurgent current and, because this current is
thought to endow cells with rapid firing, may reflect the func-
tional modality of these sensory neurons.

Irrespective of the mechanisms that regulate resurgent cur-
rents, our results demonstrate for the first time that recombi-
nant Na,1.6 channels can produce a resurgent current in
DRG neurons. Thus, Na, 1.6 sodium channels have the intrinsic
capacity to generate resurgent currents. Nevertheless, the com-
petence of different splice variants in generating resurgent cur-
rents remains to be investigated. We also show that while
some neurons produce a large resurgent current (>3% of the
peak current amplitude) other neurons express large fast-inacti-
vating Na,1.6 currents but not detectable resurgent current.
Resurgent currents have been shown to play crucial roles in
determining the firing patterns of cerebellar Purkinje neurons
[29], and therefore it will be important to determine the role that
resurgent sodium currents play in sensory neuronal excitability.

Acknowledgements: We thank L. Tyrrell and B. Toftness for excellent
technical support. We also thank Dr. Miriam Meisler and Dr. Leslie
Sprunger at the University of Michigan for their help in establishing
the med mouse colony. TRC was supported by a Biomedical Research
grant from Indiana University School of Medicine. This work was sup-
ported in part by grants from the National Multiple Sclerosis Society,
and the Medical Research Service and Rehabilitation Research Ser-
vice, Department of Veterans Affairs (SGW). The Center for Neurosci-
ence and Regeneration Research is a Collaboration of the Paralyzed
Veterans of America and the United Spinal Association with Yale
University.

References

[1] Black, J.A. and Waxman, S.G. (1996) Sodium channel expression:
a dynamic process in neurons and non-neuronal cells. Dev.
Neurosci. 18, 139-152.

Goldin, A.L., Barchi, R.L., Caldwell, J.H., Hofmann, F., Howe,
J.R., Hunter, J.C., Kallen, R.G., Mandel, G., Meisler, M.H.,
Netter, Y.B., Noda, M., Tamkun, M.M., Waxman, S.G., Wood,
J.N. and Catterall, W.A. (2000) Nomenclature of voltage-gated
sodium channels. Neuron 28, 365-368.

Felts, P.A., Yokoyama, S., Dib-Hajj, S., Black, J.A. and
Waxman, S.G. (1997) Sodium channel alpha-subunit mRNAs 1,
IL, III, NaG, Na6 and hNE (PN1): different expression patterns in
developing rat nervous system. Mol. Brain. Res. 45, 71-82.
Cummins, T.R., Howe, J.R. and Waxman, S.G. (1998) Slow
closed-state inactivation underlies tetrodotoxin-sensitive ramp
currents in HEK293 cells expressing hNE sodium channels and in
dorsal root ganglion neurons. J. Neurosci. 18, 9607-9619.
Cummins, T.R., Aglieco, F., Renganathan, M., Herzog, R.I.,
Dib-Hajj, S.D. and Waxman, S.G. (2001) Na,1.3 sodium chan-
nels: rapid repriming and slow closed-state inactivation display
quantitative differences following expression in a mammalian cell
line and in spinal sensory neurons. J. Neurosci. 21, 5952-5961.
Herzog, R.I., Cummins, T.R., Ghassemi, F., Dib-Hajj, S.D. and
Waxman, S.G. (2003) Distinct repriming and closed-state inacti-
vation kinetics of Navl.6 and Navl.7 sodium channels in mouse
spinal sensory neurons. J. Physiol. (London) 551, 741-750.

[2

—

3

[t

[4

[l

[5

i)

6

i)



2170

[7] Raman, .M. and Bean, B.P. (1997) Resurgent sodium current
and action potential formation in dissociated cerebellar Purkinje
neurons. J. Neurosci. 17, 4517-4526.

[8] Raman, .M. and Bean, B.P. (2001) Inactivation and recovery of
sodium currents in cerebellar Purkinje neurons: evidence for two
mechanisms. Biophys. J. 80, 729-737.

[9] Raman, .M., Sprunger, L.K., Meisler, M.H. and Bean, B.P.
(1997) Altered subthreshold sodium currents and disrupted firing
patterns in Purkinje neurons of Scn8a mutant mice. Neuron 19,
881-891.

[10] Black, J.A., Renganathan, M. and Waxman, S.G. (2002) Sodium
channel Na(v)1.6 is expressed along nonmyelinated axons and it
contributes to conduction. Mol. Brain Res. 105, 19-28.

[11] Cummins, T.R., Dib-Hajj, S.D., Herzog, R.I. and Waxman, S.G.
(2003) Navl.6 Na® channels generate resurgent currents in
primary sensory neurons. Soc. Neurosci. Abstr., 8.7.

[12] Caffrey, J.M., Eng, D.L., Black, J.A., Waxman, S.G. and Kocsis,
J.D. (1992) Three types of sodium channels in adult rat dorsal
root ganglion neurons. Brain Res. 592, 283-297.

[13] Akopian, A.N., Souslova, V., England, S., Okuse, K., Ogata, N.,
Ure, J., Smith, A., Kerr, B.J., McMahon, S.B., Boyce, S., Hill, R.,
Stanfa, L.C., Dickenson, A.H. and Wood, J.N. (1999) The
tetrodotoxin-resistant sodium channel Na,l.8 has a specialized
function in pain pathways. Nat. Neurosci. 2, 541-548.

[14] Burgess, D.L., Kohrman, D.C., Galt, J., Plummer, N.W., Jones,
J.M., Spear, B. and Meisler, M.H. (1995) Mutation of a new
sodium channel gene, Scnda, in the mouse mutant motor endplate
disease. Nature Genetics 10, 461-465.

[15] Favre, 1., Moczydlowski, E. and Schild, L. (1995) Specificity for
block by saxitoxin and divalent cations at a residue which
determines sensitivity of sodium channel subtypes to guanidinium
toxins. J. Gen. Physiol. 106, 203-229.

[16] Herzog, R.I., Liu, C., Waxman, S.G. and Cummins, T.R. (2003)
Calmodulin binds to the C terminus of sodium channels Navl.4
and Navl.6 and differentially modulates their functional proper-
ties. J. Neurosci. 23, 8261-8270.

[17] Cummins, T.R., Dib-Hajj, S.D., Black, J.A., Akopian, A.N.,

Wood, J.N. and Waxman, S.G. (1999) A novel persistent

tetrodotoxin-resistant sodium current in small primary sensory

neurons. J. Neurosci. 19, RC43.

Harris, J.B. and Pollard, S.L. (1986) Neuromuscular transmission

in the murine mutants motor end-plate disease and jolting.

J. Neurol. Sci. 76, 239-253.

[18

T.R. Cummins et al. | FEBS Letters 579 (2005) 2166-2170

[19] Baker, M.D. and Bostock, H. (1997) Low-threshold, persistent
sodium current in rat large dorsal root ganglion neurons in
culture. J. Neurophysiol. 77, 1503-1513.

[20] Baker, M.D. and Bostock, H. (1998) Inactivation of mac-
roscopic late Na* current and characteristics of unitary late
Na+ currents in sensory neurons. J. Neurophysiol. 80, 2538-
2549.

[21] Kiernan, M.C., Baker, M.D. and Bostock, H. (2003) Character-
istics of late Na(+) current in adult rat small sensory neurons.
Neuroscience 119, 653-660.

[22] Rugiero, F., Mistry, M., Sage, D., Black, J.A., Waxman, S.G.,
Crest, M., Clerc, N., Delmas, P. and Gola, M. (2003) Selective
expression of a persistent tetrodotoxin-resistant Na* current and
NaV1.9 subunit in myenteric sensory neurons. J. Neurosci. 23,
2715-2725.

[23] Grieco, T.M., Malhotra, J.D., Isom, L.L. and Raman, .M.
(2005) Open-channel block by the cytoplasmic tail of sodium
channel betad4 as a mechanism for resurgent sodium current.
Neuron 45, 233-244.

[24] Do, M.T. and Bean, B.P. (2004) Sodium currents in subthalamic
nucleus neurons from Nav1.6-null mice. J. Neurophysiol. 92, 726—
733.

[25] Black, J.A., Dib-Hajj, S., McNabola, K., Jeste, S., Rizzo, M.A.,
Kocsis, J.D. and Waxman, S.G. (1996) Spinal sensory neurons
express multiple sodium channel a-subunit mRNAs. Mol. Brain
Res. 43, 117-131.

[26] Pan, F. and Beam, K.G. (1999) The absence of resurgent
sodium current in mouse spinal neurons. Brain Res. 849, 162—
168.

[27] Yu, F.H., Westenbroek, R.E., Silos-Santiago, 1., McCormick,
K.A., Lawson, D., Ge, P., Ferriera, H., Lilly, J., DiStefano,
P.S., Catterall, W.A., Scheuer, T. and Curtis, R. (2003)
Sodium channel beta4, a new disulfide-linked auxiliary
subunit with similarity to beta2. J. Neurosci. 23, 7577-
7585.

[28] Grieco, T.M., Afshari, F.S. and Raman, I.M. (2002) A role for
phosphorylation in the maintenance of resurgent sodium
current in cerebellar Purkinje neurons. J. Neurosci. 22, 3100—
3107.

[29] Khaliq, Z.M., Gouwens, N.W. and Raman, .M. (2003) The
contribution of resurgent sodium current to high-frequency firing
in Purkinje neurons: an experimental and modeling study.
J. Neurosci. 23, 4899-4912.



	Nav1.6 channels generate resurgent sodium currents in spinal sensory neurons
	Introduction
	Methods
	Culture of DRG neurons
	Biolistic transfection of mouse DRG neurons
	Whole-cell patch-clamp recordings

	Results
	Resurgent sodium currents in native DRG neurons
	DRG neurons from Nav1.6-null mice do not produce resurgent currents
	Recombinant Nav1.6 channels generate resurgent currents


	Discussion
	Acknowledgements
	References


