
RESEARCH PAPERbph_1674 2167..2177

Inhibition of voltage-gated
Na+ currents in sensory
neurones by the sea
anemone toxin APETx2
Maxime G Blanchard1, Lachlan D Rash2 and Stephan Kellenberger1

1Département de Pharmacologie et Toxicologie, Université de Lausanne, Lausanne, Switzerland,

and 2Institute for Molecular Bioscience, The University of Queensland, St Lucia, Queensland,

Australia

Correspondence
Stephan Kellenberger,
Département de Pharmacologie
et Toxicologie, Université de
Lausanne, Rue du Bugnon 27,
CH-1005 Lausanne, Switzerland.
E-mail:
stephan.kellenberger@unil.ch
----------------------------------------------------------------

Keywords
APETx2; ASIC; Nav 1.8; peptide
toxin; DRG; inflammatory pain;
acid-induced pain; sea anemone
toxins
----------------------------------------------------------------

Received
6 May 2011
Revised
7 September 2011
Accepted
8 September 2011

BACKGROUND AND PURPOSE
APETx2, a toxin from the sea anemone Anthropleura elegantissima, inhibits acid-sensing ion channel 3 (ASIC3)-containing
homo- and heterotrimeric channels with IC50 values < 100 nM and 0.1–2 mM respectively. ASIC3 channels mediate acute
acid-induced and inflammatory pain response and APETx2 has been used as a selective pharmacological tool in animal
studies. Toxins from sea anemones also modulate voltage-gated Na+ channel (Nav) function. Here we tested the effects of
APETx2 on Nav function in sensory neurones.

EXPERIMENTAL APPROACH
Effects of APETx2 on Nav function were studied in rat dorsal root ganglion (DRG) neurones by whole-cell patch clamp.

KEY RESULTS
APETx2 inhibited the tetrodotoxin (TTX)-resistant Nav 1.8 currents of DRG neurones (IC50, 2.6 mM). TTX-sensitive currents
were less inhibited. The inhibition of Nav 1.8 currents was due to a rightward shift in the voltage dependence of activation
and a reduction of the maximal macroscopic conductance. The inhibition of Nav 1.8 currents by APETx2 was confirmed with
cloned channels expressed in Xenopus oocytes. In current-clamp experiments in DRG neurones, the number of action
potentials induced by injection of a current ramp was reduced by APETx2.

CONCLUSIONS AND IMPLICATIONS
APETx2 inhibited Nav 1.8 channels, in addition to ASIC3 channels, at concentrations used in in vivo studies. The limited
specificity of this toxin should be taken into account when using APETx2 as a pharmacological tool. Its dual action will be an
advantage for the use of APETx2 or its derivatives as analgesic drugs.

Abbreviations
AP, action potential; ASIC, acid-sensing ion channel; DRG, dorsal root ganglion; FCS, fetal calf serum; Kv, voltage-gated
potassium channel; Nav, voltage-gated sodium channel; nH, Hill coefficient; TTX, tetrodotoxin; TTX-S, TTX-sensitive;
TTX-R, TTX-resistant; V0.5, voltage of half-maximal activation; V0.5IN, voltage of half-maximal inactivation

Introduction
Voltage-gated Na+ (Nav) channels mediate the initial upstroke
of the action potential (AP) in excitable tissues. They are made
of a large pore-forming Nav a subunit composed of four
repeated domains, each containing six transmembrane seg-
ments, and associated auxiliary b subunits (Catterall et al.,
2005; Patino and Isom, 2010). Nine different Nav a subunits

have been reported so far. They can be classified into two
groups based on their sensitivity to the Japanese puffer fish
toxin tetrodotoxin (TTX): TTX-sensitive (TTX-S: Nav 1.1, -1.2,
-1.3, -1.6 and -1.7) and TTX-resistant (TTX-R: Nav 1.5, -1.8
and -1.9) channels (Catterall et al., 2005). Nav 1.1, -1.6, -1.7,
-1.8 and -1.9 are the major isoforms present in the peripheral
nervous system (Catterall et al., 2005; Berta et al., 2008;
channel nomenclature follows Alexander et al., 2011).
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Differences between Nav a isoforms include their voltage
dependence and their inactivation kinetics, with the TTX-R
channels showing slower inactivation (Catterall et al., 2005).
Changes in the expression and function of Nav channels occur
in pathological situations such as peripheral nerve injury and
contribute to altered pain sensing (rev. in Dib-Hajj et al., 2010).

Acid-sensing ion channels (ASICs) are H+-gated Na+-
permeable neuronal channels (Wemmie et al., 2006; Kellen-
berger, 2008; Holzer, 2009) and are expressed in neurones of
the central and the peripheral nervous system (Krishtal, 2003;
Wemmie et al., 2006). Functional ASICs are made of homo- or
heterotrimeric assemblies of subunits arising from three dif-
ferent genes including two splice variants [ASIC1a, -1b, -2a,
-2b and -3 (Wemmie et al., 2006; Jasti et al., 2007; Gonzales
et al., 2009)]. ASIC subunits of the peripheral nervous system
are frequently co-expressed with nociceptive markers in small
diameter neurones of dorsal root ganglia (DRG) (Poirot et al.,
2006; Wemmie et al., 2006). When activated by a pH drop to
<pH 7, endogenous ASICs are able to induce APs in rodent
neurones of the central and peripheral nervous system
(Vukicevic and Kellenberger, 2004; Poirot et al., 2006). Owing
to their expression pattern and functional responses, ASICs
were proposed to be involved in acid-induced nociception in
inflammatory conditions where the extracellular pH is
decreased. Studies with knockout mice indicated a role for
ASIC3 in inflammatory and acid-induced pain sensation
(Price et al., 2001; Chen et al., 2002; Sluka et al., 2003).

The toxin APETx2 of the sea anemone Anthropleura elegan-
tissima inhibits, as a purified native preparation (Diochot
et al., 2004) or as recombinantly or synthetically produced
peptide (Jensen et al., 2009; Anangi et al., 2010; Karczewski
et al., 2010), homotrimeric ASIC3 with IC50 values <100 nM.
In rat DRG neurones, ASIC3 is mainly present in heterotrim-
eric channels, which require higher APETx2 concentrations
for inhibition (IC50 0.1–2 mM) or are APETx2-insensitive
(Diochot et al., 2004). In vivo studies with rats have shown
that both intrathecal and intraplantar administrations of
APETx2 at concentrations of 0.02–20 mM prevent acid-
induced, inflammatory and postoperative pain (Deval et al.,
2008; Karczewski et al., 2010; Deval et al., 2011).

Many sea anemone toxins are known to slow or to inhibit
Na+ channel inactivation by binding to receptor site 3. The
location of the receptor site 3 on the extracellular side of
transmembrane segment IVS4 suggests that these toxins slow
inactivation by preventing the outward movement of the
voltage sensor (Rogers et al., 1996; Catterall et al., 2007; Smith
and Blumenthal, 2007). The toxin APETx1 was shown to
inhibit voltage-gated K+ (Kv) channels (Diochot et al., 2003;
Zhang et al., 2007). APETx2, which has a high sequence simi-
larity with APETx1, did not affect a number of different Kv

channels at 300 nM and showed partial inhibition of Kv3.4
only at 3 mM (Diochot et al., 2004).

The high concentrations of APETx2 that were probably
attained in several animal studies prompted us to investigate
a possible effect of APETx2 on sensory neurone Nav channels.
We show in this study that APETx2 at 1 mM, a concentration
used in animal and in in vitro studies to block endogenous
ASIC3-like channels, substantially inhibited TTX-R Nav 1.8
currents and caused a small inhibition of TTX-S currents in
rat DRG neurones. The inhibition of Nav 1.8 currents was due
to a rightward shift in the voltage dependence of activation

and a reduction in the maximal macroscopic conductance. In
current-clamp experiments, APETx2 reduced the number of
APs induced by current injection. Experiments with cloned
Nav 1.8 channels expressed in Xenopus oocytes confirm the
inhibition of Nav currents by APETx2. The limited specificity
of this toxin should be taken into account when using it as a
pharmacological tool. For the use of APETx2 or derivatives
as analgesic drugs, this dual action would certainly be an
advantage.

Methods

DRG isolation and culture
All animal care and experimental procedures were carried out
according to the Swiss Federal Law on Animal Welfare and
approved by the Committee on Animal Experimentation of
the Canton de Vaud. Adult male Wistar rats (Charles River,
l’Arbresle Cedex, France) were killed using CO2, and lumbar
DRGs were removed bilaterally. The isolated DRGs were incu-
bated at 37°C for 2 h in Neurobasal A medium (Invitrogen,
Zug, Switzerland) containing type P collagenase (0.125%;,
Roche, Basel, Switzerland) and trypsinized (0.25%; Invitro-
gen) for 30 min at 37°C in divalent cation-free PBS solution.
Ganglia were then triturated with a disposable 1 mL plastic
tip and plated on high molecular weight poly-lysine
(0.1 mg·mL-1, MW >300 000; Sigma, Buchs, Switzerland)
coated coverslips. neurones were held at 37°C overnight, and
medium was replaced the following morning by L15 Leibo-
vitz medium (Invitrogen) supplemented with 10% fetal calf
serum (FCS; Gibco, Zug, Switzerland), 5 mM HEPES and pH
adjusted to 7.4 using NaOH. neurones were kept at 4°C and
used within 24 h of plating (Blair and Bean, 2002).

Recombinant expression of ASIC3
CHO cells were transfected with the rat ASIC3 cDNA clone in
the pEAK8 expression vector and grown in DMEM/F12 (Invit-
rogen) medium supplemented with 3.6% FCS and 1%
penicillin/streptomycin (Invitrogen). Puromycin (10 mg·mL-1;
PAA Laboratories, Pasching, Austria) was added to the culture
medium to achieve stable selection of ASIC3-expressing cells.

Electrophysiology on mammalian cells
Measurements were carried out with an EPC10 patch clamp
amplifier (HEKA Electronics, Lambrecht, Germany). Data
acquisition was performed using HEKA’s Patchmaster soft-
ware. Voltage was not corrected for the liquid junction poten-
tial. The sampling interval was set to 50 ms (20 kHz) and
low-pass filtering to 5.0 kHz for all experiments except for
ASIC3, Kv experiments, and the Nav use dependence experi-
ments, for which the sampling interval was 100 ms (10 kHz),
and the low pass filter was set to 3.0 kHz. Toxin was applied
using the gravity-driven MPRE8 perfusion system (Cell Micro-
Controls, Norfolk, VA, USA). Neurones were continuously
perfused with either the control or the toxin-containing solu-
tion, and voltage protocols were applied during steady-state
toxin application. Pipettes were pulled from thin-wall boro-
silicate glass and had resistances between 0.9 and 3 MW when
filled with pipette solution. Series resistance compensation
was set to 85–95% in all experiments. Voltage-clamp proto-
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cols were applied at a sweep frequency of 0.05 Hz (20 s pulse
interval). The neurone diameter was estimated from the
average of the longest and shortest axes as measured through
an eyepiece micrometer scale. Only small-diameter DRG neu-
rones (<32 mm) were included in this study. Capacity tran-
sients were partially cancelled using the internal clamp
circuitry. The remaining transients and leak were subtracted
using the P/8 procedure from a holding potential of -80 mV.

Solutions
The external solution for CHO and current-clamp experi-
ments was composed of the following (in mM): 140 NaCl,
4 KCl, 1 MgCl2, 2 CaCl2, 10 HEPES, 10 MES (2-(N-
morpholino)ethanesulfonic acid), 10 glucose and pH
adjusted to 7.4 or 6.0 with NaOH. The external solution for
DRG voltage-clamp experiments was composed of the follow-
ing (in mM): 85 choline–Cl, 20 TEA–Cl, 35 NaCl, 3 KCl, 1
MgCl2, 1 CaCl2, 0.1 CdCl2, 10 glucose, 10 HEPES and pH was
adjusted to 7.4 using Tris. The pipette solution for measure-
ments of ASIC3-expressing CHO cells was composed of the
following (in mM): 90 CsOH, 90 gluconic acid, 10 NaCl, 10
KCl, 1 MgCl2, 60 HEPES, 10 EGTA and pH adjusted to 7.3
using CsOH. For whole-cell voltage-clamp experiments with
DRG neurones, we used the following pipette solution (in
mM): 70 Cs-Gluconate, 70 CsCl, 3.5 NaCl, 2 MgCl2, 0.1 CaCl2,
1.1 EGTA, 10 HEPES and pH adjusted to 7.3 with CsOH.
Intracellular solution for current-clamp experiments con-
tained the following (in mM): 140 KCl, 0.5 EGTA, 5 HEPES
and 3 Mg-ATP adjusted to pH 7.3 with KOH. Prior to the
experiment, 0.1% BSA (fatty acid-free BSA; Sigma) was added
to all external solutions. After establishment of the whole-cell
configuration, neurones were allowed to equilibrate with the
pipette solution for at least 5 min.

Two-electrode voltage clamp of
Xenopus oocytes
Xenopus laevis stage V-VI oocytes were removed and treated
with collagenase (Sigma type I) for defolliculation. cRNA of
human Nav 1.8 channels (Ekberg et al., 2006) was synthesized
using an mMessage mMachine cRNA transcription kit
(Ambion Inc., Austin, TX, USA) and injected at 20–40 ng per
oocyte. Oocytes were kept at 18°C in ND96 solution contain-
ing 96 mM NaCl, 2 mM KCl, 1 mM CaCl2, 2 mM MgCl2, 5 mM
HEPES, 5 mM pyruvic acid, 50 mg·mL-1 gentamicin (pH 7.4)
and fetal horse serum (2.5%). Currents were recorded 2–6 days
after cRNA injection under voltage clamp (Axoclamp 900A,
Molecular Devices, CA) using two standard glass microelec-
trodes (0.5–1 MW) filled with 3 M KCl solution. Stimulation,
data acquisition (10 kHz sampling, 2 kHz low pass filter) and
analysis were performed using pCLAMP software (Version 10,
Molecular Devices). All experiments were performed at
20–21°C in ND96 solution containing 0.1% BSA.

Toxin handling and preparation
The synthetic APETx2 toxin from Smartox (La Tronche,
France) or synthesized by a laboratory involved in the study
(Jensen et al., 2009) was used. The lyophilized toxin was
re-suspended in deionized water (supplemented with 0.1%
BSA). Aliquots were frozen at -20°C until use. APETx2 stock
solution was diluted in 0.1% BSA-containing bath solution

before the experiment. The results obtained with APETx2
from the different sources were not different from each other.
TTX from Latoxan (Valence, France) was stored as a 1 mM
stock solution and diluted in the measuring solution contain-
ing 0.1% BSA.

Data analysis and statistics
Normalized concentration–inhibition curves were fitted
using the Hill function: In = 1/(1 + (IC50/c)nH), where In is the
inhibition, IC50 is the concentration of half-maximal inhibi-
tion, c the concentration of inhibitor and nH is the Hill
number. Voltage dependence of activation was obtained from
conductance–voltage curves using a Boltzmann equation:
G(V) = Gmax/(1 + exp[(V - V0.5)/k)], where G is the conduc-
tance, Gmax the maximal conductance, V the voltage, V0.5 the
voltage of half-maximal activation and k the slope factor.
Currents were converted to conductance at each voltage
using the following equation: G(V) = I/(V - Vrev), where I is the
current and Vrev the reversal potential obtained for each
current–voltage (I-V) curve by linear interpolation. Kinetics
of inactivation were obtained by fitting a single exponential
to the falling phase of the current traces at each voltage:
I(V) = Ip(V)*exp(-t/tinactivation(V)), with I as the current, Ip the
peak inward current, t the time and tinactivation the time con-
stant of inactivation. Kinetics of recovery from inactivation
were obtained by fitting the data to three exponential com-
ponents: I = A0 + Afast*exp(-t/tfast) + Amid*exp(-t/tmid) +
Aslow*exp(-t/tslow), with Afast, Amid and Aslow, the relative ampli-
tudes of the components; A0 the initial amplitude; A0 + Afast +
Amid + Aslow = 1; and tfast, tmid and tslow the time constants of the
different components. Data analysis was performed using
Heka’s Fitmaster and Origin 8.5 software (OriginLab,
Northampton, MA, USA). Data are presented as mean � SEM.
Direct comparison between values from paired experiments
were performed using paired Student’s t-test for comparison
of two conditions and with one-way repeated-measures
ANOVA followed by Fisher’s post hoc test for comparison of
three conditions.

Results

Inhibition of ASIC3 by APETx2
In order to validate the synthetic toxin, the inhibition of
ASIC3 by synthetic APETx2 was measured using whole-cell
voltage clamp from CHO cells expressing homotrimeric rat
ASIC3. Typical traces of ASIC3 currents in the absence and
presence of 500 nM APETx2 are shown in Figure 1A, and the
concentration dependence of ASIC3 inhibition by APETx2 is
plotted in Figure 1B. The IC50 value obtained from a Hill fit
(see Methods) was 87 � 9 nM (n = 9), which is close to
published values (Diochot et al., 2004; Jensen et al., 2009;
Anangi et al., 2010; Karczewski et al., 2010).

Inhibition of voltage-gated Na+ currents in
DRG neurones by APETx2
In whole-cell voltage-clamp experiments on acutely dissoci-
ated rat DRG neurones, 1 mM APETx2 reversible inhibited the
Nav inward current. A typical experiment is illustrated in
Figure 2, showing current traces of an activation curve from a
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neurone under different conditions. Panel i shows the Nav

current without any inhibitor, panel ii shows the Nav current
in the presence of 1 mM APETx2 and panel iii represents the
difference of the two, thus the total APETx2-sensitive current.
APETx2 washout was rapid and complete in <20 s. Panels
iv–vi show, from the same cell, traces measured in the pres-
ence of 300 nM TTX in order to leave only the TTX-R current,
without (panel v) or with (panel vi) 1 mM APETx2. Panel vi
shows the difference, thus the APETx2-sensitive component
of the TTX-R current. The traces shown in the lowest row
were obtained by subtraction of the traces of the middle row
from the corresponding traces of the top row, yielding the
TTX-S component without (panel vii) or with APETx2 (panel
viii). In order to quantify the inhibition of TTX-S currents by
APETx2, the TTX-R, APETx2-sensitive current (panel vi) was
subtracted from the total APETx2-sensitive current (panel iii),
yielding the TTX-S APETx2-sensitive current (panel ix). This
analysis allowed calculation of the current inhibition of the
two Nav current components, indicating that 1 mM APETx2
inhibited 21 � 6% of the TTX-S and 42 � 5% of the TTX-R
Nav peak current amplitude (measured at -20 and 0 mV,
respectively; n = 4).
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It has previously been shown that Nav 1.8 currents have
slower inactivation kinetics than TTX-S Nav currents, and that
Nav 1.9 currents inactivate so slowly that they appear as
almost non-inactivating during the 100 ms of the depolariz-
ing pulse (Cummins et al., 1999). In our experimental condi-
tions, we did not see a Nav 1.9-like current (Figure 2, panel iv),
because in these conditions Nav 1.9 currents, which require a
very negative holding potential for activity, was most likely
inactivated (Cummins et al., 1999; Renganathan et al., 2002).
The TTX-R APETx2-sensitive component therefore corre-
sponds mostly to Nav 1.8 current. As APETx2 showed stron-
gest inhibition of this Nav current component, we focused the
remainder of this study on Nav 1.8 current inhibition by
APETx2.

Inhibition of Nav 1.8 currents of rat DRG
neurones by APETx2
To isolate the Nav 1.8-mediated currents, we used the protocol
shown in the upper panel of Figure 3A. In the typical experi-
ment illustrated in the lower panel of Figure 3A, 1 mM APETx2
inhibited ~45% of the peak Nav 1.8 inward current at 0 mV.
The current–voltage curve of this experiment is shown in
Figure 3B. The activation conductance–voltage curve of the
Nav 1.8 current in the absence (control and washout) or
presence of 1 mM APETx2 is shown in Figure 3C, with the lines
representing a fit to the Boltzmann equation. The parameters
derived from these data are shown in Table 1. APETx2 induced
a positive shift in the voltage dependence of activation, and
decreased Gmax. Toxin washout led to functional parameters
close to control conditions (Figure 3C, Table 1).

The voltage dependence of steady-state inactivation
(SSIN) was measured using the protocol shown in the left
panel of Figure 3D. The normalized test current amplitude is
plotted as a function of the conditioning voltage in the right
panel of Figure 3D, with the lines representing a fit to the
Boltzmann equation. APETx2 shifted the voltage dependence
of SSIN positively and decreased the current amplitude.
Summary results from these experiments are shown in
Table 1. Washout led to functional parameters similar to
those obtained in control conditions before toxin application
(Figure 3D, Table 1). Taken together, these data show that
APETx2 induced, for Nav 1.8 currents, a small shift in the
voltage dependence of activation and inactivation to more
depolarized values, decreased Gmax and increased the slope
factor k. These effects were readily reversible.

The concentration dependence of Nav 1.8 peak current
inhibition by APETx2 is illustrated by traces of a representa-
tive experiment in Figure 4A, and the current inhibition is
shown as a function of the toxin concentration with the
derived IC50, in Figure 4B. In these experiments, the Nav 1.8
current was again isolated by the presence of 300 nM TTX.
Figure 4C illustrates the inhibition of Nav 1.8 currents at high
APETx2 concentration (20 mM) at different voltages. The
kinetics of APETx2 binding and unbinding were measured by
eliciting Nav 1.8 current responses by 50 ms depolarizations
at different times after the start of 1 mM APETx2 perfusion
(binding) and after the start of the washout of APETx2
(unbinding), as presented in Figure 4D. The rate constant of
unbinding, koff was 0.29 � 0.04 s-1 (n = 5). The observed rate
constant of APETx2 binding was 0.67 � 0.04 s-1 (n = 6) at
1 mM, corresponding to an association rate constant of
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3.8 ¥ 105 M-1 s-1 after correction for the contribution of the koff

to the observed kinetics of block.
To determine whether inhibition was use-dependent,

Nav 1.8 currents were elicited by depolarizations to +20 mV
at different frequencies in the absence or presence of 1 mM
APETx2. To correct for drug-independent inactivation with
increasing stimulation frequency, responses in the presence
of 1 mM APETx2 were normalized to the responses obtained
at the same frequency in the absence of APETx2. Figure S1
shows representative traces and plots the normalized
inhibition as a function of the pulse number at different
frequencies, demonstrating that the inhibition was not
use-dependent.

APETx2 modulates the inactivation time
course of Nav 1.8 channels in rat
DRG neurones
Exposure to APETx2 induced a slowing of the open-channel
inactivation, as illustrated in Figure 5A at pulse potentials of
0 mV (left panel) and +20 mV (right panel). APETx2 at 1 mM
increased the time constant of open channel inactivation at
0 mV (n = 23, P < 10-8) and at +20 mV (n = 20, P < 10-5;
Figure 5B).

Recovery from inactivation was studied using a standard
two-pulse protocol (Figure 5C top panel). Two 100 ms depo-
larizations to +20 mV were separated by an increasing inter-
val Dt at -80 mV. The peak current amplitude elicited by the
second depolarization normalized to that of the first depolar-
ization is plotted as a function of the interval Dt in Figure 5C.
Three exponential components were required to fit the recov-
ery time course (see Methods). While the slow component
was not affected by the toxin, the fast and intermediate
components were altered in the presence of 1 mM APETx2,
leading to a slight acceleration of the initial phase of recovery.

Inhibition of recombinant Nav 1.8 channels
by APETx2
To confirm the inhibition of Nav 1.8 currents with the cloned
channels, we applied the toxin to Xenopus oocytes expressing
human Nav 1.8 channels. Figure 6A shows traces of currents
elicited by depolarization from -80 to 0 mV in the presence
of the indicated concentrations of APETx2, from a typical
experiment. Figure 6B plots the concentration dependence of
the inhibition by APETx2. At 30 mM, the highest concentra-
tion used, inhibition was 60 � 2% (n = 6). Although the curve
appears to saturate at a maximal inhibition of slightly more
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than 60%, it is equally possible that at higher concentrations
inhibition would be complete. In Figure 6B, the black solid
line represents the fit of the data to the Hill equation, yielding
an IC50 of 6.6 � 0.5 mM and a maximal inhibition of 65 � 2%,
and the red line is from a fit in which maximal inhibition was
set to 100%, yielding an IC50 of 18.7 � 1.4 mM (n = 4). The
observed IC50 is therefore three- to sevenfold higher than the
value obtained from DRG neurones. The current–voltage
curve in the absence and presence of 30 mM APETx2 is plotted
in Figure 6C. APETx2 at 30 mM shifted the V0.5 of activation
from 17.1 � 1.3 to 26.6 � 1.6 mV (Figure 6D; n = 8, P =
0.003). Due to significant time-dependent increase in ampli-
tude, the inhibition of Gmax by APETx2 could not be quanti-
tatively assessed (Figure 6D). In conclusion, the oocyte
experiments confirm the current inhibition and the change
in voltage dependence of activation of Nav 1.8 channels by
APETx2.

APETx2 modulates neuronal activity in rat
DRG neurones
Neurons were held in whole-cell current clamp close to
-60 mV. Only cells with resting membrane potentials
�-60 mV were included in the experiments. A 100 ms current
ramp from 0 to 1 nA was injected to induce APs, as illustrated
in Figure 7A. Under these conditions, 1 mM APETx2 reversibly
reduced the number of APs (n = 13, P < 10-6; Figure 7B).

In order to assess a possible effect of APETx2 on Kv chan-
nels of DRG neurones, the protocol shown in panel C was
applied using a KCl-based pipette solution. The Kv activation
curve is shown in Figure 7D. APETx2 at 1 mM did not signifi-
cantly shift V0.5 (n = 5, P = 0.16), and there was no evidence for
a change in Gmax in the presence of APETx2.

Discussion and conclusions

In the present study, we show that the toxin APETx2 of the
sea anemone A. elegantissima, frequently used as a selective

Table 1
Properties of Nav 1.8 currents in the presence or absence of APETx2

Condition Controla Toxin

[APETx2] (mM) 0 1

Activation

V0.5 (mV) 3.1 � 0.8 6.0 � 1.0**

k (mV) 7.2 � 0.4 8.6 � 0.4***

Normalized Gmax 1 0.69 � 0.03***

n 9

Steady-state inactivation

V0.5IN (mV) -27.5 � 1.1 -24.9 � 1.0***

k (mV) 4.7 � 0.2 5.7 � 0.3**

Normalized Imax (at 0 mV) 1 0.55 � 0.02***

n 12

tinactivation (ms)

at 0 mV 6.9 � 0.5 14 � 1.1***

at +20 mV 1.9 � 0.1 5.1 � 0.5***

n 11–22

Experimental conditions are described under Methods. Values of
Imax and Gmax are normalized to the control situation before toxin
exposure. aThe indicated control values were obtained before
administration of the toxin. Parameters of voltage-dependent
gating obtained after washout of the drug are as follows (P-value
relative to toxin condition). Activation, V0.5 = -1.1 � 1.0 mV
(P = 4.5*10-4), k = 7.6 � 0.3 mV (P = 1.2*10-4), Gmax = 98 � 2%
of control condition (P < 10-5); steady-state inactivation,
V0.5 = -29.1 � 1.0 mV (P < 10-5), k = 4.7 � 0.2 mV (P = 0.002),
Gmax = 110 � 5% of control (P < 10-5).
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Figure 5
APETx2 modulates the kinetics of Nav 1.8 channel gating. Currents
were recorded from acutely-dissociated DRG neurones, with all bath
solutions containing 300 nM TTX. (A) APETx2 slows inactivation
kinetics. Representative traces obtained for test potentials of 0 or
+20 mV in the presence or absence of 1 mM APETx2 are shown. (B)
The falling phase of the individual current traces was fitted to a single
exponential equation (see Methods), yielding the time constant of
inactivation (tinactivation). Values of tinactivation obtained at test potentials
of 0 and +20 mV in the presence or absence of 1 mM APETx2 are
shown, ***P < 0.001, significant effect of APETx2; n = 20–23, paired
t-test. (C) Recovery from inactivation was determined by measuring
the current evoked by two 100 ms depolarizations to +20 mV, sepa-
rated by an interval of increasing duration at -80 mV as illustrated in
the top panel. The current amplitude of the second depolarization,
normalized to that of the first depolarization, is plotted as a function
of the interval Dt for the situation with or without (control) 1 mM
APETx2. Three exponential components were necessary to fit the
recovery time course (n = 5). Fit parameters, as time constant t (%
relative weight of the component) are as follows with *P < 0.05 and
**P < 0.001, significant effect of 1 mM APETx2: (control values given
first) the fast component 2.03 � 0.10 ms ((20 � 2%) and 1.64 �

0.06 ms* (31 � 4% **), the intermediate component 95 � 12 ms
(48 � 2%) and 139 � 18 ms** (40 � 4% *) and the slow component
1600 � 200 ms (32 � 1%) and 2030 � 160 ms (28 � 2%).
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inhibitor of ASIC3 channels, in addition inhibits Nav currents
in rat DRG neurones at concentrations that are used for
inhibition of heterotrimeric ASIC3-containing channels. At
1 mM, the APETx2 inhibition of the TTX-R Nav 1.8 current is
stronger than that of TTX-S currents. The current inhibition
is due to a small positive shift in the voltage dependence of
activation and a decrease in the maximal conductance. We
show with current-clamp experiments that inhibition of Nav

currents by APETx2 translates into a decrease in neuronal
excitability.

Inhibition of voltage-gated Na+ channels
by APETx2
We observed a concentration-dependent inhibition of the
Nav currents in rat DRG neurones. Pharmacological distinc-
tion into TTX-S and TTX-R currents showed, at 1 mM APETx2,
21% inhibition of the TTX-S and 42% inhibition of the TTX-R
component. Under the experimental conditions chosen, the
Nav 1.9 channels were largely inactivated. Therefore, the
observed TTX-R current is mostly mediated by Nav 1.8
channels.

The observed inhibition of Nav 1.8 currents by APETx2 is
in part due to a small shift in the voltage dependence of
activation towards more depolarized values. In addition, the
maximal conductance measured at +40 mV was reduced by
APETx2. Comparison of the voltage–conductance curves
(Figure 3C) shows that the inhibition is maximal in the
voltage range around -10 to +10 mV and becomes smaller at
more positive pulse potentials. From our data, there is no

evidence for voltage dependence in the binding of the toxin.
As the current inhibition was rapid when the toxin was
applied at negative potentials, we conclude that APETx2
readily binds to Nav 1.8 channels in the closed state.

The positive shift in V0.5 by APETx2 was observed with
endogenous and recombinant Nav 1.8 channels, while a sig-
nificant change in Gmax could only be shown for the endog-
enous Nav 1.8 current of DRG neurones. In spite of these
differences, APETx2 inhibited significantly the Nav 1.8
current in the different experimental conditions. In addition
to the observed reduction of the current amplitude, APETx2
had three effects on inactivation, a slowing of the kinetics of
inactivation, a positive shift in the voltage dependence of
SSIN and an increase in the relative amplitude of the fastest
component of recovery from inactivation. These effects
suggest that APETx2 destabilizes the inactivated state.

Comparison with other sea anemone toxins
acting on voltage-gated Na+ channels
Most peptide toxins from sea anemones belong to either of
two main classes, Nav toxins or Kv toxins (Beress et al., 1975;
Honma and Shiomi, 2006). On Nav channels, sea anemone
toxins bind to site 3 and prolong the open state of the
channels, resulting in a slowing of the macroscopic current
inactivation (Rogers et al., 1996; Catterall et al., 2007; Smith
and Blumenthal, 2007). Most of these toxins also increase the
Nav peak current amplitude. Several recently identified sea
anemone peptide toxins do not fall into either of the two
main categories and constitute a new family (Honma and

Figure 6
Inhibition of recombinant Nav 1.8 channels expressed in Xenopus oocytes. Recordings are from Xenopus oocytes expressing hNav 1.8 channels
from a holding potential of -80 mV. (A) Current traces obtained in the presence of the indicated APETx2 concentrations, elicited by depolarization
to 0 mV. (B) Concentration dependence of current inhibition by APETx2. The solid black line represents a fit to the Hill equation with maximal
inhibition fitted to 65%, and the red line represents the fit with maximal inhibition set to 100%; for fit parameters see text (n = 4–6). (C)
Current–voltage relationship in control, presence and after washout of 30 mM APETx2; currents were normalized to control current at -20 mV for
each experiment. (D) Conductance–voltage relationship in control, presence and after washout of 30 mM APETx2 (n = 7).
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Shiomi, 2006; Shiomi, 2009). These include toxins acting on
K+ channels (BDS-I, BDS-II, APETx1), a toxin likely to inhibit
Nav channels. [BcIV (Oliveira et al., 2006)], a toxin with no
known target (Am II) as well as APETx2 (see Shiomi, 2009).
The phylogenetic tree in supplemental Figure S2A shows the
relatedness of different sea anemone toxins, illustrating that
the recently identified toxins are different from the two estab-
lished classes. Comparison of the primary sequence between
APETx2 and the sea anemone Nav toxins shows low similar-
ity, although five of the six conserved Cys residues are also
conserved in APETx2 (Supplemental Figure S2B). Several resi-
dues in the sea anemone Nav toxins that were shown to be
critical for their function (see Honma and Shiomi, 2006;
Bosmans and Tytgat, 2007; Smith and Blumenthal, 2007) are
not conserved in APETx2. It is interesting to note in this
context that certain scorpion toxins compete with sea
anemone toxins for binding to site 3, although these two
classes of toxins are unrelated on the level of the primary
sequence and the three-dimensional structure. Solution struc-
tures of several Nav-targeting sea anemone toxins and of
APETx1 and APETx2 are available. The basic fold of APETx2
consists of a disulphide-bonded core containing a four-
stranded b-sheet (Chagot et al., 2005). Despite conservation
of this fold between the Nav-targeting class of sea anemone
toxins and APETx2, the three-dimensional structures are
quite different.

The comparison with Nav-targeting sea anemone toxins
thus shows that APETx2 slows inactivation, as do other sea
anemone toxins, but is clearly distinct as regards its amino

acid sequence and three-dimensional structure and its ability
to decrease rather than increase the Nav current amplitude.

Inhibition of ASIC3 and Nav 1.8 in
sensory neurones
In DRG neurones, APETx2 showed a concentration-
dependent inhibition of ASIC3-like currents with an IC50 of
~200 nM; the inhibition was however incomplete leaving, at
3 mM APETx2, 51% of the control ASIC3-like current ampli-
tude (Diochot et al., 2004). The ASIC3-like current in the
cited study was likely to be mediated at least in part by
ASIC3-containing heteromers. In the present study, APETx2
inhibited Nav 1.8-like current with an IC50 of ~2.6 mM in rat
DRG neurones, leading to 20–50% inhibition of Nav 1.8
current in the concentration range 0.2–3 mM.

APETx2 has been used as an ASIC3-selective inhibitor in
several in vivo studies in rats to confirm the role of ASIC3 as
sensor in acid-induced, inflammatory and postoperative pain
(Deval et al., 2008; Karczewski et al., 2010; Deval et al., 2011).
In these studies, APETx2 was applied locally or intrathecally,
at concentrations between 0.022 and 20 mM. While the effec-
tive concentrations in in vivo studies are difficult to estimate,
it is expected that at the higher concentrations injected,
micromolar concentrations of APETx2 were reached locally,
sufficient for partial inhibition of Nav 1.8 channels.

Nav 1.8 is a sensory neuron-specific, voltage-gated, Na+

channel (Akopian et al., 1996) that, owing to its depolarizing
gating properties, is an important carrier of current during
the action potential upstroke (Blair and Bean, 2002; Renga-
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APETx2 inhibits electrical activity in rat DRG neurones. Recordings are from acutely dissociated DRG neurones, in the absence of TTX. (A) In
whole-cell current-clamp mode, current injection was adjusted to obtain a membrane potential of ~-60 mV under resting conditions. As illustrated
in the upper panel, a 100 ms current ramp from 0 to 1 nA was applied to induce APs. A typical experiment is shown, with the response in the
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nathan et al., 2001). Several inflammatory modulators are
able to affect Nav 1.8 channel expression and function.
Studies with Nav 1.8 knockout mice have suggested an impor-
tant role for Nav 1.8 channels in inflammatory conditions
(see Dib-Hajj et al., 2010). Furthermore, several studies have
demonstrated the analgesic efficacy of both centrally and
peripherally administered inhibitors of Nav 1.8 channels
(Ekberg et al., 2006; Jarvis et al., 2007).

Thus, in the studies in which micromolar concentrations
of APETx2 were injected, it is likely that a part of the observed
analgesic effect of APETx2 was due to its inhibition of Nav 1.8
currents. There is evidence for a role of ASIC3 channels in
pain sensing from studies with knockout mice (Price et al.,
2001; Sluka et al., 2003), supporting the conclusion that a
part of the observed effect of APETx2 on the acute acid-
induced and inflammatory response is likely to be due to
ASIC3 channel blockade. In addition, the two studies using
higher APETx2 concentrations showed in separate experi-
ments with si-RNA, evidence for a role of ASIC3 channels in
inflammation- and wound-induced pain (Deval et al., 2008;
Deval et al., 2011).

Conclusions

Our observation that APETx2 inhibited Nav, in addition to
ASIC3, currents needs to be considered when using APETx2 as
a pharmacological tool. ASICs and sensory neuron-specific
voltage-gated Na+ channels are potential drug targets of high
interest. In the light of the findings reported here, APETx2
might be a basis for the development of more potent inhibi-
tors of Nav 1.8 and/or ASIC3 channels. At present, several
drugs acting on the nervous system have more than one
target, as, for example, some anti-epileptic drugs. The fact
that APETx2 targets two components of pain sensation would
certainly be an advantage for the use of APETx2 or its deriva-
tives as analgesic drugs.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 APETx2 inhibition of Nav 1.8 current is not use-
dependent. Currents were recorded from acutely dissociated
DRG neurones, with all bath solutions containing TTX. A
series of 20 50 ms depolarizations from -70 to +20 mV were
performed at the frequencies indicated (0.5–10 Hz). (A) A
typical experiment at 0.5 Hz is shown. (B) Current inactiva-
tion was corrected by dividing the currents obtained with
1 mM APETx2 to that obtained without APETx2 at each pulse.
This ratio is plotted as a function of the pulse number (1–20)
for each stimulation frequency (n = 4 for each condition).
Figure S2 Sequence comparison of APETx2 with other sea
anemone toxins. (A) Phylogenic tree, Nav, inhibitor of
voltage-gated Na+ channels; K, inhibitor of K+ channels. Ae I
from Actinia equina; Am II from Anthopsis maculata; ApA, ApB,
from Anthopleura xanthogrammica; APETx1 and APETx2 from
Anthopleura elegantissima; AsKS (kaliseptine), AsKC (kali-
cludines); BDS-I and BDS-II from Anemonia sulcata; BcIV from
Bunodosoma caissarum; BgK from Bunodosoma granulifera; Da I
from Dofleinia armata; PaTX from Entacmaea actinostoloides;
Rp3 from Radianthus paumotensis; Sh1 and ShK from Stycho-
dactyla helianthus. (B) Alignment of the novel sea anemone
toxins to some of the classical Nav-targeting sea anemone
toxins. Original references are cited in Honma and Shiomi
(2006) and Shiomi (2009).
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