Acta Pharmacologica Sinica

ARTICLE

www.nature.com/aps

®

Check for
updates

Inhibitory effects of lappaconitine on the neuronal isoforms
of voltage-gated sodium channels

Yan-fen Li'?, Yue-ming Zheng??, Yong Yu*, Yong Gan?? and Zhao-bing Gao**

Lappaconitine (LA) has been widely used for postoperative and cancer pain control. LA exhibits excellent analgesic activity with a
longer effective time than common local anesthetics such as tetracaine and bupivacaine. However, the mechanisms underlying the
featured analgesic activity of LA remain largely unknown. Here, we report that LA is an inhibitor of voltage-gated sodium channel
1.7 (Nav1.7) stably expressed in human embryonic kidney (HEK293) cells. LA inhibited Nav1.7 in a voltage-dependent manner with
an ICsq value (with 95% confidence limits) of 27.67 (15.68-39.66) umol/L when the cell was clamped at —70 mV. In comparison with
the quick and reversible inhibition of Nav1.7 by tetracaine and bupivacaine, the inhibitory effect of LA was rather slow and

irreversible. It took more than 10 min to achieve steady-state inhibition when LA (300 umol/L) was administered. Unlike tetracaine
and bupivacaine, LA affected neither the voltage-dependent activation nor the inactivation of the channels. Five residues in domain
Il and domain IV have been reported to be critical for the effects of the two local anesthetics on Nav channels. But our mutant
study revealed that only two residues (F1737, N1742) located in domain IV were necessary for the inhibitory activity of LA. The slow
onset, irreversibility, and lack of influence on channel activation and inactivation accompanied with the different molecular

determinants suggest that LA may inhibit Nav1.7 channels in a manner different from local anesthetics. These results may help to

understand the featured analgesic activity of LA, thus benefiting its application in the clinic and future drug development.
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INTRODUCTION

Lappaconitine (LA) is a diterpene alkaloid extracted from Aconitum
species and widely employed in Chinese and Japanese medicine
mainly for analgesic indications [1]. Compared to other aconitum
alkaloids, LA exhibits stronger antinociceptive efficacy and less
toxicity [2]. LA can be administered through intravenous,
intramuscular, intrathecal, and oral routes for analgesic treatment,
and LA adhesive patch is also widely used in the clinic [3]. The
analgesic activities of LA are generally approximately seven times
greater than those of phenazone, a commonly used non-steroidal
anti-inflammatory drug and are almost equipotent to pethidine
and tramadol [4-6]. The analgesia maintenance time for a single
epidural application of LA is approximately 8 h, which is much
longer than that for local anesthetics such as tetracaine and
bupivacaine [7, 8]. Notably, the outcome of patients administered
LA is more satisfactory than that of those administered opioids,
and the incidence of urinary retention, nausea, and other side
reactions is lower [9, 10]. These advantages can be partly
attributed to the fact that the analgesic activities of LA are not
associated with the opioid system, as revealed by the findings that
the actions were not antagonized by naloxone [11, 12]. Moreover,
clinical applications have demonstrated that the combination of
LA and opioids produces a significant reduction in effective
dosage and an enhancement in analgesic efficacy [7, 13].

Currently, LA alone or in combination with other opioids is
recommended as a therapeutic choice for moderate and severe
postoperative and cancer pain in China [3].

Several studies in rodents have found that central noradrener-
gic and serotonergic systems might be involved in the anti-
nociceptive effects of LA. A reduction in the concentration of
noradrenaline and damage to the serotonergic neurons in the central
nervous system suppressed the analgesic activity of LA [14, 15].
Another study using a chronic constriction injury rat model argued
that LA may reduce the expression of the P2X3 receptor in rat
dorsal root ganglion neurons [16]. In rat brain slices, LA was found
to suppress the epileptiform activities of neurons [17-19].
Consistent with the observed suppression of neuronal excitability
in brain slices, LA exhibited inhibitory effects on depolarization-
elicited sodium currents in rat hippocampal and trigeminal
ganglion neurons [20, 21], which suggested that inhibition of
voltage-gated sodium (Nav) channels may contribute to the
analgesic effects of LA. The Nav channel family contains nine
members, which are essential for electrogenesis in excitable cells
and are key targets for local anesthetics, antiepileptics, and
antiarrhythmics [22]. Interestingly, spinal cord transection at
T9-T11 was unable to abolish the LA-induced antinociception in
mice subcutaneously pretreated with LA, which suggested that
peripheral analgesic targets, perhaps Nav channels, are involved in
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Fig. 1 The structures of lappaconitine (LA), bupivacaine, and
tetracaine

the analgesic effect of LA [15]. Consistently, an LA adhesive patch
has also been widely used in the clinic for pain relief [23, 24].

The Nav1.7 channel, the seventh member of the Nav family, has
been proposed to be a promising analgesic target [25]. Compared
to other Nav isoforms, Nav1.7 is preferentially distributed in
nociceptive dorsal root ganglion neurons and sympathetic gang-
lion neurons [25, 26]. Nav1.7 is composed of a single polypeptide
with four homologous domains (DI-DIV), with each domain
containing six transmembrane segments (S1-S6), in which S1-S4
form the voltage-sensing domain (VSD) and S5-S6 form the pore
region [25]. The ability of Nav1.7 to amplify small subthreshold
stimuli increases the probability that neurons reach their threshold
for firing action potentials, thereby acting as an important
determinant of threshold in nociceptors [25, 26]. The crucial role
of Nav1.7 in pain signaling has been highlighted by several
inherited mutations in which gain-of-function mutations cause
congenital pain and loss-of-function mutations lead to a
congenital painlessness [26]. Currently, several Nav1.7 channel
selective inhibitors, including an antibody, toxins, and small
molecules, have been developed [27]. Clinical studies showed that
inhibition of Nav1.7 channel by these inhibitors could attenuate
pain in patients with inherited erythromelalgia [25, 28]. In the
consideration of the pivotal role of Nav1.7 in pain, in the present
study, we set out to characterize the effects of LA on the Nav1.7
channel using electrophysiological methods and provide evidence
that LA is an inhibitor of Nav1.7.

MATERIALS AND METHODS

Materials

LA was purchased from Dahe Pharmaceutical Co. (Shaanxi, China).
The purity of the synthetic LA was >98% as assessed by HPLC. The
compound was dissolved and stored in dimethyl sulfoxide (DMSO)
to produce 20 mmol/L stock solutions that were then diluted in

SPRINGERNATURE

the bath solution to obtain the final concentrations. The final
concentration of DMSO (<0.5%) was tested and verified to have no
observable effect on sodium currents. Bupivacaine and tetracaine
were purchased from Sigma-Aldrich (St. Louis, MO, USA). GX-936
was synthesized in the laboratory of Prof. Fa-jun Nan (Shanghai
Institute of Materia Medica, Chinese Academy of Sciences,
Shanghai, China). TTX was purchased from Aquaculture Technical
Developing Company, Hebei Province, China. The chemical
structures of LA, bupivacaine, and tetracaine are shown in
Fig. 1.

cDNA and mutagenesis

The plasmid with the human Nav1.7 c¢DNA insert was kindly
donated by Dr. Norbert Klugbauer (Albert-Ludwigs-Universitdt
Freiburg, Freiburg, Germany). The human Nav1.3, Nav1.4, Nav1.5,
and Nav1.8 cDNAs were synthesized and inserted into the proper
sites of the pcDNA3.1 (+) vector by Sangon Biotech, Shanghai.
Point mutations in Nav1.7 were individually constructed by site-
directed mutagenesis and confirmed by sequencing.

Cell culture and transfection

The wild-type human Nav1.7 channel was stably expressed in
human embryonic kidney (HEK293) cells, and the cell lines were
grown in high-glucose DMEM (Gibco, Carlsbad, CA, USA)
supplemented with 10% fetal bovine serum and selected with
300 pg/mL antibiotic hygromycin B (Invitrogen, Carlsbad, CA, USA)
at 37°C in a humidified atmosphere with 5% CO,. Chinese
hamster ovary (CHO) cells were used to express the sodium
isoforms (Nav1.3, Nav1.4, and Nav1.5) and Nav1.7 mutants. The
CHO cells were cultured in 50/50 DMEM/F-12 (Gibco, Carlsbad, CA,
USA) supplemented with 10% fetal bovine serum. Two days prior
to recording, the corresponding sodium channel plasmids were
transfected into CHO cells with Lipofectamine reagent (Invitrogen,
Carlsbad, CA, USA). The hNav1.8 plasmids were transfected in the
dorsal root ganglion-neuroblastoma ND7/23 cell line, which was a
generous gift from Lan Bao's laboratory (Institute of Biochemistry
and Cell Biology, Chinese Academy of Sciences, Shanghai, China)
and was cultured in high-glucose DMEM supplemented with 10%
fetal bovine serum. To aid the identification of transfected cells by
fluorescence microscopy, a GFP construct was co-transfected with
all Nav1.7 mutants and Nav1.3, Nav1.4, Nav1.5, and Nav1.8. Before
electrophysiological recordings, all cells were plated onto poly-L-
lysine-coated glass coverslips and used within 24 h.

Electrophysiology

Whole-cell patch-clamp recordings of activated sodium channel
membrane currents were acquired at room temperature using an
Axopatch 700B amplifier (Axon Instruments, Burlingame, CA, USA).
Pipettes were pulled from borosilicate glass capillaries (World
Precision Instruments, Sarasota, FL, USA) with an open-tip
resistance typically ranging from 1.5 to 3MQ when filled with
intracellular solution. The recording pipette intracellular solution
contained the following (in mmol/L): 140 CsF, 10 NaCl, 10 HEPES,
1.1 EGTA, and 20 glucose (pH 7.3 adjusted by CsOH); the bath or
extracellular solution contained the following (in mmol/L): 140
NaCl, 3 KCl, 1 MgCl,, 1 CaCl,, 10 HEPES, and 20 glucose (pH 7.3
adjusted by NaOH). When the perfusion method was used, the
bath solution was continuously perfused using a BPS perfusion
system (ALA Scientific Instruments, Westburg, NY, USA). Recording
was performed after a 4-min equilibration period at —80 mV after
the whole-cell configuration was achieved. When the incubation
method was used, cells were incubated with LA or extracellular
solution (added in the same volume of DMSO) for 20 min before
they were patched, and then recording was performed after a 4-
min equilibration period at —80 mV after the whole-cell config-
uration was achieved. The perfusion method was used for all
electrophysiological experiments except when mentioned in this
paper. Series resistance compensation was used and set to 80%.
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Fig.2 Characterization of LA inhibition of the Nav1.7 channel. a Representative Nav1.7 currents before and at the time point 10 min after bath
perfusion of 30 umol/L LA. (Inset) The experimental protocol. The currents were elicited by a 20-ms test pulse to 0 mV at 0.5 Hz from a holding
potential of —70 mV, at which half of the hNav1.7 channels would move into the inactivation state. To relieve inactivation during the repetitive
stimulus, a short 100-ms pulse to -120 mV was applied before the test pulse. b Time courses of hNav1.7 currents with or without bath
perfusion of 30 umol/L LA (n = 3 for control and 30 umol/L LA). ¢ Representative hNav1.7 currents elicited from cells after incubation with or
without 30 pmol/L LA for 20 min. d Scatter plot showing the current densities of hNav1.7 channels incubated with or without 30 pmol/L LA for
20 min. e Representative hNav1.7 currents elicited from cells at a holding potential of —70, —90, and —120 mV after incubation with or without
30 pmol/L for 20 min. f Bar graph summarizing the current densities of hNav1.7 channels calculated from e (—70 mV: n = 22 for control, n =23
for 30 umol/L LA; —90mV: n=4 for control, n=5 for 30 umol/L LA; —120mV: n=11 for control, n=10 for 30 umol/L LA). g The
dose-response curves of LA for hNav1.7 channels under the indicated recording conditions. Concentration-dependent inhibition of hNav1.7
at the holding potential of —50 mV (blue triangles), —70 mV (black circles), and —120 mV (red triangles) after perfusion of LA for 8-9 min. The
fitted 1C5o values were 65.33 (51.94-78.71) umol/L (—=50 mV), 133.20 (92.91-173.40) pmol/L (—70 mV), and 221.30 (168.80-273.80) umol/L
(—120 mV) under the perfusion condition. When the ICs, value was measured at a holding potential of —70 mV using the incubation method,

the IC5, value decreased to approximately 27.67 (15.68-39.66) pmol/L (n = 3 for each condition, ***P < 0.001, *P < 0.05)

Data and statistical analysis

The data and statistical analysis complied with the recommenda-
tions on experimental design and analysis in pharmacology.
Patch-clamp data were processed using Clampfit 10.4 (Molecular
Device, Sunnyvale, CA, USA) and analyzed with GraphPad Prism
5.0 (GraphPad Software, San Diego, CA, USA). Peak inward currents
obtained from activation protocols were converted to conduc-
tance values using the equation: G = I/(V-Vya). Vna indicates the
reversal potential of sodium currents. To measure inactivation, the
peak currents after different prepulses were normalized and
plotted as a function of voltage. To quantify these biophysical
properties, we fitted the activation and steady-state inactivation
curves with the Boltzmann equation: Y = Bottom + (Top-Bottom)/
(1 + expl(Va,2-Vm)/K]), Y is G/Gmay OF I/lnax Vis2 is the voltage at
which 50% of the maximum conductance (or current) was
obtained, and k is the slope factor. Dose-response curves were
fitted with a 3-parameter Hill equation: Y =Bottom +
(Top-Bottom)/(1 + 10A(X-LoglCsp)), where Bottom and Top are
the minimum and maximum inhibition, respectively, X is the
concentration of LA, Y is the value of lyug/lcontrol @and 1Csg is the
drug concentration producing a half-maximum response. Due to
the low solubility of LA, we were unable to test concentrations
higher than 300 umol/L. In addition, we attempted to increase the
concentration of LA up to 100 umol/L by applying the incubation
method but found that the cells could not be patched. Therefore,
the highest concentration used when applying the incubation
method was 50 umol/L, which is depicted as the hollow red dot in
the dose-response curves reflecting the 3-parameter Hill equa-
tion: Y = Bottom + (Top-Bottom)/(1 + 10A(X-LoglCsp)). The results
are presented as the mean + SEM. The significance was estimated
using unpaired two-tailed t-tests, and a P <0.05 was considered
statistically significant. Detailed information is provided in the
figure legends.
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RESULTS

LA exerts a voltage-dependent inhibition of the Nav1.7 channel
The inhibitory activity of LA on the hNav1.7 channel was examined
using the whole-cell voltage-clamp technique. To elicit Nav1.7
currents, a 20-ms test pulse to 0 mV from a holding potential of
—70mV was applied. We found that the peak currents slowly
decreased after bath perfusion of 30 pmol/L LA at the holding
potential of —70 mV, at which approximately half of the Nav1.7
channels were inactivated. However, the inhibitory potency of LA
was unable to reach steady-state even 8-9min after bath
perfusion of the drug (Fig. 2a, b). To investigate the LA effect in
a longer duration and minimize the current rundown after
membrane rupture, we used the incubation method. The cells
were incubated in solutions with or without LA for 20 min. Then,
the currents of Nav1.7 channels were recorded using whole-cell
patch clamp. We observed a stronger inhibition after an extended
incubation duration. The relative Nav1.7 current density drama-
tically decreased by approximately 66% (control: —147.69 + 13.68
pA/pF (n=22) vs. LA: —50.84+10.14 pA/pF (n=23), P<0.01)
after incubation with 30 umol/L LA for 20 min at the same
holding potential (—70mV) as that applied in the perfusion
method (Fig. 2¢, d). When the holding potential was changed
to —90mV, which would inactivate approximately 10-20% of
Nav1.7 channels, the reduction in the current density by 30 pmol/L
LA decreased to approximately 47% (control: —169.96 + 16.53 pA/
pF (n=4) vs. LA: —80.34 + 24.57 pA/pF (n =5), P < 0.05). Notably,
when the cells were clamped at —120 mV, a membrane potential
that would prevent channel inactivation, the inhibitory effect of
LA on Nav1.7 channels disappeared (control: —193.97 +25.44
pPA/pF (n=11) vs. LA: —195.72 + 27.19 pA/pF (n =10), P=0.9629)
(Fig. 2e, f). The dose-response curves of LA were also measur-
ed using incubation or perfusion methods. The dose-dependent
inhibition of LA using the perfusion method was measured
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Fig. 3 LA does not affect the voltage dependence of the hNav1.7 channel. a Representative activation current traces of Nav1.7 with or
without 300 umol/L LA. (Inset) The recording protocol. The currents were elicited using a range of depolarizing potentials (—70 mV to +25 mV)
from a holding potential of —120 mV at a stimulus frequency of 0.5 Hz. b Activation curves of Nav1.7 channels with or without 300 umol/L LA
measured from a (n =5). ¢ Representative fast inactivation current traces of Nav1.7 with or without 300 umol/L LA. The steady-state fast
inactivation was evaluated by a test pulse stepped to 10 mV after 500-ms prepulses to varying voltage potentials from a holding of —120 mV
at a stimulus frequency of 0.5Hz. d The voltage dependence of the steady-state fast inactivation curves with or without 300 umol/L LA
measured from c (n = 6). e Representative slow inactivation current traces of Nav1.7 after incubation with or without 30 pmol/L LA for 20 min.
The steady-state slow inactivation was examined using 10-s depolarization prepulses followed by a 20-ms hyperpolarization pulse to —120 mV
to allow channels to recover from fast inactivation, and a test pulse to 0 mV for 20 ms was then applied to determine the channel availability
for 13 s/trace. f The voltage dependence of the steady-state slow inactivation curve with or without 30 umol/L LA measured from e (n =4)

under three holding potentials. The IC5o values were 65.33
(51.94-78.71), 133.20 (92.91-173.40), and 221.30 (168.80-273.80)
pmol/L when the holding potentials were clamped at —50,
—70, and —120mV, respectively (Fig. 2g). When the dose-
response curve of LA was measured using the incubation method,
the ICs value at a holding potential of —70 mV decreased to 27.67
(15.68-39.66) umol/L (n=4) (Fig. 2g). Collectively, these data
showed that LA is a voltage-dependent Nav1.7 inhibitor.

LA does not affect activation or inactivation of the hNaV1.7
channel

To understand whether LA modifies the activation of the
hNav1.7 channel, we stepped the cells to various potentials
between —70 and 425 mV in 5-mV increments for 50 ms from a
holding potential of —120 mV. Representative current traces
before and after bath perfusion with 300 umol/L LA are shown in
Fig. 3a. The V,,, values before and after perfusion of LA were
—23.71£0.78 mV and —26.95 + 1.02 mV (n =5, P > 0.05), respec-
tively (Fig. 3b). Next, the impact of LA on Nav1.7 channel
inactivation was investigated. Nav1.7 channel inactivation can
be divided into two separate states, i.e., fast and slow
inactivation [29]. The steady-state fast inactivation of Nav1.7
was determined using a 500-ms conditioning pulse from —130
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to +10 mV in 10-mV increments, followed by a 0-mV test pulse.
Representative traces generated with or without 300 umol/L LA
are shown in Fig. 3c. The V,,, values before and after bath
perfusion of LA were —71.70 £ 0.75 mV and —73.51 £ 1.05 mV (n
=6, P>0.05), respectively (Fig. 3d). The steady-state slow
inactivation was measured using 10-s depolarization prepulses
followed by a 20-ms hyperpolarization pulse to —120mV to
allow channels to recover from the fast inactivation before the
test pulse to determine channel availability. Providing that a
recovery interval of 3s at —120mV is sufficient to re-prime
Nav1.7 after the 10-s prepulses, a fixed 13-s pulse duration was
applied during the slow inactivation study. To minimize
rundown during the long-duration recording, the effect of LA
on slow inactivation was evaluated using the incubation
method. After incubation with 30 umol/L LA for 20 min, the
steady-state slow inactivation of Nav1.7 was similar to that in
the control (Fig. 3e). The V;,; values with and without LA were
—20.76 £ 1.42 mV and —22.73 £ 1.39 mV (n = 4 for each group, P
>0.05), respectively (Fig. 3f). We speculated that the lack of
effects of LA on Nav1.7 channel slow inactivation might result
from lack of inhibition on the resting state of the channels, as
shown in Fig. 2f. Taken together, our data indicated that LA does
not affect the activation or inactivation of the Nav1.7 channel.

Acta Pharmacologica Sinica (2019) 40:451 - 459
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Fig. 4 Inhibitory activities of LA on other Nav channels. a Representative traces of a panel of human Nav channels before (black) and after
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a (n=4 for Nav1.3, n=5 for Nav1.4, n =3 for Nav1.5, n =7 for Nav1.7, and n =3 for Nav1.8). ¢ Representative current traces of a panel of
Nav1.7 mutants YW/SR (Y1537S/W1538R), D1586E, and R4 (R1608A) before (black) and after (red) bath perfusion of 100 umol/L LA. The
experiments (a, ¢) were recorded using the identical protocol as in Fig. 2a. d Histogram shows the inhibitory effect of 100 umol/L LA on the
mutants as indicated (n=7 for WT, n=3 for YW/SR, n=4 for D1586E, and n =3 for R1608A). e Representative current traces of Nav1.7
mutants before (black) and after (blue) perfusion of 10 nmol/L GX-936. To activate Nav1.7 currents, a short 20-ms prepulse to —150 mV was
used to recover channels from inactivation, followed by a 10-ms pulse to 0 mV to open the channels at a 1-Hz pulse rate. The holding potential
was maintained at —40 mV. The experimental protocol applied was consistent to those in previous reports. f Histogram shows a significant

reduction in the inhibitory efficacy of GX-936 on the mutants measured from e. ***P < 0.001, **P < 0.01

LA inhibits other peripheral Nav isoforms

In addition to Nav1.7, some other Nav isoforms distributed in the
peripheral tissues also contribute to the physiological or
pathophysiological electrical signaling in excitable cells [30].
Therefore, the effects of LA on a portion of these isoforms were
further evaluated. We found that perfusion with 100 umol/L LA
inhibited the currents of Nav1.3 (46% + 4%, n = 4), Nav1.4 (38% *
4%, n = 5), Nav1.5 (29% =+ 4%, n = 3), and Nav1.8 (22% + 7%, n = 3)
(Fig. 4a, b). Compared to the inhibition of these isoforms, the
inhibitory efficacy of LA on the Nav1.7 channel was more potent at
100 pmol/L (53% £ 4%, n=7). In the Nav channels, there are at
least six different binding sites located either at the pore region or
the VSD known for binding toxins and synthetic derivatives,
classified as neurotoxin receptor site 1-6 [31]. Residues from the
S2 and S3 helices of the fourth VSD (DIV) have been demonstrated
to be the binding sites for aryl sulfonamide antagonists such as
GX-936, a highly selective Nav1.7 channel inhibitor [32]. Mutations
of these residues that are responsible for Nav1.7 selectivity such as
Y1537R/W1538S, D1586E, and R4A significantly decreased the GX-
936-induced inhibition of the channel (Fig. 4e, f). In contrast, all of
these mutations failed to impair the inhibitory activity of LA on
Nav1.7, which is consistent to the lack of voltage dependence of
LA, as these mutants are located at the S2 and S3 helices of the
fourth VSD (Fig. 4c, d).

Acta Pharmacologica Sinica (2019) 40:451 - 459

The local anesthetic site is important to LA tonic inhibition

The unsatisfactory Nav channel subtype selectivity suggested that
LA may behave similar to local anesthetics that non-selectively
inhibit Nav channels and bind to the intracellular pore region [33].
The inhibitory activities of local anesthetics, such as tetracaine and
bupivacaine, on the Nav1.5 channel have been well characterized,
and multiple residues that are located in the intracellular portion
of the channel have been identified as essential for the inhibitory
effects of local anesthetics [33]. These essential residues are highly
conserved between hNav1.5 and hNav1.7 channels (Fig. 5a). The
corresponding residues in Nav1.7 were mutated to either alanine
(A) or lysine (K), and the responses of these mutants to LA,
tetracaine, and bupivacaine were individually evaluated using the
bath-perfusion method. At the end of each recording, 1 umol/L
tetrodotoxin (TTX) was perfused to verify that the currents were
recorded from TTX-sensitive Nav1.7. We found that the local
anesthetic site N395 in DI was not necessary for the effects of any
of the three tested drugs. The local anesthetic sites in both DIII
(L1438 and/or 11442) and DIV (F1737, N1742, and Y1744) were
required for the effects of tetracaine and bupivacaine. However,
the residues in DIl were not important for the inhibitory activity of
LA. In addition, the residue Y1744 in DIV was also not required
(Fig. 5b-e). These data revealed that the residues at the local
anesthetic site in DIV are important for the inhibitory activity of LA.
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Fig. 5 Molecular determinants of LA inhibitory activity. a Alignment of intracellular residues on S6 of Nav1.5 and Nav1.7. The residues
responsible for the binding of local anesthetics are highlighted in red. b Representative time courses of WT or Nav1.7 mutants with (red cycles)
and without (black cycles) 100 umol/L LA, 20 umol/L bupivacaine, or 2 ymol/L tetracaine. To verify the currents, 1 umol/L TTX (blue cycles) was
applied to all cells and then washed out with control solution. Histograms show the inhibitory effect of LA (c), tetracaine (d), and bupivacaine
(e) on WT and mutants measured from b (n > 3, ***P < 0.001, **P < 0.01, * P <0.05)

LA inhibits the Nav1.7 channel in a different manner from
common local anesthetics

Although the mutant experiments revealed that LA may bind to
different sites from local anesthetics tetracaine and bupivacaine,
the difference seemed insufficient to explain the featured analgesic
activities of LA such as the long maintenance time [7, 8]. In the
initial experiments, we showed that the inhibition of Nav1.7 by
30 umol/L LA developed very slowly and was unable to reach
steady-state 8-9 min after perfusion of the drug (Fig. 2b). The
reversibility of the slow inhibition was further examined under a
higher concentration (300 pmol/L) of LA. Approximately 8 min
after perfusion of LA, the inhibition reached steady state, and
approximately 80% of the current was suppressed. However,
removal of LA by switching to bath solutions without LA was
unable to restore the Nav1.7 currents. Furthermore, current
recovery was not observed after an extended washout duration
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of 20min. In contrast, for tetracaine and bupivacaine, the
inhibitory effect developed relatively fast, and the inhibited
currents were completely restored in a couple of minutes after
removal of the drugs (Fig. 6b-e).

To date, a number of Nav1.7 inhibitors with different effects on
channel activation and inactivation have been developed, such as
CNV1014802, PF-05089771, and XEN402 [27]. The influence of one
inhibitor on channel activation or inactivation may affect its
analgesic activity [34]. Notably, LA exhibited a different pattern
from tetracaine and bupivacaine in terms of the influence on
channel activation and inactivation (Fig. 6f). Neither activation nor
inactivation were changed after perfusion of 300 umol/L LA. Bath
perfusion of 2 umol/L tetracaine dramatically right-shifted the V;,,
of the voltage-dependent activation by approximately 8.92 + 0.80
mV (control: —19.34+0.56 mV vs. tetracaine: —10.42+1.03mV,
n=3, P<0.01), whereas tetracaine had no effects on channel
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Fig. 6 Comparison of the inhibitory effects of LA, bupivacaine, and tetracaine on Nav1.7. a Cartoons show the key residues that are
responsible for the LA, bupivacaine, and tetracaine inhibition of Nav1.7. b, ¢ Representative time courses of Nav1.7 channel currents in
the absence and presence of 300 umol/L LA (b), 2 pmol/L tetracaine (c), and 20 pmol/L bupivacaine (d) (n = 3). The experimental protocol
was the same as that in Fig. 2a. e Bar graph shows the duration to reach steady state with the indicated drugs measured from the data in
b to d. f Histograms show the V;,, values of the activation and fast inactivation in the absence (black) and presence of drugs (red) as indicated
(n =6 for 2 ymol/L tetracaine, n =4 for 20 pmol/L bupivacaine, ***P <0.001, **P < 0.01)

inactivation (control: —62.20+1.94 mV vs. tetracaine: —62.18 +
1.64 mV, n =6, P> 0.05). Bupivacaine affected both activation and
inactivation. After perfusion of 20 umol/L bupivacaine, the V;,, of
the voltage-dependent activation was left-shifted by approxi-
mately 6.83 + 0.48 mV (control: —22.86 + 0.52 mV vs. bupivacaine:
—29.69+0.44mV, n=4, P<0.001), and the V;,, of the voltage-
dependent inactivation was left-shifted by approximately 11.06 +
0.44 mV (control: —68.34 + 0.38 mV vs. bupivacaine: —79.40 £+ 0.50
mV, n=4, P<0.001). Considering the slow onset, irreversibility,
and lack of influence on channel activation and inactivation
accompanied with the different molecular determinants, we
proposed that LA may inhibit Nav1.7 in a manner different from
local anesthetics.

DISCUSSION

Although several subtypes of Nav channels have been suggested
to play a role in pain signaling, Nav1.7 has received immense
attention due to the remarkable human phenotypes caused by its
inherited mutations [25, 26]. Loss-of-function mutations in Nav1.7
cause congenital insensitivity to pain, resulting in an inability to
feel pain with few sensory impairments [35]. This feature of Nav1.7
is dramatically different from those of previous reported painless
targets, such as neurotrophic tyrosine kinase (Trk-A) and nerve
growth factor 3 (NGFP), mutations of which may damage
intelligence or autonomic functions [36]. Because Nav1.7 is a
human-validated analgesic target, a number of Nav1.7 channel
inhibitors, including antibodies, toxins, and small molecules, have
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been developed [27, 34]. In 2013, one small molecule named
XEN402 or TV-45070 was granted an orphan drug designation by
the US Food and Drug Administration for the treatment of pain
associated with erythromelalgia [37].

In the current study, we found that 10 umol/L LA could produce
an obvious inhibition on Nav1.7 channel (Fig. 2g). We further
provided evidence that LA is an inhibitor of the Nav1.7 channel
with an 1Csy value of 27.67 (15.68-39.66) umol/L at a holding
potential of —70 mV (Fig. 2g). According to the study conducted
by Ameri and his colleagues, the effective concentration of LA in
mouse plasma would be in the range of 5-9 pmol/L [18]. Previous
studies have shown that LA does not inhibit voltage-dependent
potassium currents, calcium currents, or ligands, such as
glutamate, GABA, glycine, and ATP, -induced currents in isolated
trigeminal ganglia neurons [20]. The subtype selectivity study
showed that LA exhibits a more potent inhibition of Nav1.7 than
that on other isoforms that are also expressed in the peripheral
system (Fig. 4b). The inhibitory effect on Nav1.3 and Nav1.8 may
also contribute to the analgesic activity of LA since these two
isoforms also participate in pain signaling, though the inhibitory
potency on these two isoforms is slightly weaker than that on
Nav1.7 [38]. Nav1.4 is majorly expressed in skeletal muscle, and
mutations in Nav1.4 cause muscle stiffness or weakness, two
opposite clinical symptoms [39]. Nav1.5 is predominantly
expressed in cardiac tissue. The observed inhibitory effect on
Nav1.5 is consistent to the previous reports that LA can cause
arrhythmia in the guinea pig heart [40]. Taken together, these data
suggested that the inhibition of Nav channels, particularly Nav1.7,
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might be one of the mechanisms underlying the analgesic activity
of LA, especially for its local application. For further determination
of the roles of Nav1.7 or other pain-related isoforms, in vivo
experiments using transgenic mice or a scorpion toxin OD-1, a
Nav1.7-specific agonist, -induced pain model will be helpful [41].

The inhibitory potency of LA on the Nav1.7 channel increased as
the holding potential was depolarized (Fig. 2e). These data
indicated that LA inhibits the Nav1.7 channel in a voltage-
dependent manner. In the current study, we found that the
inhibitory efficacy of LA is closely correlated with the channel
open time but not the stimulation rate (Supplementary Fig. S1).
Our finding is consistent to a previous study on the Navl.5
channel, which showed that the extent of block on Nav1.5 by a
given LA concentration depended on the number of times the
channels opened but not the stimulation frequency [40]. More-
over, the same study reported that the inhibitory effect of LA on a
channel in its open state was more potent than that on a channel
in its inactivated and resting states [40]. Slow-onset inhibition was
also observed in a study on the inhibition of Nav1.5 mutant
channels by batrachotoxin (BTX), in which the researchers
proposed that the slow onset of BTX might be ascribed to its
bulky size [42]. The size of LA is very similar to that of BTX (MW 584
for LA vs. 538 for BTX). Thus, we speculated that the slow-onset
inhibition by LA might be ascribed to its open-channel inhibiting
property and its relatively large size.

Clinical data have shown that the analgesic activity of LA may
persist 8 h after a single systematic application in spite of the fact
that its elimination half-life is less than 0.5 h [8, 43]. In contrast to
the fast onset and reversible inhibition of Nav1.7 by tetracaine and
bupivacaine, the inhibition of Nav1.7 by LA developed very slowly
and was irreversible (Fig. 6b). Although the relationship between
the long-duration analgesic effect in vivo and the slow onset or
irreversibility of the LA-induced inhibition of Nav1.7 requires
further investigation, these characteristics resemble those of some
other irreversible drugs such as monoamine oxidase (MAO)
inhibitors. Clinically used MAO inhibitors such as tranylcypromine
and phenelzine are rapidly metabolized, but the inhibition of the
enzyme is irreversible and thus persists for a long time after the
disappearance of the prototype and its metabolites [44]. However,
for local anesthetics, rapid onset and short duration are primary
properties. In addition, LA did not affect channel activation or
inactivation and might recognize different binding sites from local
anesthetics. Therefore, we propose that LA may inhibit Nav1.7 in a
different manner from local anesthetics.

Aconitine, another main alkaloid isolated from Aconitum
species, is a site-2 neurotoxin that induces severe neurological
symptoms and cardiovascular collapse [2, 40]. Due to this featured
toxicity, aconitine has been widely used as an experimental tool to
induce experimental tachyarrhythmias [2]. In the present study,
we also evaluated the effects of aconitine on the Nav1.7 channel
and found that aconitine inhibits the channel with an ICsy (with
95% confidence limits) of 59.30 (52.07-66.53) umol/L. In contrast
to the lack of effects on Nav channel activation and inactivation by
LA, aconitine shifts both the channel activation and steady-state
fast inactivation to more hyperpolarized potentials (Supplemen-
tary Fig. S2). Our finding is consistent to a previous study, in which
aconitine inhibited the macroscopic current amplitudes of Nav1.4
and Nav1.5 channels [45].

In conclusion, we found that LA is an inhibitor of the Nav1.7
channel, a promising analgesic target predominantly distributed in
the nervous system. The findings will help us to understand the
featured analgesic activity of LA, thus benefiting its application in
the clinic and future drug development. Since LA lacks subtype
selectivity among the cardiac and neuronal isoforms, structural
modifications that could improve the selectivity on neuronal
isoforms and enhance its potency might be helpful to develop new
analgesics with less cardiac side effects. The relationship between
the long maintenance time and the binding of LA to the local

SPRINGERNATURE

anesthetic site with the irreversibility of the LA-bound channel is an
interesting future topic of investigation. In contrast to other site-2
neurotoxins, which commonly modulate Nav channel activation
and inactivation [46], LA did not modify these channel properties.
The identification of the determinants and mechanisms underlying
this feature of the drug would be interesting.
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