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S-Palmitoylation is a reversible post-translational lipid mod-
ification that dynamically regulates protein functions. Voltage-
gated sodium channels are subjected to S-palmitoylation and
exhibit altered functions in different S-palmitoylation states.
Our aim was to investigate whether and how S-palmitoylation
regulates Nav1.6 channel function and to identify S-palmitoyla-
tion sites that can potentially be pharmacologically targeted.
Acyl-biotin exchange assay showed that Nav1.6 is modified by
S-palmitoylation in the mouse brain and in a Nav1.6 stable HEK
293 cell line. Using whole-cell voltage clamp, we discovered
that enhancing S-palmitoylation with palmitic acid increases
Nav1.6 current, whereas blocking S-palmitoylation with 2-bro-
mopalmitate reduces Nav1.6 current and shifts the steady-state
inactivation in the hyperpolarizing direction. Three S-palmitoy-
lation sites (Cys1169, Cys1170, and Cys1978) were identified. These
sites differentially modulate distinct Nav1.6 properties. Inter-
estingly, Cys1978 is exclusive to Nav1.6 among all Nav isoforms
and is evolutionally conserved in Nav1.6 among most species.
Cys1978 S-palmitoylation regulates current amplitude uniquely
in Nav1.6. Furthermore, we showed that eliminating S-palmi-
toylation at specific sites alters Nav1.6-mediated excitability
in dorsal root ganglion neurons. Therefore, our study reveals
S-palmitoylation as a potential isoform-specific mechanism to
modulate Nav activity and neuronal excitability in physiological
and diseased conditions.

Excitability of a neuron is determined by the composition,
distribution, and properties of ion channels in its plasma mem-
brane. It can be profoundly changed by slight alteration in the
biophysics of a channel. The voltage-gated sodium channel
(Nav)2 family plays crucial roles in the initiation and propaga-
tion of action potentials. The nine Nav isoforms (Nav1.1–

Nav1.9) have distinct biophysical properties and differential
cellular and subcellular distribution (1). They are responsible
for the electrical signal transduction in a wide range of physio-
logical processes. Abnormal or dysregulated Nav activity can
lead to varied diseased conditions including epilepsy, pain,
autism, cardiac arrhythmia, and skeletal muscle disorders.
Therefore, Navs have long been therapeutically desirable tar-
gets in the drug discovery industry. However, the high sequence
and structural conservation shared among the Navs have posed
a significant challenge to the development of isoform-specific
therapeutics and modulators with minimum side effects.

Navs consist of four domains (DI–DIV), with each contain-
ing six transmembrane segments (S1–S6) (Fig. 1). S1–S4 com-
prise the voltage sensors, whereas the S5 and S6 regions com-
bine to form the sodium conducting pore. These regions are
critical for normal voltage sensing and sodium ion selectivity.
They are highly conserved among Nav isoforms. The relatively
less conserved extracellular loops are frequent binding sites for
peptidic gating modifier toxins like conotoxins, protoxins, and
huwentoxins (2, 3). These sites present some degree of isoform
specificity and thus have attracted tremendous pharmacologi-
cal interest over the past two decades (1, 4). The intracellular
loops and cytosolic N- and C-terminal domains are heavily
involved in protein–protein interactions and are subject to
extensive post-translational modifications (5). Importantly,
they contain highly variable regions. Therefore, understanding
the important roles of the Nav intracellular loops and their
post-translational modifications may identify new strategies to
help target Navs with improved specificity.

In recent years, S-palmitoylation has emerged as an impor-
tant mechanism that regulates protein functions. It is a revers-
ible post-translational modification that covalently attaches
palmitate, a 16-carbon saturated fatty acid, to cysteine thiols in
a protein via thioester bonds. Because S-palmitoylation alters
protein hydrophobicity, it has the potential to impose signifi-
cant structural and thus functional changes on proteins. It can
regulate membrane association, trafficking, conformation, and
protein–protein interactions of a diverse range of proteins
(6 –8). It also plays crucial roles in ion channel regulation (5,
9–14). It has been shown that S-palmitoylation substantially
modulates cardiac excitability by modifying the cardiac sodium
channel Nav1.5 (9) and that manipulating the S-palmitoylation
status of Nav1.2 can alter its voltage dependence and toxin
sensitivity (10). Moreover, the enzyme families involved in
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S-palmitoylation and depalmitoylation, palmitoyl-acyl transferase
(PAT) and acyl protein thioesterases, display differential but
overlapping specificity for substrate proteins (15–20). This evi-
dence suggests that S-palmitoylation may be well-fitted to con-
vey isoform-specific modulation of Navs.

In our study, we show that Nav1.6 is chemically modified and
functionally regulated by S-palmitoylation. We identify two
S-palmitoylation sites (Cys1169 and Cys1170) in the second intra-
cellular loop (loop 2) that are responsible for modulating the
voltage dependence of inactivation and an Nav1.6-exclusive
site (Cys1978) at the C terminus, the S-palmitoylation of which
enhances Nav1.6 current. It is important to note that the cur-
rent amplitude of Nav1.2, which lacks the C-terminal cysteine,
is not subject to S-palmitoylation enhancement, whereas the
introduction of an exogenous cysteine at this site recapitulates
the response of Nav1.6. Additionally, we find that eliminating
S-palmitoylation at Cys1169, Cys1170, and Cys1978 reduces
Nav1.6-mediated excitability of dorsal root ganglion (DRG)
neurons. Therefore, our data reveal S-palmitoylation as a
novel mechanism that regulates Nav1.6 activity and neuro-
nal excitability.

Results

Nav1.6 is post-translationally modified by S-palmitoylation

Some Nav isoforms are modified by S-palmitoylation. The
cardiac sodium channel Nav1.5 was shown to be biochemically
modified and functionally regulated by S-palmitoylation (9).
Additionally, functional properties and toxin sensitivity of
Nav1.2 are altered by manipulating the S-palmitoylation status
of the channel with pharmacological treatment (10). However,
it is unclear whether Nav1.6 is modified by S-palmitoylation. To
test this, we performed acyl-biotin exchange (ABE) assay on
proteins extracted from the mouse cerebellum because of its
enriched expression of Nav1.6 as well as the HEK 293 cell line
stably expressing Nav1.6. Fig. 2A shows that Nav1.6 is S-palmi-
toylated in the mouse brain and the Nav1.6 cell line.

S-Palmitoylation modulates Nav1.6 current amplitude and
voltage dependence of inactivation

Next we explored how S-palmitoylation regulates Nav1.6
channel function (Table 1). Because of the difficulty of achiev-
ing satisfactory level of Nav1.6 expression in the HEK 293 cell
line with heterologous cDNA transfection, we used the ND7/23
cells, a hybrid cell line of mouse neuroblastoma fused with rat
dorsal root ganglia neurons (21), as our expression system for
Nav1.6 transient transfection and voltage clamp recordings.
Because ND7/23 cells do not express tetrodotoxin-resistant
(TTXr) sodium channels (22), the Nav1.6 construct was ren-

dered resistant to TTX (Nav1.6r) by a Y371S substitution (23),
and 500 nM TTX was added to the extracellular solution for
patch clamp recordings to isolate Nav1.6r currents. To manip-
ulate the S-palmitoylation status of the Nav1.6r channel, we
incubated the transfected cells for overnight with either 25 �M

2-bromopalmitate (2BP) to block S-palmitoylation or 10 �M

palmitic acid (PA) to enhance S-palmitoylation. These concentra-
tions of 2BP and PA were determined previously for optimal
S-palmitoylation blockage and enhancement (9), and it has been
verified that these treatments manipulate protein S-palmitoyla-
tion status in our expression system as expected (Fig. 3H).

Fig. 2B shows the representative traces of Nav1.6r currents
from each treatment group. We found that blocking S-palmi-
toylation with 2BP reduces Nav1.6 current by 67% (2BP:
�26.30 � 3.29 pA/pF versus DMSO:�80.16 � 8.30 pA/pF; p �
0.0001), whereas increasing S-palmitoylation substrate avail-
ability with PA treatment enhances Nav1.6 current by 78% (PA:
�142.4 � 17.27 pA/pF; p � 0.0021 PA versus DMSO) (Fig. 2C).
Notably, the current density in the PA group is more than 5-fold
of the 2BP group. To eliminate the possibility that these bidi-
rectional effects were mediated by different mechanisms, trans-
fected cells were simultaneously treated with 25 �M 2BP and 10
�M PA. The current density of the co-treated cells (�32.12 �
7.43 pA/pF) is similar to that of the 2BP group (p � 0.3365
2BP � PA versus 2BP) (Table 1), suggesting that the current
density effects produced by the separate 2BP and PA treatments
are very likely mediated by S-palmitoylation. These data support
the contention that 2BP effectively blocks S-palmitoylation in our
expression system, although excessive S-palmitoylation substrate
was provided to bias the palmitoylation–depalmitoylation
equilibrium.

We next examined whether S-palmitoylation affects the volt-
age dependence of Nav1.6. We observed that blocking S-palmi-
toylation with 2BP causes an 8-mV hyperpolarizing shift of
steady-state inactivation (2BP: V1⁄2 � �72.34 � 0.28 mV versus
DMSO: V1⁄2 � �64.46 � 0.21 mV; p � 0.0001), similar to the
modulation observed with Nav1.2 (10) and Nav1.5 (9). More-
over, blocking S-palmitoylation resulted in a slower recovery
from inactivation (Fig. 2E, 2BP: � � 13.18 � 1.28 ms versus
DMSO: � � 9.84 � 0.76 ms; p � 0.0246). On the other hand,
increasing S-palmitoylation substrate availability with PA
treatment does not alter Nav1.6 voltage dependence of act-
ivation, steady-state inactivation, or recovery from inactivation.
The lack of modulation by PA treatment may be due to satura-
tion of S-palmitoylation at the site(s) regulating voltage depen-
dence of Nav1.6 in our expression system. Thus, providing
excessive S-palmitoylation substrate does not achieve appreciable
alteration in channel function. In contrast, S-palmitoylation at the
site(s) that regulate Nav1.6 current amplitude (Fig. 2, B and C) are
likely not saturated, demonstrated by the opposing effects of 2BP
and PA treatments. Therefore, our data suggest that S-palmitoy-
lation regulates distinct functional properties of Nav1.6, poten-
tially by modifying different S-palmitoylation sites in the channel.

S-Palmitoylation of Nav1.6 at Cys1169 and Cys1170 regulates
voltage dependence of steady-state inactivation

To identify S-palmitoylation sites responsible for the observed
functional modulations in Nav1.6, we used CSS-Palm (24) for

Figure 1. Topology of a voltage-gated sodium channel showing posi-
tions of the three predicted S-palmitoylation sites in Nav1.6.
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potential site prediction. In Nav1.6, two cysteines (Cys1169 and
Cys1170) located near the AnkG-binding motif (residues 1094 –
1102) in loop 2 were predicted to be S-palmitoylated (Fig. 1).
These two cysteines are highly conserved among human Nav

isoforms (Fig. 3A), yet their functions vary: depalmitoylation of
the first cysteine in Nav1.2 (Cys1182) was reported to enhance
Nav1.2 inactivation (10), whereas the homologous cysteine in
Nav1.5 (Cys1178) was not involved in such modulation (9). This

Figure 2. S-Palmitoylation post-translationally modifies Nav1.6 and functionally regulates Nav1.6 current amplitude and voltage dependence of
inactivation. A, acyl-biotin exchange assay on mouse cerebellum probed with Nav1.6 antibody (left panel) and on HEK cell line stably expressing Nav1.6
probed with pan-Nav antibody (right panel). B–E, voltage-clamp experiments on ND7/23 cells transiently transfected with TTXr–Nav1.6. Transfected cells were
treated with DMSO as solvent control, 2BP to block S-palmitoylation, and PA to enhance S-palmitoylation 24 h before recording. B, representative current traces
from each treatment group elicited with the activation protocol. Maximum current traces are indicated with black, red, and blue, respectively. C, current
density–voltage plot. *, p � 0.05 compared with DMSO in two-way ANOVA. D, steady-state inactivation and activation curves fitted with Boltzmann functions.
E, recovery from inactivation with recovery time duration from 0 to 50 ms. The data are presented as means � S.E. The values and statistical significance are
reported in Table 1.

Table 1
Biophysical properties of WT and mutant Nav1.6 and Nav1.2 channel

Inactivation Activation Recovery
Max I density n Vhalf K n Vhalf K n � n

pA/pF mV mV ms
Nav1.6-WT

DMSO �80.17 � 8.30 29 �64.46 � 0.21 5.32 � 0.138 30 �19.7 � 0.18 7.045 � 0.13 28 9.842 � 0.76 24
2BP �26.30 � 3.29 21a �72.34 � 0.28a 6.51 � 0.243a 28 �22.48 � 0.84b 7.802 � 0.16c 22 13.18 � 1.28b 18
PA �142.8 � 17.24 33c, d �66.12 � 0.18 5.162 � 0.08 33 �21.32 � 0.2 6.92 � 0.203e 33 10.54 � 0.45 18
2BP � PA �32.12 � 7.43 12c

Nav1.6-CCAA
DMSO �94.17 � 17.23 19 �75.50 � 0.39f 7.205 � 0.19g 26 �22.59 � 0.93f 7.93 � 0.37g 18 10.70 � 0.38 21
2BP �52.09 � 5.11 19b �80.48 � 0.30c 6.824 � 0.22 22 �25.88 � 0.83b 8.10 � 0.22 17 12.69 � 0.69b 10
PA �163.3 � 24.30 18b, d �73.57 � 0.32e 6.767 � 0.19 21 �22.48 � 0.98j 7.85 � 0.18 17 10.45 � 0.31h 19

Nav1.6-C1978A
DMSO �113.2 � 13.68 35 �63.79 � 0.23 5.446 � 0.08 34 �19.81 � 0.76 7.228 � 0.12 35 10.32 � 0.31 21
2BP �74.20 � 12.70 27i �73.59 � 1.39a 7.107 � 0.14a 22 �21.66 � 0.99 7.76 � 0.57 17 12.82 � 0.57c 26
PA �120.5 � 16.18 27j �63.62 � 0.29d 5.369 � 0.11d 27 �17.95 � 0.82h 7.203 � 0.14 28 10.48 � 0.55h 23

Nav1.6-CCCAAA
DMSO �115.8 � 15.01 25 �72.91 � 0.44g 7.143 � 0.18g 21 �18.75 � 0.2 8.58 � 0.165g 23 12.68 � 0.54 19
2BP �83.50 � 9.69 22k �79.56 � 0.35l 7.196 � 0.18 21 �21.61 � 0.2c 8.491 � 0.10 16 14.36 � 0.68 15
PA �117.5 � 12.84 26m �75.05 � 0.37j 7.779 � 0.29 22 �18.05 � 0.5h 9.671 � 1.18 19 12.73 � 0.55 17

DRG-Nav1.6
WT �2006 � 294.9 20 �78.30 � 1.27 5.936 � 0.197 20 �34.57 � 2.16 7.113 � 0.625 18 11.35 � 1.17 20
CCCAAA �1026 � 124.7 29c �85.17 � 2.24b 9.952 � 0.659a 25 �31.63 � 1.37 8.721 � 0.403b 27 9.355 � 0.56 26

Nav1.2-WT
DMSO �648.7 � 69.50 30 �57.79 � 0.18 4.868 � 0.06 26 �15.01 � 0.2 6.743 � 0.24 26 7.968 � 0.38 22
2BP �397.3 � 47.31 28c �61.95 � 0.21a 5.474 � 0.15l 24 �14.59 � 0.1 7.479 � 0.16b 27 10.41 � 0.80c 21
PA �641.2 � 92.95 23j �54.01 � 0.10a, e 4.705 � 0.10d 21 �12.43 � 0.2b 6.704 � 0.23j 21 7.437 � 0.39h 20

Nav1.2 K2005C
DMSO �562.1 � 62.34 28 �57.20 � 0.18 4.88 � 0.088 30 �14.82 � 0.2 6.608 � 0.21 27 8.702 � 0.53 22
2BP �416.5 � 52.65 29n �62.91 � 0.25a 5.33 � 0.078l 29 �17.29 � 0.2 7.212 � 0.17 25 11 � 0.579c 26
PA �837.1 � 134.8 31j, o �55.57 � 0.21d 4.849 � 0.08e 27 �16.13 � 0.2 6.028 � 0.30h 27 7.384 � 0.34d 23

a p � 0.0001 compared with DMSO of the same DNA. b p � compared with DMSO of the same DNA. c p � 0.01 compared with DMSO of the same DNA. d p � 0.0001 PA
compared with 2BP of the same DNA. e p � 0.001, PA compared with 2BP of the same DNA. f p � 0.01, mutant compared with WT. g p � 0.05, mutant compared with
WT. h p � 0.01, PA compared with 2BP of the same DNA. i p � .054. j p � 0.05, PA compared with 2BP of the same DNA. k p � .115. l p � 0.001 compared with DMSO of
the same DNA. m p � .091. n p � .162 compared with DMSO of the same DNA. o p � .074 compared with 2BP of the same DNA.
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indicates potential isoform-specific functionality of S-palmi-
toylation. We were interested to test whether S-palmitoylation
of the homologous cysteines in Nav1.6 regulates channel func-
tion and how it might differ from Nav1.2 and Nav1.5. For this
purpose, we eliminated S-palmitoylation at Cys1169 and Cys1170

by mutating both to nonpalmitoylatable alanines (Nav1.6 –
CCAA) and evaluated the functional consequences. Fig. 3B
shows the representative traces of TTXr Nav1.6 –CCAA cur-
rent from each treatment group. Compared with Nav1.6 –
WT, Nav1.6 –CCAA displays an 11-mV hyperpolarizing
shift in voltage dependence of steady-state inactivation (V1⁄2 �
�75.5 � 0.39 mV; p � 0.0001) (Fig. 3D). This replicates the

voltage dependence modulation observed in Nav1.6 –WT with
S-palmitoylation blockage, suggesting that S-palmitoylation at
these two cysteines is critical for voltage dependence regulation
of Nav1.6. However, the Nav1.6 –CCAA channel does not com-
pletely lose its sensitivity to 2BP treatment and has a minor
hyperpolarizing shift in steady-state inactivation (V1⁄2 �
�80.48 � 0.30 mV; p � 0.0046) (Fig. 3E). Consistent with the
WT channel, increasing S-palmitoylation substrate availability
with PA treatment does not alter the voltage dependence of
activation, steady-state inactivation (Fig. 3E), or recovery from
inactivation (Fig. 3F) of Nav1.6 –CCAA, whereas blocking
S-palmitoylation with 2BP treatment results in slower recovery

Figure 3. S-Palmitoylation of Cys1169 and Cys1170 regulates Nav1.6 voltage dependence of inactivation, but not Nav1.6 current amplitude. A, a
segment of amino acid alignment of the Nav family. Arrows indicate Cys1163, Cys1169, and Cys1170 in Nav1.6. B, representative current traces elicited from
Nav1.6 –CCAA with different treatments. C, current density–voltage plot. *, p � 0.05 compared with DMSO in two-way ANOVA. D and E, steady-state inactiva-
tion and activation curves of Nav1.6 –WT and Nav1.6 –CCAA fitted with Boltzmann functions. F, recovery from inactivation with recovery time duration from 0
to 50 ms. The data are presented as means � S.E. The values and statistical significance are reported in Table 1. G, schematic illustration of the CD4 –Nav1.6 –
loop 2 fusion protein showing the last five amino acids of the CD4 transmembrane segment and the first five amino acids of the Nav1.6 –loop 2. H, acyl-biotin
exchange assays on fusion protein-transfected HEK cells probed with CD4 antibody. Left panels, WT fusion protein transfected cells treated with DMSO, 2BP,
and PA. Right panels, WT, C1163A, CCAA, and CCCAAA fusion proteins.
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from inactivation (2BP: � � 12.69 � 0.69 ms; DMSO: � �
10.70 � 0.38 ms; p � 0.0114). Interestingly, Nav1.6 –CCAA
exhibits the same bidirectional current density response to 2BP
and PA treatments as the WT channel (Fig. 3C), indicating that
Cys1169 and Cys1170 do not contribute to regulating Nav1.6 cur-
rent amplitude.

To biochemically confirm S-palmitoylation occurs at Cys1169

and Cys1170, we designed a CD4 –Nav1.6 –loop 2 fusion protein
for use in the ABE assay because of the low expression level of
Nav1.6 in the heterologous expression system (Fig. 3G). Using
this construct, we observed that the S-palmitoylation signal of
the CD4 –loop 2 fusion protein can be enhanced by PA treat-
ment and reduced by 2BP treatment in our expression system
(Fig. 3H), and the signals are within the linear range of detection
(Fig. S1A). Moreover, eliminating S-palmitoylation at the cys-
teines corresponding to Cys1169 and Cys1170 in Nav1.6 (loop
2–CCAA) greatly reduces the S-palmitoylation signal com-
pared with the WT fusion protein, suggesting that Cys1169 and
Cys1170 are major S-palmitoylation sites in Nav1.6 –loop 2.
However, S-palmitoylation is not completely abolished in loop
2–CCAA. This may indicate additional S-palmitoylation sites
in the fusion protein. Intriguingly, Cys1163, a cysteine near the
double cysteines 1169 and 1170 (Fig. 1), becomes a predicted
S-palmitoylation site in CSS-Palm in both Nav1.6 –CCAA and
loop 2–CCAA, whereas it is not a predicted site in the WT
proteins. This suggests the possibility of unmasking and favor-
ing S-palmitoylation at noncanonical residues when primary
S-palmitoylation sites are eliminated in a protein. Indeed,
the ABE assay showed that loop 2–C1163A displays similar
S-palmitoylation signal as loop 2–WT, suggesting that Cys1163

is not a major S-palmitoylation site, although it might become
one when neighboring S-palmitoylation sites are removed (e.g.
loop 2–CCAA). This may also explain the extra hyperpolarizing
shift of steady-state inactivation observed in the Nav1.6 –
CCAA channel with 2BP treatment (Fig. 3E), even though the
CCAA mutant itself could account for a comparable inactiva-
tion shift in the WT channel with 2BP treatment.

Nav1.6 Cys1978 confers the regulation of current amplitude in
response to S-palmitoylation enhancement

Because S-palmitoylation at Cys1169 and Cys1170 is only
involved in regulating Nav1.6 voltage dependence, we set out to
identify the S-palmitoylation site(s) responsible for Nav1.6
current amplitude regulation. Cys1978 is another predicted
S-palmitoylation site. It is the last residue of Nav1.6, located at
the very end of the cytoplasmic C-terminal domain (CTD) (Fig.
1). This site is of tremendous interest, because it is exclusive to
Nav1.6 and is not found in any other isoform in the Nav family
(Fig. 4A). More importantly, Cys1978 is evolutionally conserved
among Nav1.6 for most species (Fig. S1B). These observations
indicate that Cys1978 may convey crucial isoform-specific func-
tion for Nav1.6. Moreover, there is evidence that S-palmitoyla-
tion in the CTD of ion channels plays a role in surface targeting
(13, 25, 26). Therefore, we hypothesized that Nav1.6 –Cys1978

S-palmitoylation regulates Nav1.6 surface expression and thus
produces the opposite current density effects observed with
2BP and PA treatments. To test this hypothesis, we eliminated
S-palmitoylation at Cys1978 in Nav1.6 and examined the func-

tional properties of this mutant channel. Fig. 4B shows the rep-
resentative traces of TTXr Nav1.6 –C1978A current from each
treatment group. We found that increasing S-palmitoylation
substrate availability with PA treatment no longer increases
Nav1.6 current (PA: �120.50 � 16.18 pA/pF, versus DMSO:
113.2 � 13.68 pA/pF; p � 0.8123) (Fig. 4C). However, blocking
S-palmitoylation with 2BP still slightly decreases Nav1.6 –
C1978A current (�74.20 � 12.70 pA/pF), although the reduc-
tion does not reach statistical significance (p � 0.0544) (Fig.
4C). We speculated that this decrease of Nav1.6 –C1978A cur-
rent by 2BP treatment may be accounted for by secondary
S-palmitoylation site(s) or other unknown mechanisms, similar
to the additional hyperpolarization of steady-state inactivation
in Nav1.6 –CCAA observed with 2BP treatment. Importantly,
Nav1.6 –C1978A demonstrates the same voltage dependence
response to 2BP and PA treatments as Nav1.6 –WT (Fig. 4, D
and E), suggesting that S-palmitoylation at Cys1978 does not
regulate voltage dependence of the channel. Using the same
fusion protein strategy as in Fig. 3G, we confirmed Cys1978 as a
major S-palmitoylation site in the Nav1.6 –CTD (Fig. 4, G and
H). It is noteworthy that there is no functional interaction or
competition between S-palmitoylation at Cys1169, Cys1170 and
that at Cys1978, because the triple cysteine mutant (Nav1.6 –
CCCAAA) with all three cysteines mutated to alanines repli-
cates the voltage-dependent response of Nav1.6 –CCAA and
the current density response of Nav1.6 –C1978A (Fig. 4, I–K).
Together, our data demonstrate that S-palmitoylation at differ-
ent residues of Nav1.6 differentially regulates distinct channel
functions.

Nav1.2 current is not increased by S-palmitoylation
enhancement, but an exogenous cysteine renders it sensitive
to the regulation

Because the C-terminal cysteine (Cys1978) is exclusive to
Nav1.6, we predicted that other Nav isoforms would lack
similar current amplitude regulation by S-palmitoylation. To
address this question, we evaluated how S-palmitoylation
affects the functional properties of Nav1.2. Nav1.2 has a high
degree of sequence homology and a similar expression pattern
in the central nervous system as Nav1.6. However, it has a lysine
(Lys2005) at the homologous position to Nav1.6 –Cys1978. Fig.
5A shows the representative traces of Nav1.2–WT currents.
We found that increasing S-palmitoylation substrate availabil-
ity with PA treatment does not increase Nav1.2 current density
(PA: �641.2 � 92.95 pA/pF versus DMSO: �648.7 � 69.50
pA/pF; p � 0.8517) (Fig. 5B), although blocking S-palmitoyla-
tion with 2BP decreases Nav1.2 current (�397.3 � 47.31
pA/pF; p � 0.0074) (Fig. 5B). This resembles the pattern of
current density response to 2BP and PA treatments observed in
the Nav1.6 –C1978A channel. This suggested that Navs lacking
S-palmitoylation at the C terminus are not subject to current
amplitude increased by S-palmitoylation. On the contrary, the
voltage dependence of steady-state inactivation of Nav1.2
is altered by its S-palmitoylation states (Fig. 5C): blocking
S-palmitoylation with 2BP causes a 4-mV hyperpolarizing
shift (2BP: V1⁄2 � �61.95 � 0.21 mV versus DMSO: V1⁄2 �
�57.79 � 0.18 mV; p � 0.0001), whereas increasing S-palmitoyla-
tion substrate availability results in a 4-mV depolarizing shift
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Figure 4. C1978A eliminates Nav1.6 current enhancement by PA without altering voltage dependence response to S-palmitoylation manipulation.
A, a segment of amino acid alignment of the Nav family. The arrow indicates Cys1978 in Nav1.6. B, representative current traces elicited from Nav1.6 –C1978A
with different treatments. C and I, current density–voltage plots of Nav1.6 –C1978A and Nav1.6 –CCCAAA. #, p � 0.05 PA compared with 2BP in two-way
ANOVA. D, E, and J, steady-state inactivation and activation curves of Nav1.6 –C1978A and Nav1.6 –CCCAAA fitted with Boltzmann functions. F and K, recovery
from inactivation of Nav1.6 –C1978A and Nav1.6 –CCCAAA with recovery time duration from 0 to 50 ms. The data are presented as means � S.E. The values and
statistical significance are reported in Table 1. G, schematic illustration of the CD4 –Nav1.6 –CTD fusion protein showing the last five amino acids of the CD4
transmembrane segment and the first five amino acids of the Nav1.6 –CTD. H, acyl-biotin exchange assays on WT and C1978A fusion protein-transfected HEK
cells probed with CD4 antibody.
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(V1⁄2 � �54.01 � 0.10 mV; p � 0.0003) (Fig. 5C), similar to
previous results obtained from Xenopus oocytes expressing
Nav1.2 (10). With these data, we demonstrate that Nav1.2
fails to display sensitivity to current enhanced by S-palmi-
toylation but preserves the voltage dependence modulation
conveyed by the conserved double cysteines in loop 2.

To further explore the role of S-palmitoylation at the C ter-
minus of a voltage-gated sodium channel other than Nav1.6, we
introduced an exogenous cysteine to Nav1.2 at its C-terminal
end point (Lys2005). Fig. 5A shows the representative traces of
TTXr Nav1.2–K2005C currents. We observed that Nav1.2–
K2005C displays the bidirectional current density modulation
produced by 2BP and PA treatments (Fig. 5E) similar to
Nav1.6 –WT (Fig. 2C), suggesting that S-palmitoylation at the
C-terminal exogenous cysteine in Nav1.2 alters the Nav1.2
current density response to S-palmitoylation modulation
treatments. This indicates that the functional importance of
S-palmitoylation at this position has the potential to apply to
multiple Nav isoforms. However, the bidirectional modulation
of Nav1.2 current is not as dramatic as that observed in Nav1.6.
This might be due to a lower S-palmitoylation efficiency in

Nav1.2, possibly because of the difference in sequence environ-
ment, protein conformation, and/or interacting partners associ-
ated with the channel. Unexpectedly, the pattern of voltage
dependence response of Nav1.2–K2005C is more similar to
Nav1.6–WT rather than Nav1.2–WT (Fig. 5F): increasing
S-palmitoylation substrate availability with PA treatment does not
depolarize the voltage dependence of steady-state inactivation in
Nav1.2–K2005C (PA: V1⁄2 � �55.57 � 0.22 mV versus DMSO:
V1⁄2 � �57.20 � 0.19 mV; p � 0.2877), whereas blocking S-palmi-
toylation with 2BP causes a hyperpolarizing shift in the voltage
dependence of steady-state inactivation (V1⁄2 ��62.91 � 0.26 mV;
p � 0.0001). The loss of voltage dependence modulation in
response to PA supplementation could be caused by the introduc-
tion of an extra S-palmitoylation site. This is in contrast to Nav1.6,
where the S-palmitoylation status of the two sites seem to be inde-
pendent, further supporting our hypothesis that S-palmitoylation
modifies Nav functions in an isoform-dependent manner. More-
over, our data also suggest that whether 2BP and PA individual
treatments can lead to appreciable effects also depends on the sat-
uration level of S-palmitoylation at specific sites: if saturated, pos-
sibly as in the case of Cys1169 and Cys1170 in Nav1.6, increasing

Figure 5. An exogenous cysteine renders Nav1.2 current amplitude enhanced by S-palmitoylation. Voltage-clamp recordings from ND7/23 cells tran-
siently transfected with Nav1.2r–WT and Nav1.2r–K2005C are shown. Transfected cells were treated with DMSO as solvent control, 2BP to block S-palmitoy-
lation, and PA to enhance S-palmitoylation 24 h before recording. A, representative current traces from different treatment groups elicited by activation
protocol. B and E, current density–voltage plots. *, p � 0.05 compared with DMSO, #, p � 0.05 PA compared with 2BP in two-way ANOVA. C and F, steady-state
inactivation and activation curves fitted with a Boltzmann function. D and G, recovery from inactivation with recovery time duration from 0 to 50 ms. The data
are presented as means � S.E. The values and statistical significance are reported in Table 1.
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S-palmitoylation substrate availability would not show an appre-
ciable effect on channel properties, whereas if a S-palmitoylation
site is nonsaturated, likely the case with the double cysteines in
Nav1.2–loop 2 and Cys1978 in Nav1.6, manipulating the S-palmi-
toylation status of the channels with 2BP and PA treatments
results in bidirectional effects.

Loss of S-palmitoylation at Cys1169, Cys1170, and Cys1978 in
Nav1.6 reduces channel activity and dampens Nav1.6-
mediated excitability in DRG neuron

To investigate how loss of S-palmitoylation at Cys1169,
Cys1170, and Cys1978 impacts Nav1.6 activity in neurons, we
compared the properties of transfected Nav1.6r–WT and
Nav1.6r–CCCAAA channels in DRG neurons. The use of adult
DRG neurons was specifically advantageous for our study
because of the ease of transient transfection and high expres-

sion level of recombinant Nav1.6 we could achieve with this
method. Because Nav1.8 is the major TTXr sodium channel in
DRGneurons,Nav1.6r–WTandNav1.6r–CCCAAAcDNAcon-
structs were co-transfected with Nav1.8-targeting shRNA to
knock down the endogenous Nav1.8 channels (27). DRG neu-
rons express multiple TTX-sensitive sodium channels (includ-
ing Nav1.6 (28)), and therefore transfected Nav1.6r current was
isolated by applying 500 nM TTX in the extracellular solution in
patch clamp recordings. We found that DRG neurons express-
ing Nav1.6 –CCCAAA conduct smaller TTXr sodium currents
(Fig. 6, A and B), and these currents have a hyperpolarizing shift
of steady-state inactivation compared with the Nav1.6 –WT
transfected neurons (Fig. 6C).

Next we examined the Nav1.6-mediated excitability in DRG
neurons. We observed a higher current threshold (Fig. 6F,
CCCAAA: 459.5 � 59.82 pA versus WT: 250.0 � 46.17 pA;

Figure 6. Loss of S-palmitoylation at Cys1169, Cys1170, and Cys1978 reduced Nav1.6 current and channel availability and dampened Nav1.6-mediated
excitability in DRG neuron. A, representative TTXr current traces elicited from Nav1.6 –WT and Nav1.6 –CCCAAA transfected DRG neurons with endogenous
Nav1.8 knocked down. B, current density–voltage plot. *, p � 0.05 in two-way ANOVA. C, steady-state inactivation and activation curves fitted with Boltzmann
functions. D, recovery from inactivation with recovery time duration from 0 to 50 ms. The data are presented as means � S.E. in B–D. The values and statistical
significance are reported in Table 1. E, representative traces of stimulated action potentials from Nav1.6 –WT and Nav1.6 –CCCAAA transfected DRG neurons
with endogenous Nav1.8 knocked down. F and G, current and voltage thresholds for evoked action potential during 500-ms stimulation. *, p � 0.05 in t test. H,
maximum number of evoked action potentials during 500-ms stimulations from 0 to 1000 pA in 50-pA increments. I, percentage of cells fired versus did not fire
action potential upon 1-ms stimulations from 0 to 1000 pA in 50-pA increments. *, p � 0.05 in �2 test. J, resting membrane potential, input resistance and cell
capacitance of Nav1.6 –WT and Nav1.6 –CCCAAA transfected DRG neurons. The data are presented as means � S.D. in F–H and J.
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p � 0.0089), as well as a higher voltage threshold (Fig. 6G,
CCCAAA: �10.42 � 2.136 mV versus WT: �29.27 � 4.123
mV; p � 0.0007) for evoked action potential in the Nav1.6 –
CCCAAA transfected neurons with 500-ms stimulations com-
pared with Nav1.6 –WT transfected neurons. The maximum
number of action potentials fired during the 500-ms stimula-
tion are not different (Fig. 6H). This is because in our experi-
ments most of the DRG neurons fire only one action potential
with endogenous Nav1.8 knocked down. However, we found
that fewer Nav1.6 –CCCAAA transfected neurons are able to
fire an action potential upon a 1-ms stimulation up to 1 nA
compared with WT transfected neurons (Fig. 6I, AP/total cell
count, WT: 11 of 22 versus CCCAAA: 2 of 21, p � 0.0039 in �2

test). Collectively, these data suggest that loss of S-palmitoyla-
tion at Cys1169, Cys1170, and Cys1978 reduces Nav1.6 activity
and dampens Nav1.6-mediated excitability in DRG neurons.
Importantly, this was not due to any difference in intrinsic
properties (resting membrane potential, input resistance, and
cell capacitance) between WT- and CCCAAA-transfected neu-
rons (Fig. 6J).

Discussion

We show here that Nav1.6 is modified by S-palmitoylation.
Three major S-palmitoylation sites are identified: the two adja-
cent cysteines in loop 2, Cys1169 and Cys1170, and the C-termi-
nal Cys1978. The two cysteines in loop 2 are highly conserved
among Nav isoforms (Fig. 3A), but their functional significance
can vary: in Nav1.6 (Fig. 3) and Nav1.2 (Fig. 5 and Ref. 10),
S-palmitoylation at the conserved cysteines modulates channel
steady-state inactivation; in Nav1.5, similar modulation is
mediated by S-palmitoylation at a nonconserved residue
(Cys981) without involving the conserved cysteines (9). This
suggests that the function of a S-palmitoylation site in a voltage-
gated sodium channel depends on the specific isoform. It is also
possible that S-palmitoylation may not ubiquitously occur at
conserved sites in all Nav isoforms.

We also demonstrate that S-palmitoylation regulates distinct
Nav1.6 functions by modifying different cysteine residues in
the channel. Without affecting steady-state inactivation, the
S-palmitoylation status of Cys1978 substantially modulates the
current amplitude of Nav1.6 (Fig. 4). This uncovers the possi-
bility to fine-tune specific channel properties by modulating
S-palmitoylation at respective residues. The underlying mech-
anism of current amplitude regulation might be that S-palmi-
toylation at Nav1.6 –Cys1978 promotes the surface expression
of the channel. However, we were not able to directly test this
hypothesis because of the extremely low expression level of
Nav1.6 in our heterologous system.

Intriguingly, the C-terminal cysteine is unique to Nav1.6 and
absent from all other Nav isoforms (Fig. 4A). More importantly,
this residue is invariant in Nav1.6 among most mammalian and
vertebrate species with only a few exceptions in lower verte-
brates (Fig. S1B). From an evolutionary perspective, this con-
servation indicates that Cys1978 is a more recent adaptation for
Navs and probably confers critical regulation that is specific to
Nav1.6 and to its special physiological role. Indeed, we observed
current enhancement by S-palmitoylation only in the presence
of the C-terminal cysteine in Nav1.6. Nav1.2, lacking the homo-

logous S-palmitoylation site, only obtained such modulation
when an exogenous cysteine was introduced (K2005C) (Fig. 5).
It is noteworthy that the beginning two-thirds of the CTD is
quite conserved among all human Nav isoforms, whereas the
remaining third that follows the calmodulin-binding IQ motif
is highly variable. Thus, it is reasonable to speculate that the last
third of the CTD, which includes the unique S-palmitoylation
site in Nav1.6, serves isoform-dependent functions for Nav
channels.

It is important to point out that the effect size of current
enhancement in Nav1.2–K2005C is far smaller than that in
Nav1.6, possibly because of lower S-palmitoylation efficiency at
an exogenous S-palmitoylation site or due to other C-terminal
isoform-specific differences. There is growing evidence that
there is enzyme–substrate specificity for S-palmitoylation
(29 –34). PATs, the enzymes that catalyze the S-palmitoyla-
tion reaction, may recognize their substrates based on pro-
tein secondary structure (35) and/or protein–protein inter-
acting domains (30, 31, 36–38), although these PATs were
once deemed stochastic because a consensus sequence motif
has yet to emerge (39). The existence of PAT–substrate
specificity is further supported by our observation of subop-
timal effect of current enhancement by S-palmitoylation on
an exogenous site in Nav1.2–K2005C (Fig. 5) along with the
possible lack of S-palmitoylation at the conserved double
cysteines in Nav1.5 (9).

So far, 23 human PATs have been identified. It has been
shown that these PATs differ in tissue, cell type, and subcellular
distribution (16, 37, 40–43), creating a spatial, and thus func-
tional segregation among these enzymes. Additionally, PAT
distributions are subject to dynamic regulation (7), adding
another layer of complexity for the regulation of S-palmitoyla-
tion. Although more work is needed to clarify the mechanisms
of S-palmitoylation and its regulation, the intricacy of PAT
specificity and the variety of S-palmitoylation functionalities
substantiate its potential of being exploited to target Navs with
isoform specificity.

Our discovery of Nav1.6 modification by S-palmitoylation
provides a novel strategy to modulate neuronal excitability,
considering the crucial role of Nav1.6 in action potential initi-
ation and propagation in both CNS and peripheral nervous sys-
tem. We demonstrated, as a proof of concept, that altering
S-palmitoylation of Nav1.6 exerts significant impact on the
excitability of adult DRG neurons (Fig. 6). The DRG neurons
provide important advantages for the purpose of our study.
Adult DRG neurons can express high levels of recombinant
Nav1.6 via transient transfection (44), and adult neurons can be
used for both voltage-clamp characterization of isolated ionic
currents and current clamp analysis of excitability (45). On the
contrary, in our experience, the vast majority of cultured CNS
neurons are either too immature to support a sufficient level of
Nav1.6 expression (because Nav1.6 is an adult brain isoform
that starts its expression relatively late in development) or too
difficult to transfect. Moreover, the need for transient transfec-
tion of Nav1.6 and its S-palmitoylation– deficient variants is
imposed by the fact that pharmacological treatments (2BP and
PA) affect global S-palmitoylation of a wide range of neuronal
proteins, and thus it is impossible to isolate the effect of altering
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Nav1.6 S-palmitoylation using a pharmacological approach
to manipulate palmitoylation in neurons. DRG neurons are
not a perfect neuronal environment to demonstrate the func-
tional significance of Nav1.6 S-palmitoylation on excitability.
Although endogenous Nav1.6 expression is detected in DRG
neurons (28), Nav1.6 has a more prominent role in setting the
excitatory tone of central neurons. Thus, it may be highly desir-
able to further evaluate the impact of Nav1.6 S-palmitoylation
on central neuron activity in future studies, possibly using
transgenic mice with a specific palmitoylation site knocked out.
Additionally, the requirement for knocking down the endoge-
nous TTXr Nav1.8 to isolate the effect of Nav1.6 rendered the
majority of DRG neurons unable to fire multiple action poten-
tials under our experimental conditions. The DRG neurons
endogenously express a combination of TTX-sensitive
(Nav1.6 and Nav1.7) and TTXr (mainly Nav1.8) sodium cur-
rents (46). It is well-established that Nav1.6 and Nav1.7
mainly conduct subthreshold sodium currents and set the
threshold for action potentials, whereas Nav1.8 is the major
contributor to action potential upstroke and repetitive firing
in the DRG neurons (46). Although Nav1.6 supports high
frequency, repetitive firing in a wide range of CNS neurons
(47–53), the cellular background of DRG neurons, including
the subset of K� channels, the leaky soma membrane prop-
erty, the post-translational modifications, and possibly dis-
tinct combination of Nav1.6 interacting proteins presented,
may limit the ability of this channel to generate multiple action
potentials on its own. Finally, although the use of DRG
neurons for Nav1.6 expression provided a clear picture of the
role of S-palmitoylation in modulating Nav1.6-mediated excit-
ability, it does not reflect the firing behavior of DRG neuron in
vivo.

Nav1.6 has long been an attractive target for excitability
modulation because of its unique properties that support high
frequency, repetitive firing in a wide range of neurons (47–52,
54). Moreover, Nav1.6 is distinguished by its ability to generate
high levels of persistent current (47, 55) and resurgent current
(56, 57), which are often perturbed (usually augmented) in
channelopathies. Over 200 disease mutations are reported
in ClinVar (58) for Nav1.6, implicating its direct involvement in
the etiology of diverse neurological diseases including epilepsy,
cognitive deficit, and movement disorders. Although none of
them directly removes or introduces a Nav1.6 S-palmitoylation
site, disease mutations that are seemingly distant from a
S-palmitoylation site may influence S-palmitoylation by alter-
ing the post-translational code (59), changing the secondary
structure, or disrupting protein–protein interaction. Addition-
ally, there can be complex interplays between different post-
translational interactions (5, 60–64). Thus, mutations that
interfere with, for example, phosphorylation or its related
signaling pathways might also affect S-palmitoylation and
indirectly alter channel maturation, trafficking, and func-
tional properties. Conversely, altering S-palmitoylation
status of specific sites offers an opportunity to attenuate
abnormal Nav1.6 activity imposed by disease mutations.
Collectively, we present S-palmitoylation as a novel mech-
anism for isoform-specific regulation for voltage-gated

sodium channels and propose a new therapeutic strategy to
modulate excitability disorders.

Experimental procedures

DNA constructs

pcDNA3–Nav1.6r was modified from a pcDNA3–Nav1.6r–
EGFP construct (23) with a stop codon inserted before the
EGFP sequence. This Nav1.6 channel has been rendered resist-
ant to TTX (Nav1.6r) by a Y371S substitution. pcDNA3–
Nav1.2 construct was rendered resistant to TTX by a F385S
substitution. Fusion proteins CD4 –Nav1.6 –loop 2 and CD4 –
Nav1.6 –CTD were designed in-house and purchased from
GenScript. Briefly, the extracellular and transmembrane seg-
ments of CD4 (amino acid 1– 418) were fused with Nav1.6 –
loop 2 (amino acid 976 –1193) or Nav1.6 –CTD (amino acid
1768 –1978). All mutations (Nav1.6 C1169A/C1170A, Nav1.6
C1978A, Nav1.2 K2005C, CD4 –CTD CA, and CD4 –loop 2
CCAA) were introduced into the WT cDNA constructs using a
QuikChange II XL site-directed mutagenesis kit from Agilent
Technologies according to the manufacturer’s instructions.
Mutant constructs were fully sequenced (ACGT, Inc.) to con-
firm correct mutation and absence of additional mutations.

Cell culture and transfection

The neuronal cell line ND7/23 was used to transiently
express WT and mutant Nav1.6r and Nav1.2r channels for
functional characterization; the HEK 293 cell line was used to
transiently express WT and mutant CD4 –Nav1.6 fusion pro-
teins and to stably express Nav1.6 for acyl-biotin exchange
assays. The cells were grown under standard tissue culture con-
ditions and were transfected using Invitrogen Lipofectamine
2000 transfection reagent according to the manufacturer’s
instructions.Briefly, the lipid–DNAmixture(5-�gchannelcon-
struct and 0.5-�g enhanced GFP (EGFP) construct) in Opti-
MEM medium was added to cells for 4 h, after which trans-
fected cells were split onto a 35-mm dish with fresh medium.
Transfected cells were incubated at 30 °C overnight to increase
channel surface expression. 24 –32 h after transfection, whole-
cell voltage-clamp recordings were performed. Transfected
cells were identified by EGFP expression under a fluorescent
microscope. To manipulate S-palmitoylation status, 25 �M

2BP, 10 �M PA, or DMSO were added to medium 8 h after
transfection for overnight incubation.

Rat DRG neurons were dissociated and cultured as previ-
ously described (65). Briefly, young adult male Sprague-Dawley
rats, in adherence with animal procedures approved by the
Indiana University School of Medicine and the School of Sci-
ence Institutional Animal Care and Use Committees, were
euthanized by carbon dioxide overexposure followed by decap-
itation. All DRGs were harvested and subsequently incubated
in collagenase (1 mg/ml) and protease (1 mg/ml) for 70 min.
DRGs were then spun down and washed in Dulbecco’s modi-
fied Eagle’s medium with 10% fetal bovine serum. After tritura-
tion, the cells were plated on coverslips coated with poly-D-
lysine and laminin. Transient transfection was performed using
the Helios Gene Gun (Bio-Rad) as previously described (57, 66).
The cells were co-transfected with Nav1.6r cDNA and Nav1.8
shRNA with an internal ribosome entry site–EGFP. Previous
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data have shown that the Nav1.8 shRNA reduces endogenous
Nav1.8 current in DRG neurons by 98% (27, 57). Patch clamp
recordings were performed 48 h after transfection.

Acyl-biotin exchange

Performed as previously described with minor modifications
(9, 67). Briefly, HEK 293 cells stably expressing Nav1.6 or tran-
siently transfected with WT CD4 –loop 2, CD4 –CTD and their
mutant variants were lysed and treated with N-ethylmaleimide
overnight to block free cysteines at 4 °C with end-to-end rota-
tion. The next day, N-ethylmaleimide was removed by chloro-
form-methanol precipitation and dissolved in 4% SDS buffer.
The soluble protein was then divided into two equal parts and
treated with either NH2OH (0.7 M hydroxylamine, 1 mM biotin,
0.2% Triton X-100, and 1� protease inhibitor) or Tris-buffered
solution (200 mM Tris, 1 mM biotin, 0.2% Triton X-100, and 1�
protease inhibitor). The reaction was carried out in the dark for
1 h. Chemicals were removed by chloroform-methanol precip-
itation. Protein was resolubilized in 2% SDS buffer and subse-
quently diluted with lysis buffer to achieve 0.1% SDS concen-
tration for streptavidin-agarose bead capture. BCA protein
assay was performed to ensure that equal amount of proteins
from different groups were subjected to the streptavidin-aga-
rose beads capture. After 1 h of incubation at room tempera-
ture, the beads were washed four times with lysis buffer con-
taining 1% Triton X-100 and 0.1% SDS. Protein was eluted in
LDS sample buffer (Invitrogen) with 2% �-mercaptoethanol
and heated at 65 °C for 5 min before probing with Western
blotting.

Gel electrophoresis and Western immunoblotting

Gel electrophoresis and protein transfer was performed
according to the standard protocol (Life Technologies). Pri-
mary antibodies include mouse pan-Nav antibody (Sigma,
1:1000) and rabbit CD4 antibody (Abcam, 1:2000). Fluores-
cently labeled secondary antibodies used were goat anti-mouse
IgG H&L IRDye� 800CW (Abcam, 1:20000) and goat anti-rab-
bit IgG IRDye 800CW (Li-Cor, 1:10000).

Whole-cell patch clamp recordings

All recordings were obtained at room temperature (�22 °C)
using a HEKA EPC-10 amplifier and the PatchMaster program
(v2 � 73.2, HEKA Electronic) as previously described (68). For
voltage-clamp recordings, electrodes were fabricated from
1.7-mm capillary glass and fire-polished to a resistance of 0.8 –
1.0 M	 using a Sutter P-1000 micropipette puller (Sutter
Instrument Company). The series of recording protocols was
started 3 min after break-in for each cell, which controlled for
time-dependent shifts in channel properties. The cells were not
considered for analysis if the initial seal resistance was �1 G	
or if they had a series resistance of 
3 M	. Voltage errors were
minimized using 
80% series resistance compensation, and
passive leak currents were cancelled by subtraction. The intra-
cellular solution contained 140 mM CsF, 10 mM NaCl, 1.1 mM

EGTA, and 10 mM HEPES, adjusted to a pH of 7.30 with CsOH.
For recordings in ND7/23 cells, the extracellular solution con-
tained 140 mM NaCl, 20 mM TEA-Cl, 3 mM KCl, 1 mM MgCl2, 1
mM CaCl2, and 10 mM HEPES, adjusted to a pH of 7.30 with

NaOH. For recordings in DRG neurons, the extracellular solu-
tion contained 140 mM NaCl, 20 mM TEA-Cl, 3 mM KCl, 1 mM

MgCl2, 1 mM CaCl2, 0.1 mM CdCl2, and 10 mM HEPES, adjusted
to a pH of 7.30 with NaOH. 500 nM TTX was added to the
extracellular solution to block endogenous sodium currents
and isolate TTX-resistant current generated by transfected
channels. Osmolarity of all solutions was adjusted to 300
mOsm.

For current-clamp recordings, electrodes were fabricated
from 1.2-mm capillary glass to achieve a resistance of 4.0 – 6.0
M	. The series of recording protocols was started 2 min after
break-in for each cell. The intracellular solution contained
140 mM KCl, 5 mM MgCl2, 5 mM EGTA, 2.5 mM CaCl2, and 10
mM HEPES, adjusted to a pH of 7.30 with KOH. The extra-
cellular solution contained 140 mM NaCl, 5 mM KCl, 2 mM

CaCl2, 1 mM MgCl, and 10 mM HEPES, adjusted to a pH of
7.30 with NaOH. Osmolarity of solutions was adjusted to 300
mOsm.

Patch-clamp protocols and data analysis: activation protocol

Transient sodium current (INaT) was measured during a
50-ms depolarizing step (�80 to �45 mV; 5-mV increment)
from a holding potential of �120 mV. The current density was
calculated by dividing the measured INaT by the capacitance of
the cell. Sodium current conductance (GNa) was converted
from INaT using the equation GNa � INaT/(V � Vrev), where Vrev
is the reversal potential of Na� obtained in FitMaster (v2 �
73.5, HEKA Electronic) for each cell. Activation curves were
generated by plotting normalized GNa against depolarizing
potentials and fitting it with the Boltzmann function in the
form of GNa/Gmax � 1/(1 � exp[(V50,act � V)/kact]), where Gmax
is the maximal GNa, V50,act is the potential at which activation is
half-maximal, V is the depolarizing potential, and kact is the
slope factor.

Steady-state inactivation

Availability of sodium channels was measured by the peak
sodium current during a 20-ms test pulse at 0 mV following a
500-ms prepulse (�140 to �10 mV; 10-mV increment) that
allows channels to enter equilibrium states. Steady-state inac-
tivation curves were generated by plotting normalized sodium
current against prepulse potentials and fitting it with the Boltz-
mann function in the form of I/Imax � 1/(1 � exp[(V50,inact �
V)/kinact]), where Imax is the maximal sodium current obtained
in this protocol, V50,inact is the potential at which half of the
sodium channels are available for activation, V is the prepulse
potential, and kinact is the slope factor.

Recovery from inactivation

A 20-ms depolarization prepulse at 0 mV was applied to
allow channel activation and subsequent inactivation, which
was followed by a repolarizing step to �80 mV for durations
ranging from 0 to 50 ms with 2-ms increment. The noninac-
tivated sodium currents were measured during a subsequent
20-ms test pulse at 0 mV and normalized to the maximum
current obtained in this protocol. The normalized noninac-
tivated sodium current was plotted against the duration of
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repolarizing step and fitted with a single exponential
function.

Statistics

GraphPad Prism (v 6.00, GraphPad Software) was used for
statistical analysis and curve fitting with the nonlinear least-
squares minimization method. The data acquired from voltage-
clamp recording are presented as means � S.E. of the indicated
number of cells (n). The data acquired from current-clamp
recording are presented as means � S.D. and plotted with indi-
vidual values. For comparisons of current density from both
ND7/23 cells and DRG neurons, two-way ANOVA was per-
formed. For comparisons of all the other parameters, one-way
ANOVA followed by Tukey multiple comparisons test was per-
formed for treatment groups in the same channel variant trans-
fected in ND7/23 cells; Student’s t test was performed for WT
and individual mutant channels transfected in ND7/23 cells
and DRG neurons.
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