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ARTICLE
Veratridine modifies the gating of human voltage-gated

sodium channel Navl.7

Xiao-yu Zhang', Rui-yun Bi?, Peng Zhang' and Ye-hua Gan'

Veratridine is a lipid-soluble neurotoxin derived from plants in the family Liliaceae. It has been broadly investigated for its action as
a sodium channel agonist. However, the effects of veratridine on subtypes of sodium channels, especially Nav1.7, remain to be
studied. Here, we investigated the effects of veratridine on human Nav1.7 ectopically expressed in HEK293A cells and recorded
Nav1.7 currents from the cells using whole-cell patch clamp technique. We found that veratridine exerted a dose-dependent
inhibitory effect on the peak current of Nav1.7, with the half-maximal inhibition concentration (ICso) of 18.39 uM. Meanwhile,
veratridine also elicited tail current (linearly) and sustained current [half-maximal concentration (ECsp): 9.53 uM], also in a dose-
dependent manner. Veratridine (75 uM) shifted the half-maximal activation voltage of the Nav1.7 activation curve in the
hyperpolarized direction, from —21.64 £ 0.75 mV to —28.14 + 0.66 mV, and shifted the half-inactivation voltage of the steady-state
inactivation curve from —59.39 + 0.39 mV to —73.78 + 0.5 mV. An increased frequency of stimulation decreased the peak and tail
currents of Nav1.7 for each pulse along with pulse number, and increased the accumulated tail current at the end of train
stimulation. These findings reveal the different modulatory effects of veratridine on the Nav1.7 peak current and tail current.
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INTRODUCTION

The alkaloid neurotoxin veratridine is found in the rootstock of
hellebore and the seeds of sabadilla [1] and is widely used as a
sodium channel opener to increase sodium ion (Na™*) accumula-
tion inside the cells, which can be detected through radioactive
sodium ion flux assays [2, 3] or voltage-sensitive dye [4, 5].
Veratridine elicits membrane depolarization in lymphatic vessels
and enhances contraction both in lymphatic vessels [6] and in
smooth muscle myocytes [7, 8]; it also prolongs the action
potential in ventricular cardiomyocytes, leading to early after-
depolarization and reflection [9]; increases sperm motility [10]; and
causes catecholamine secretion [2]. Veratridine has the same
pharmacological effect as aconitine, grayanotoxin and batracho-
toxin (BTX), which can compete with it for binding site [11-14].
Meanwhile, tetrodotoxin (TTX) has a different binding site on
sodium channels and can inhibit veratridine-induced sodium
channel activation [15, 16].

Voltage-gated sodium channels (VGSCs) are activated by
depolarization, with the S4 segment in the a subunit serving as
the voltage sensor; the channels are inactivated during the
ongoing depolarization with a fast and a slow component, the
former of which is mediated by the inactivation gate [13, 17-19],
and they will later be deactivated when the channel returns to its
resting membrane potential (during the tail current) [20, 21].
VGSCs are classified into nine subtypes, from Nav1.1 to Nav1.9,
and have different expression profiles in different tissues [19, 22].
A VGSC is composed of two types of subunits: a pore-forming a
subunit and one or two associated  subunits [23]. According to
their sensitivity to TTX, VGSCs can be divided into two subgroups,

namely, the TTX-sensitive group and the TTX-resistant group.
Nav1.5, Nav1.8, and Nav1.9 are TTX resistant, while the other
subtypes are TTX sensitive [24].

Nav1.7 plays important roles in sensory and sense-driven
functions such as pain, cough, olfactory reflexes, and acid
sensation, which make it an important drug target [25, 26], and
this channel is expressed abundantly in peripheral sensory
neurons such as dorsal root ganglion (DRG) neurons, where it
regulates cell excitability by modulating the neuronal action
potential threshold [19, 22, 25]. In DRG neurons, veratridine
inhibits sodium channel conductance in a dose-dependent
manner, exerts different modulatory effects on the voltage gating
of TTX-sensitive and TTX-resistant channels [27], and induces
different Ca®" responses [28]. The modulatory effect of veratridine
on the characteristics of sodium channels has been reported
mostly for skeletal muscle Nav1.4 [12, 29] and murine vas deferens
myocyte Nav1.6 [11, 30], while little is known about its effect on
neuronal Nav1.7 [11]; in particular, its effect on the gating
properties of Nav1.7 is largely unknown. Therefore, in this study,
we investigated the effect of veratridine on the voltage-
dependent sodium channel Nav1.7.

MATERIALS AND METHODS

Ectopic expression of human Nav1.7 in human embryonic kidney
cell line 293A cells

Human embryonic kidney cell line 293A (HEK293A) cells were
cultured in Dulbecco’s modified Eagle’s medium (Gibco, Grand
Island, NY, USA) supplemented with 10% fetal bovine serum
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(Gibco, Grand Island, NY, USA) at 37 °C in an atmosphere with 5%
CO,. The cells were cotransfected with one plasmid containing
SCN9A (human Nav1.7 a subunit) plus DsRed2 and another one
containing SCN1B/SCN2B (human VGSC 1 and 2 subunits) plus
EGFP [31] using VigoFect Reagent (Vigorous Biotechnology,
Beijing, China) according to the manuals, as described previously
[32]. After 2 days of transfection, cells were trypsinized and plated
on poly-lysine-coated coverslips 1-3 h before electrophysiological
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recording. Experiments were performed on cells positive for
DsRed2 and EGFP, detected at 550 nm and 488 nm with an
Olympus IX70 microscope. Fluorescent images were captured with
a Zeiss 700 upright confocal microscope.

Electrophysiology
Whole-cell patch-clamp recordings were performed using an EPC/
10 amplifier (HEKA Elektronic, Lambrecht/Pfalz, Germany) and
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Dose-dependent effect of veratridine on Nav1.7 currents. a Typical traces showing the effect of veratridine (10 yM and 75 uM) on

Nav1.7 peak current, sustained current, and tail current compared with the control condition (without veratridine) in the same cell, which was
activated with 500 ms voltage steps between —80 and +20mV in 5mV increments from a holding potential of —100 mV at ~0.2 Hz.
b-d Dose-dependent inhibitory effects of veratridine at 2-75 uM (n =3 for each concentration) on the peak current (b), relative sustained
current (c), and relative tail current (d) of Nav1.7; these values were normalized to the corresponding values from before veratridine and fitted
with the equation y = base + max/[1 + exp(Xhair—X)kl, where y is the Nav1.7 peak current, x is the ICsq of veratridine, k is slope factor, and

base and max are the minimum and maximum values of y
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Pulse Software (HEKA Elektronic, Lambrecht/Pfalz, Germany) at
room temperature as previously described with a slight modifica-
tion [33]. Cells were bathed in an extracellular solution composed
of the following (in mM): 150 NaCl, 5 KCl, 10 HEPES, 2.5 CaCl,, and
1 glucose (pH adjusted to 7.4 with NaOH). Patch pipettes were
fabricated using a P-97 puller (Narishige, Tokyo, Japan) to achieve
resistances of 2-3 MQ when filled with the intracellular solution,
which was composed of the following (in mM): 107 CsF, 10 NaCl, 2
MgCl,, 1 CaCl,, 10 HEPES, 10 EGTA, and 10 TEACI (pH adjusted to
7.2 with CsOH). Currents were filtered at 2.9 kHz and digitized at
10 kHz. Serious resistance was compensated by 70-80% during
the whole-cell recording. TTX was stocked as 1 mM in water and
diluted to 0.5 uM with the extracellular solution when used, and
veratridine was stocked as 75 mM in ethanol and diluted to 1-75
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Voltage protocols

Cells were depolarized from a holding potential (—100 mV) to test
potentials between —80 and +50 mV (at 5 mV increments) for 50
ms at 1 Hz to obtain a current-voltage (/-V) curve and a steady-
state activation curve. To obtain a steady-state inactivation curve,
we held the cells at a given membrane potential for 500 ms from
holding potentials from —120 to 0 mV (at 5 mV increments) before
a depolarization to —10 mV for 50 ms. Activation and inactivation
curves were fitted to a Boltzmann function of the form: I/,ay (or
G/Gmax) = {1+ exp [(Vi—V4,2)/KIY " (V1)2, half-maximal activation
voltage; k, slope factor; and V,,,, membrane potential).
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Fig. 2 Effect of veratridine on activation of Nav1.7 currents. a Typical traces of inhibition of the Nav1.7 peak current by 75 uM veratridine or
500 nM TTX after application for 3 min extracellularly when evoked from a holding potential of —100 mV to 50 ms test pulses between —20
mV and —10mV at 0.5Hz. b, ¢ Current-voltage relationship of Nav1.7 peak current (b) and sustained current () modulated by 75 puM
veratridine (n = 8) compared with control (n = 8). d, e Effect of veratridine (75 uM) on peak value of Iy, (d, n = 8) and sustained current (e, n =
4) after application for 2-5 min. Paired Student’s t test, *P < 0.05, **P < 0.01 vs control, *P < 0.05 vs 2 min
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Data analysis

Data were analyzed with the software Igor (Wavemetrics, Lake
Oswego, OR, USA) and shown as the mean + SEM. Significance
was tested using the two-tailed paired or unpaired Student's t test
as indicated (*P < 0.05, **P < 0.01, ***P < 0.001).

RESULTS

Voltage dependence of Nav1.7 current

Nav1.7 currents were recorded in HEK293A cells transiently
coexpressing hNav1.7 sodium channel a subunit and 3 subunits;
these cells were indicated by their expression of the fluorescent
proteins DsRed2 and EGFP as in Figure S1a. The Nav1.7 channel
was activated with a peak amplitude of 194 +37.9 pA/pF (n=11,
Figure S1b, S1c), The steady-state activation curve of Nav1.7, fitted
by the Boltzmann equation, showed half-maximal activation (V;,,)
at —27.8+0.01mV and a slope factor k=4.15+0.23 mV (Fig-
ure S1d). The inactivation curve, also fitted by the Boltzmann
equation, showed V;,, at —66.28 + 0.17 mV and k= 5.99 £ 0.15 mV
(n=11) (Figure S1d). In addition, there was little or no detectable
sodium current in the nontransfected cells, in contrast to the
transfected cells (n=7 for nontransfected cells and n=28 for
transfected cells, P < 0.05, Figure S2).

Dose-dependent effect of veratridine on Nav1.7 current
Veratridine is regarded as a sodium channel activator [2-5], but
the effects of different doses of veratridine on Nav1.7 current have
not been reported. Here, we used veratridine at different doses to
examine its effect on peak current, sustained current, and tail
current (Fig. 1a). Nav1.7 currents were activated with 500 ms
voltage steps between —80 and +20 mV at 5 mV increments from
a holding potential of —100mV at ~0.2Hz, before and after
different doses of veratridine from 2 to 75 uM. The value of peak
currents at different doses were normalized and compared
to the peak current before veratridine, showing a dose-
dependent inhibitory effect of veratridine from 2 to 75 uM, with
the 1C5o being 18.39uM (Fig. 1b, n=3). Veratridine at 10 uM
decreased the peak amplitude of Nav1.7 by ~31% (P < 0.01, n=35,
Figure S3).

Sustained inward currents were induced by veratridine (2-75
pM) during depolarization; these currents increased in a dose-
dependent manner and were saturated at 30-75 uM, with ECsq
being 9.53 uM (Fig. 1¢, n=3). Veratridine (2-75 uM) also evoked
tail currents during repolarization; these currents were linearly
related to the concentration of veratridine (Fig. 1d, n = 3), which is
consistent with a previous study on skeletal muscle sodium
channels [29].
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Veratridine affected Nav1.7 activation

To investigate further the effect of veratridine on Nav1.7 currents,
we used 75uM as a standard concentration. With extracellular
application of veratridine (75 uM) for 1-5 min, the amplitude of
Nav1.7 currents was reduced as exemplified in Fig. 2a; the change
was voltage dependent, with significant inhibition occurring at
—10 to 20 mV from a holding potential of —100mV (=28, P<
0.05, Student’s paired t test, Figure S4), and the peak amplitude of
Nav1.7 currents was reduced to 54.3% by veratridine (n =38, P<
0.01) (Fig. 2b). Extracellular application of TTX for 3 min at 500 nM
and 1puM reversibly reduced Nav1.7 currents by 70.36% and
96.3%, respectively, compared with Nav1.7 currents before drug
application (500nM, n=4, P<0.001; 1uM, n=8, P<0.001,
Figure S5).

Veratridine at 75 uM induced a voltage-dependent sustained
current, which peaked at —20 £ 5 mV (Fig. 2¢, n = 8), while TTX did
not induce any sustained current or tail current (Fig. 2a, n=4;
Figure S5, n = 8). The inhibitory effect of veratridine on the Nav1.7
peak current was active at 2-5 min, and there was ~33% and 45%
inhibition after 2 and 5 min of application, respectively, compared
with the control (Fig. 2d, n =8, P < 0.05 for 2 min vs. control; P <
0.01 for 5 min vs. control; P < 0.05 for 5 min vs. 2 min), while typical
sustained currents evoked from —100 mV to —25mV remained
stable after 2-5 min of application (Fig. 2e, n =4, P > 0.05 for 2 min
vs. 5 min).

In addition to the effect of veratridine on the amplitude of
Nav1.7 currents, we found that the activation curve of the Nav1.7
channel showed a leftward shift after treatment with veratridine
(75 pM), with V, , altered from —21.64 + 0.75 mV to —28.14 + 0.66
mV (n =5, P <0.05, paired Student’s t test), while little change was
observed in the slope factor (k=7.12+0.67 mV and 7.83 + 0.6 mV
before and after veratridine, respectively) (Fig. 3a). TTX (500 nM)
shifted the V;,, of Nav1.7 only slightly and nonsignificantly from
—2221£059mV to —26.78+1.1mV (n=3, P>0.05 paired
Student’s t test), and there was little change in the slope factor
(Fig. 3b).

Veratridine affected steady-state inactivation of Nav1.7 currents

The effect of veratridine (75 uM) on steady-state inactivation of
Nav1.7 currents was also examined. Cells expressing functional
Nav1.7 were excited from a holding potential ranging from —120
mV to 0 mV for 500 ms before a test pulse of —10 mV for 50 ms
(Fig. 4a). There was an inhibitory effect of 75 uM veratridine on the
peak amplitude of inactivation currents compared with the
control, and the inhibition from the holding potential of —60 mV
was more effective than that of —120mV (31.6% inhibition for
—120 mV, 82.6% inhibition for —60 mV, n =5, P < 0.001, Figure S6).
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Fig. 3 Steady-state activation curve modified by 500 nM TTX and 75 uM veratridine. Steady-state activation curve in the absence and
presence of 75 uM veratridine (a, n=5) or 500 nM TTX (b, n =3). Cells were excited from a holding potential of —100 mV to the indicated

voltage for 50 ms, and curves were fitted with the Boltzmann equation
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Fig. 4 Effect of veratridine on inactivation of Nav1.7 currents. a Representative steady-state inactivation currents (arrow) and sustained
currents (arrowhead) modified by 75 uM veratridine when cells were excited from a holding potential of -100 mV to —40 mV for 500 ms
followed by a test pulse of —10 mV for 50 ms. b Steady-state inactivation curve of Nav1.7 currents, excited from a holding potential of —120 mV
to —20 mV for 500 ms following a step pulse to —10 mV for 50 ms, in the presence and absence of 75 uM veratridine. Curves were fitted with
the Boltzmann equation, where V;,, = —59.66 £ 0.18 mV, k = 5.34 + 0.16 mV for the control; V;,, = —69.91 £0.32 mV, k= 5.63 + 0.28 mV after
veratridine treatment; and V,,, = —63.26 +0.18 mV, k=4.81 £0.16 mV for drug washout, n = 5. ¢ Steady-state inactivation curve of Nav1.7
currents in the presence and absence of 500 nM TTX fitted with the Boltzmann equation, where V;,, = —62.33 £0.17 mV, k=4.58 + 0.15 mV
for the control; V;,, = —70.85 £0.59 mV, k= 5.98 + 0.52 mV after TTX treatment, n =3

TTX (500 nM) showed a similar effect (68.8% inhibition for —120
mV, 86.3% inhibition for —60 mV, n =3, P < 0.01, Figure S6).

Veratridine shifted the steady-state inactivation curve of Nav1.7
in the hyperpolarized direction, with V;,, shifting from —59.66 +
0.18 mV to —69.91 £ 0.32 mV, and after 10 min for drug washout it
returned to —67.28+£0.22mV (n =15, P<0.05, paired Student’s t
test), while little change was observed in the slope factor
(Fig. 4b). TTX (500 nM) showed a similar effect: the V;,, of
Nav1.7 altered from —62.33 £0.17 to —70.85+0.59mV (n =3, P<
0.001, paired Student’s t test, Fig. 4c), and the slope factor
changed from 4.58 £ 0.15 to 5.98 £ 0.52 mV (n = 3, P < 0.05, paired
Student'’s t test, Fig. 4c). Meanwhile, veratridine at 10 uM did not
shift the activation or inactivation curve of Nav1.7 currents
(Figure S7).

Veratridine enhanced the tail current of Nav1.7

When cells were returned to a holding potential of —100 mV after
a step depolarization to —10 mV for 50 ms from a conditioning
prepulse (500 ms) ranging from —100 mV to 40 mV, the extra-
cellular application of veratridine (75uM) induced prepulse-
dependent activation of tail current of Nav1.7 (Fig. 5a). Under
normal conditions, the peak value of the tail current was very
small, measuring 9% of the peak current through the inactivated
channel, whereas after veratridine the tail current increased to
59% (n=5, P<0.01, paired Student's t test) (Fig. 5b), which
diminished after a washout period of more than 10 min. The
parallel inactivation curve of the tail current, fitted with the
Boltzmann equation, showed V;,, at —84.61+1.64mV and k=

SPRINGERNATURE

9.42 £ 1.74 mV (Fig. 5¢) (n = 6). The channel must open before the
tail current can be induced by the veratridine (75uM) during
repolarization, as when cells were depolarized from —100 to —10
mV for different durations from 1 to 60 ms at 0.1 Hz, the peak
current and tail current increased from 1 to 3 ms and reached their
maximum value at 3 ms duration, remaining unchanged when the
duration increased from 3 to 60 ms; the duration at half maximum
was 2.46 ms for the peak current and 2.47 ms for the tail current
(Figure S8, n = 3).

Use-dependent modulation of Nav1.7 by veratridine

Nav1.7 currents in response to a train of 5ms pulse stimuli from
—100 to —10mV at 2 Hz, 10 Hz, or 40 Hz for 10 s were detected
after equilibrium of veratridine at 75 uM for ~2 min as in Fig. 6a.
Because each consecutive pulse caused a smaller net increment in
the inward current (tail current), there was a nonlinear increase in
the inward current after 10's of stimulation, especially for a high-
frequency stimulus of 40 Hz, at which frequency the current was
~3.5 times larger than the current at 2 Hz (Fig. 6b, n =4, P < 0.05).
The relative increase in inward current evoked by each stimulus
decreased with the prolongation of the stimulus and reached a
constant value or even vanished after 1-4s. For single-pulse-
evoked sodium currents, especially with the first seven pulses, the
peak current and tail current both decreased along with the pulse
number, especially for a high frequency of 40 Hz, which showed
47 + 6% inhibition of the peak current (Fig. 6¢, n= 3, P<0.01) and
43 + 7% inhibition of the tail current (Fig. 6¢c, n = 3, P < 0.05)
compared with that at 2 Hz.

Acta Pharmacologica Sinica (2018) 39:1716-1724
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Fig. 5 Effect of veratridine on the tail current of Nav1.7. a Typical traces showing the conditioning prepulse dependence of the effect of
veratridine at 75 uM on tail currents (lll) of Nav1.7 when excited from a holding potential of —100 mV to 40 mV for 500 ms before a step pulse
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UM veratridine (n = 6), which was fitted with the Boltzmann equation, where V,,, = —62 +0.99 mV, k = 5.74 + 0.88 mV. Paired Student’s t test,

**P < 0.01 vs control

DISCUSSION
Veratridine has been widely investigated for its activating effect
on sodium channels [12, 29, 34, 35]. In this study, we have
demonstrated that veratridine has a dose-dependent inhibitory
effect on Nav1.7 peak current. We have also established that
veratridine at a high concentration shifts both the activation and
steady-state inactivation curves in the hyperpolarized direction
and modulates Nav1.7 current in a use-dependent manner.
Veratridine also dose dependently evokes a sustained current
and a tail current that contributes to the activation of Nav1.7. As
veratridine has been used as a pharmacological tool to activate
sodium channels in drug screening and scientific research
[5, 36, 37], and Nav1.7 is an important drug target for the
nociceptive system [25, 26], our study provides important support
for further research on the function of Nav1.7 in sensory systems
and for pain-related drug discovery and development.
Veratridine has been reported to depolarize the membrane
potential in a manner that scales with the logarithm of its
concentration, with only slight depolarization at 10~® g/mL (~1.4
uM) and strong depolarization at 10> g/mL (~14.8 uM) or more
[38-40]. Here, we studied the responses of the currents to
different doses and observed dose-dependent inhibition of the
peak current of the sodium channel from 2 to 75 uM, with an ICs,
of 18.39 uM, and enhancement of the compensatory sustained
current (ECsq: 9.53 uM) and tail current (30-100 pM) (Fig. 1), which
could be a possible explanation for the strong membrane
response to higher but not lower concentrations of veratridine.

Acta Pharmacologica Sinica (2018) 39:1716-1724

Veratridine at 50-100 uM inhibits the peak current of Nav1.4,
Nav1.5, Nav1.7, Nav1.2, and Nav1.6 in HEK293 cells to different
extents and enhances the sustained inward current and tail
current in all of these channels [11, 41, 42]. Our data confirmed
these effects of veratridine on Nav1.7, suggesting that veratridine
has a general effect on these three parameters in different
subtypes of VGSCs. Veratridine at 5-50 uM inhibits the TTX-
sensitive and TTX-resistant sodium currents in DRG neurons in a
dose-dependent manner [27], while lower doses have been
reported to exhibit the opposite effect to higher doses on Nav1.6
in murine vas deferens myocytes: veratridine at 1-10 uM increases
the peak amplitude of Nav1.6, while 30-75puM veratridine
decreases it [30]. We found that veratridine (2-75 uM) exhibited
a dose-dependent inhibitory effect on the peak current of Nav1.7
(Fig. 1), which is consistent with its effect on the sodium channels
of DRG neurons [27] but not with its effect on Nav1.6 channels in
myocytes [30].

Modulation of voltage gating by veratridine (100 uM) has been
examined in Nav1.2 [43], in which it shifts the activation curve
toward hyperpolarization, while for vas deferens myocytes Nav1.6
[30] and N18 neuroblastoma sodium channel [44], there is no shift
of the activation curves. In DRG neurons, veratridine (25 uM)
shifted the activation curves of both TTX-sensitive and TTX-
resistant current in the hyperpolarized direction [27]. Our data
showed that veratridine (75 uM) shifted the activation curve in the
hyperpolarization direction by about —6 mV (Fig. 2c), which is
similar to the effect of veratridine on Nav1.2 [43] and sodium
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Fig. 6 Use-dependent modulatory effect of veratridine on Nav1.7 peak current and tail current. a Typical traces showing the effect of
veratridine (75 uM) on Nav1.7 currents, which were activated from a holding potential of —100 to —10 mV (5 ms duration) at 2 Hz, 10 Hz, and
40 Hz. b Statistics on the amplitude of the tail current induced by veratridine (75 uM), evoked as in a after 10 s of depolarization at different
frequencies (n = 4). ¢, d Statistics on the peak current (c) and tail current (d) for each pulse (both normalized to the value at the first pulse)
from pulse 1 to pulse 6 as in a at different frequencies (n = 3). Paired Student’s t test, *P < 0.05, **P < 0.01, ***P < 0.001 vs 2 Hz

current in DRG neurons [27] but not its effects on Nav1.6 [30] or
N18 neuroblastoma sodium channels [44].

Previous reports show that there is no effect on the inactivation
curve of Nav1l.6 in myocytes [30], sodium channels in N18
neuroblastoma cells [44], or TTX-sensitive sodium channels in
DRG neurons [27] in response to veratridine at 100 uM or 25 uM
[27, 30, 44], while in DRG neurons the inactivation curve of TTX-
resistant sodium channels shifts toward hyperpolarization in
response to veratridine (25 uM) [27]. As the TTX-sensitive sodium
channels Nav1.1, Nav1.6, and Nav1.7 are expressed in DRG neurons
[19, 45], the effect of veratridine on Nav1.7 cannot be distinguished
from its effect on other TTX-sensitive channels in DRG neurons. In
our study, we found that veratridine (75 uM) shifted the inactiva-
tion curve of Nav1.7 in the hyperpolarized direction (Fig. 3b), which
is similar to its effect on DRG TTX-resistant channels [27] but
different from its effect on N18 neuroblastoma sodium channels
[44] and Nav1.6 [30]. TTX inhibited the peak current of Nav1.7 and
shifted the inactivation curve in the hyperpolarized direction as
veratridine did (Fig. 2, Figure S5, Fig. 4c), but TTX did not induce
any excitatory effects such as enhancement of the sustained
current or tail current, and, similar to veratridine, it exhibited little
effect on the activation curve of Nav1.7 (Figs. 2 and 3b, Figure S5),
which is consistent with the effect of 300 nM TTX on the TTX-
sensitive sodium current [46]; thus, TTX affects Nav1.7 channels
only as a blocker and not as an opener.

Veratridine has been proposed to bind only to open-state
sodium channels, as suggested by investigation of the veratridine-
modified tail current in skeletal muscle [12, 29] and N18
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neuroblastoma cells [44]; it has also been proposed to bind to
inactivated sodium channels in frog nerve fibers, which showed
different recovery rates of peak and tail currents after a train of
depolarization [47]. Veratridine inhibits the peak current of the
BTX-resistant mutant Nav1.4 sodium channel but fails to induce a
sustained current or a tail current, which suggests a two-step
binding model for veratridine [48]: an initial binding step, which
results in peak current inhibition, and a second step, resulting in
trapping of veratridine in the inner vestibule, which overlaps in
large part with the local anesthetic receptor [48, 49]. In the present
study, we found that the tail current increased and reached a
plateau after prolonged depolarization or high-frequency stimula-
tion, which is consistent with what has been found in muscle
skeletal sodium channels [12, 29, 44], and each tail current evoked
by a single pulse decreased along with the pulse number,
suggesting that the open state is needed before the tail current
can occur, consistent with the open-state binding model
[12, 29, 44]. Regarding the peak current, we found that veratridine
shifted the inactivation curve of the peak current in the
hyperpolarized direction (Fig. 4), inhibited the peak current more
with a prepulse potential of —60 mV than —100 mV (Figure S6),
and inhibited the peak current to a greater extent with the higher
frequency of depolarization (Fig. 6), suggesting that veratridine
could also bind to Nav1.7 in the inactivated state to inhibit its peak
current. A similar effect has been shown for other Na™ blockers
such as lidocaine (for Nav1.7) and carvacrol (for the TTX-R sodium
current), which are suggested to bind to the inactivated state of
the channel [50-52].
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In conclusion, our study showed that veratridine exhibited a
dose-dependent and use-dependent inhibitory effect on the peak
current of Nav1.7 and shifted the activation curve and steady-state
inactivation curve of Nav1.7 in the hyperpolarized direction,
while enhancing the sustained current and tail current, which
could contribute to the associated Na™ influx. Our study reveals a
new mechanism for the modification of Nav1.7 gating by
veratridine.
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