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1 Ciguatoxins (CTXs) are known to bind to receptor site 5 of the voltage-dependent Na channel, but
the toxin’s physiological effects are poorly understood. In this study, we investigated the effects of a
ciguatoxin congener (CTX3C) on three different Na-channel isoforms, rNav1.2, rNav1.4, and rNav1.5,
which were transiently expressed in HEK293 cells.

2 The toxin (1.0 mmol l�1) shifted the activation potential (V1/2 of activation curve) in the negative
direction by 4–9mV and increased the slope factor (k) from 8mV to between 9 and 12mV (indicative
of decreased steepness of the activation curve), thereby resulting in a hyperpolarizing shift of the
threshold potential by 30mV for all Na channel isoforms.

3 The toxin (1.0 mmol l�1) significantly accelerated the time-to-peak current from 0.62 to 0.52ms in
isoform rNav1.2. Higher doses of the toxin (3–10mmol l�1) additionally decreased time-to-peak current
in rNav1.4 and rNav1.5.

4 A toxin effect on decay of INa at �20mV was either absent or marginal even at relatively high
doses of CTX3C.

5 The toxin (1 mmol l�1) shifted the inactivation potential (V1/2 of inactivation curve) in the negative
direction by 15–18mV in all isoforms.

6 INa maxima of the I–V curve (at �20mV) were suppressed by application of 1.0 mmol l�1 CTX3C to
a similar extent (80–85% of the control) in all the three isoforms. Higher doses of CTX3C up to
10 mmol l�1 further suppressed INa to 61–72% of the control.

7 Recovery from slow inactivation induced by a depolarizing prepulse of intermediate duration
(500ms) was dramatically delayed in the presence of 1.0 mmol l�1 CTX3C, as time constants describing
the monoexponential recovery were increased from 3878 to 5887151ms (n¼ 5), 5376 to 338785ms
(n¼ 4), and 2373 to 2327117ms (n¼ 3) in rNav1.2, rNav1.4, and rNav1.5, respectively.

8 CTX3C exerted multimodal effects on sodium channels, with simultaneous stimulatory and
inhibitory aspects, probably due to the large molecular size (3 nm in length) and lipophilicity of this
membrane-spanning toxin.
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Introduction

The ciguatoxins (CTXs) are polycyclic ethers, synthesized by

the dinoflagellate Gambierdiscus toxicus (Bagnis et al., 1980;

Yasumoto, 2001). These toxins, which can accumulate in

tropical fish, are the causative agents in sea-food poisoning

(Watters, 1995). CTX3C (Figure 1) can be isolated as a natural

product from cultured G. toxicus (Satake et al., 1993).

Brevetoxins (PbTxs), another member of the polycylic ethers,

occur in a different species of dinoflagellate, Ptychodiscus

brevis, responsible for toxic red tides (Davis, 1947). The

structural formula for one of the PbTxs, PbTx-3, is given in

Figure 1. Both toxins were reported to bind to receptor site

5 of the voltage-dependent sodium channel, and exert two

biological actions: (1) shifting of the activation potential in

the hyperpolarizing direction (Huang et al., 1984; Sheridan &

Adler, 1989; Jeglitsch et al., 1998; Purkerson et al., 1999;

Strachan et al., 1999), and (2) inhibition of sodium inactiva-

tion, leading to persistent channel activation (Huang et al.,

1984; Jeglitsch et al., 1998). Photoaffinity labeling of purified

Na channel protein by p-AB [3H]PbTx-3 located site 5 within

the interface of domain I segment 6 and domain IV segment 5

of sodium channels (Trainer et al., 1991; 1994). CTX potently

displaced PbTx binding, indicating that PbTx and CTX share

a common binding site (Lombet et al., 1987). These

pharmacologic data support the designation of CTX as a

site-5 toxin. Unfortunately, the scarcity of these toxins

hampers quantitative evaluation of their modulatory effects

on the target protein and a more precise determination of the
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toxin-binding sites. In this regard, we (Hirama et al., 2001;

Inoue et al., 2002) have succeeded in developing a methodo-

logy for synthesis of the ciguatoxin congener CTX3C (see

Figure 1) in sufficient quantities for use in patch-clamp studies.

As an initial step toward the determination of the binding sites

for CTX3C, we have investigated herein possible differences

in the CTX3C sensitivity of the neuronal, skeletal-muscle, and

cardiac isoforms (rNav1.2, rNav 1.4, and rNav 1.5) of the

voltage-dependent sodium channel. We had reason to believe

that these toxins are more potent in modifying neuronal Na

channels than cardiac Na channels, because the positive

inotropic action of low doses of the CTXs and PbTxs was

primarily due to catecholamine release from the sympathetic

endings innervating cardiac muscle, and higher doses of CTXs

were required to produce a direct action on cardiac Na

channels (Lewis & Endean, 1986; Seino et al., 1988; Lewis

et al., 1992; Lewis & Hoy, 1993; Sauviat et al., 2002). The

finding of a significant sensitivity difference among the Na

channel isoforms could lead to a narrowing of possible

channel-binding sites for CTX3C. In the course of these

studies, we uncovered novel kinetic effects of CTX3C on the

channels, indicating the enhancement of slow inactivation and

acceleration of channel activation.

Methods

Electrophysiological recording

Macroscopic INa from transfected cells (see below) was

measured using the whole-cell variation of the patch-clamp

method. The bath solution contained (in mmol l�1): 70 NaCl,

67 N-methyl-D-glucamine, 1 CaCl2, 1.5 MgCl2, 10 glucose, and

5 HEPES (pH 7.4). The pipette solution contained (in

mmol l�1): 70 CsF, 60 CsCl, 12 NaF, 5 ethylene-bis (oxonitrilo)

tetraacetic acid, and 5 HEPES (pH 7.4). Whole-cell patch

pipettes with a resistance of less than 2MO were used to

achieve optimum voltage control. Whole-cell currents (filtered

at 10 kHz) were recorded using an Axopatch 200B amplifier

(Axon Instruments, Foster City, CA, U.S.A.), and more than

80% of the series resistance was compensated to minimize

voltage errors. Recordings were started 10min after estab-

lishing a whole-cell recording configuration. Whole-cell

membrane currents were digitized at a sampling rate of 50–

100 kHz with a 12-bit analogue-to-digital converter (DigiData

1321A interface; Axon Instruments), controlled by pClamp

software (Version 8; Axon Instruments). To eliminate the

effect of steady-state inactivation during experiments, the

holding potential was set to �140mV. INa was determined by

subtraction of linear capacitative and leak current with the P/4

protocol (Armstrong & Bezanilla, 1974) in all experiments,

except for those undertaken to measure the voltage depen-

dency of steady-state inactivation and the time course of

recovery from slow inactivation.

All experiments were conducted at room temperature

(22–251C). Data are presented as mean7s.e. along with the

number of observations (n), unless otherwise stated. Statisti-

cally significant differences between group means were

determined by Student’s t-test for paired or unpaired observa-

tions, as appropriate. The criterion for statistical significance

was Po0.05.

Perfusion system

The stock solution of CTX3C (1mmol l�1) in dimethylsulf-

oxide (DMSO) was diluted with bath solution to a final

concentration of 0.1–10 mmol l�1. CTX3C solution in a cuvette

was siphoned into the bath under a pressure head of 30 cm

H2O. Siphon and vacuum tubing were connected to the bath

chamber in a Y-configuration. A magnetic valve in the vacuum

line was momentarily opened to prime the siphon. The

resulting fan-shaped liquid stream was visualized using a test

dye. Cells under study were positioned in the center of the

stream. Flow of CTX3C solution could be halted as desired

by occluding the flow path. Bath solution was continuously

supplied at a rate of 2mlmin�1 through a separate inlet.

Transient transfection and cell culture

cDNA clones of the a-subunit of rat heart (rNav1.5), rat brain
(rNav1.2), or rat skeletal muscle (rNav1.4) Na

þ channels were

inserted into a mammalian expression vector pCI-neo (Pro-

mega, Madison, WI, U.S.A.) or pcDNA3.1 (Invitrogen,

Carlsbad, CA, U.S.A.), and were then transiently co-trans-

fected with CD8 cDNA into HEK 293 cells using the Effectine

reagent (Qiagen, Hilden, Germany). The cells were grown to

50% confluence in DMEM (Invitrogen), containing 10% fetal

bovine serum (BioWhittaker, Walkersville, MD, U.S.A.),

30 unitsml�1 penicillin G (Invitrogen) and 30 mgml�1 strepto-
mycin (Invitrogen), under a humidified atmosphere of 5% CO2

and 95% air, at 371C. The transfected cells were used in

electrophysiological experiments for up to 4 post-transfection

days. Transfection-positive cells were identified by immuno-

beads (CD8-Dynabeads; Dynal, Oslo, Norway).

Results

Effects of external application of CTX3C on sodium
channels

External application of 1.0 mmol l�1 CTX3C affected three

measures of channel function, namely, the peak value of INa,

the current–voltage (I–V) relationship, and the rate of channel

Figure 1 Structure of CTX3C, a representative congener of the
ciguatoxins and one of the B-type brevetoxins, PbTx-3.
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activation. We normally allowed a 10–15min equilibration

period after membrane rupture before applying the toxin.

During this period, peak INa increased to a steady-state value

(most notably at clamp potentials between �30 and �10mV,
depending on the sodium-channel isoform). Figure 2 shows,

in HEK 293 cells expressing rNaV1.2, the effect of CTX3C

on peak INa at a series of transmembrane potentials between

�120 and þ 50mV. CTX3C was applied at minute 14.7

(0.3 mmol l�1) and 21.0 (1.0 mmol l�1) following membrane

rupture (zero time). The I–V curves in Figure 2a were

constructed at selected time points before and during applica-

tion of CTX3C at 0.3 and 1.0 mmol l�1. Application of

0.3 mmol l�1 CTX3C had no effect on the current, whereas

1.0 mmol l�1 CTX3C produced a hyperpolarizing shift in the

I–V curve and suppressed the I–V maximum (Figure 2a).

CTX3C (1.0 mmol l�1) had various effects on INa, depending on
the membrane potential. The INa records in Figure 2b

demonstrate that CTX3C (1.0 mmol l�1) induces a long-lasting,
non-inactivating sodium current at potentials between �100
and �80mV, enhances INa at potentials between �80 and

�30mV, and suppresses INa at potentials more positive than

�30mV.

Effects on activation process

As shown in the previous section, CTX3C induced Na currents

at very negative transmembrane potentials. This caused a

prominent shift in the activation potential in the direction of

hyperpolarization and a reduction in the voltage dependency

of activation in all the three isoforms (left column in Figure 3).

Table 1a and b summarize, for isoforms rNav1.2, rNav1.5, and

rNav1.4, values of half-activation voltage (Vact1/2) and slope

factor (kact) obtained by fitting the Boltzmann equation to the

activation curve. Vact1/2 in the control varied depending upon

the isoform, rNav1.5, giving the most hyperpolarized value

(�48.871.5mV, n¼ 6) and rNav1.2, the most depolarized

value (�25.871.2mV, n¼ 8). CTX3C at 1.0 mmol l�1 caused a

4–9mV hyperpolarizing shift in Vact1/2, most prominently in

isoform rNav1.2. Simultaneously, the toxin (1.0 mmol l�1)
reduced the voltage dependency of activation, as indicated

by an increase in the slope factor from 8 to 9–12mV, again

most prominently in rNav1.2.

Acceleration of activation was manifested in two other

respects, changes in time-to-peak INa and enhancement of INa
by conditioning prepulses. In the current record at �20mV
displayed in Figure 2b, application of the toxin decreased

the time-to-peak INa from 0.90 to 0.48ms. Table 2 summarizes

the mean data for the three isoforms. At a toxin concentration

of 1.0mmol l�1, this measure of channel activation gave a

statistically significant (Po0.05) result only in isoform

rNav1.2; time-to-peak INa at �20mV was shortened by

0.1ms. Higher toxin concentrations shortened time-to-peak

INa in the other two isoforms as well.

In the absence of CTX, conditioning prepulses suppressed

INa. Pulse pairs, consisting of a 500-ms prepulse plus a test

pulse to �20mV, were delivered at 5-s intervals from the

holding potential (�140mV); the prepulse potential was varied
between �160 and �20mV in 20-mV steps. As prepulses

became more positive, test INa was progressively suppressed,

essentially following the steady-state inactivation (hN) curve

that describes the voltage dependency of fast inactivation. By

contrast, with 1.0mmol l�1 CTX3C, the �120-mV conditioning

prepulse produced an anomalous increase in the amplitude

of INa, accompanied by acceleration in time-to-peak INa
(horizontal arrow in Figure 4). This anomalous effect of

conditioning can be measured as the ratio of test INa

Figure 2 Effects of external application of CTX3C on rNav1.2. (a) I–V curves in the absence (closed squares) and presence of
CTX3C at a concentration of 0.3mmol l�1 (open circles) and 1.0 mmol l�1 (open triangles). Note the hyperpolarizing shift of the I–V
curve produced by 1.0mmol l�1 CTX3C. (b) Current records at nine different test potentials (�120 to þ 50mV). The top panel
indicates the command potential (holding potential set to �140mV). Superimposed current records at each potential correspond to
control (no drug; solid line), 0.3mmol l�1 CTX3C (broken line), and 1.0mmol l�1 CTX3C (dotted line).
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amplitudes following prepulses to �160 or �120mV (INa-120/

INa-160). INa-120/INa-160 for rNav1.2 in 1.0mmol l�1 CTX3C was

1.0970.02 (n¼ 8), that is, the greatest value among the three

isoforms (Table 3). Increasing the CTX3C concentration to

10 mmol l�1 resulted in comparable or greater values of the

amplitude ratio in rNav1.4 (1.1470.1, n¼ 3) than in rNav1.2

at 1.0mmol l�1. In contrast to rNav1.4, the ratio for rNav1.2

decreased with an increase in the concentration of CTX3C

above 1.0mmol l�1, probably due to an augmented inhibitory

effect of the toxin on INa amplitude. As for rNav1.5, a

concomitant shift in the hN curve nullified the activating effect.

Effects on inactivation process

At a constant voltage-clamp potential, decay of INa in the three

isoforms consisted of two exponential components with time

constants tfast and tslow. The time course of decay was hardly

affected by CTX3C except in isoforms rNav1.4 and rNav1.5

at relatively high toxin concentrations. In isoform rNav1.4,

10 mmol l�1 CTX3C significantly (Po0.05) slowed tfast at

�20mV from 0.3870.12 to 0.4270.13ms (n¼ 3). The overall

time course of INa decay could theoretically be affected by

changes in the contribution of either component to the total

Figure 3 Activation and steady-state inactivation curves for the three sodium channel isoforms in the absence (solid lines, closed
squares) and presence of 1.0mmol l�1 CTX3C (dotted lines, open circles). Boltzmann functions (smooth lines) were fitted to each set
of activation (1–1/[1þ exp{(V–Vact1/2)/kact}]) or inactivation (1/[1þ exp{(V–Vinact1/2)/kinact}]) data (given as mean7s.e.m.).
Activation curves for rNav1.2 (n¼ 8), rNav1.4 (n¼ 6), and rNav1.5 (n¼ 6) were calculated from the peak INa value obtained at
each membrane potential divided by the driving force (panels a, c, and e). Vact1/2 values for rNav1.2, rNav1.4, and rNav1.5 were �26,
�31, and �49mV in control and �35, �37, and �53mV in the presence of 1.0mmol l�1 CTX3C; slope factors (kact) for rNav1.2,
rNav1.4, and rNav1.5 were 8.5, 8.8, and 9.3mV in control and 12.4, 11.6, and 12.3mV in 1.0 mmol l�1 CTX3C. These values are
somewhat different from those in Table 1, since the latter were obtained by an alternate procedure: the parameters for each cell were
initially acquired by fitting I–V data from individual cells to the Boltzmann equation, and then mean values for the parameters were
computed. Steady-state inactivation curves for rNav1.2 (n¼ 8), rNav1.4 (n¼ 6), and rNav1.5 (n¼ 5) were obtained by a double-pulse
protocol (panels b, d, and f). INa evoked with a test pulse to �20mV was preconditioned by a 500-ms clamp step to a variable
membrane potential (�160 to �20mV in 20-mV increments) and normalized by the unconditioned current elicited with a test pulse
from the holding potential (�140mV) (see the top panel of Figure 4). Vinact1/2 values for rNav1.2, rNav1.4, and rNav1.5 were �70,
�70, and �96mV in control, and �85, �86, and �112mV in the presence of 1.0 mmol l�1 CTX3C. Slope factors (kinact) for rNav1.2,
rNav1.4, and rNav1.5 were 9.2, 12.6, and 7.8mV in control and 6.6, 6.6, and 9.3mV in the presence of 1.0 mmol l�1 CTX3C. A minor
inconsistency with the values reported in Table 4 is due to a procedural difference (see preceding paragraph) in calculating the
values.
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current. Thus, the relative amplitude of the fast (%A1) and

slow component (%A2) was estimated. CTX3C at a concen-

tration of 1.0mmol l�1 did not affect the relative amplitude

in any channel isoform. In isoform rNav1.5, CTX3C at a

concentration of 3.0 mmol l�1 decreased %A1 from a mean

value of 85.372.2 to 81.471.9% and increased %A2 from

13.271.7 to 17.471.6% (n¼ 3, Po0.05). Thus, 1.0mmol l�1

CTX3C did not alter the time course of INa decay.

Importantly, this indicates that the acceleration of time-to-

peak INa at 1.0 mmol l�1 CTX3C can be attributed solely to

a change in the characteristics of channel activation.

The steady-state voltage dependency of fast inactivation was

evaluated by applying a 500-ms conditioning prepulse to

various potentials from a holding potential of �140mV,
followed by a brief repriming interval (500ms) and finally a

test pulse to �20mV. INa’s elicited by the test pulses were

inhibited with increasing depolarization of the conditioning

pulse potential. The relationship between test INa and membrane

potential in the presence and absence of CTX3C was fitted by

the Boltzmann equation with two adjustable parameters, Vinact1/2

(half-inactivation voltage) and slope factor (kinact). The results

are summarized in the right column of Figure 3 and Table 4.

Control Vinact1/2 values for rNav1.2 and rNav1.4 fell into a

narrow range around �70mV, but the corresponding value for
Nav1.5 was markedly hyperpolarized to �95mV. Irrespective
of the absolute control value, 1.0 mmol l�1 CTX3C shifted

Vinact1/2 in the direction of hyperpolarization by 15–18mV. The

voltage dependency of inactivation became steeper both in

rNav1.2 and rNav1.4, but not in rNav1.5. Higher doses of

CTX3C produced still larger shifts toward negative potentials.

Effects on amplitude of INa

Owing to the influence of CTX3C on the activation process,

the threshold potential for INa was dramatically shifted to

hyperpolarized potentials by B30mV in all three isoforms

(see I–V curves in Figure 2a and activation curves in Figure 3).

Simultaneously, at membrane potentials more negative than

�30mV, CTX3C produced stimulatory effects, leading to an

increase in the amplitude of INa. By contrast, at membrane

potentials positive to �30mV, CTX3C produced an inhibitory

effect. The inhibitory effect of CTX3C was evaluated as

percent of control INa amplitude at �20mV for each of the

three isoforms (Table 5). CTX3C (1.0 mmol l�1) suppressed

INa’s to 83.975.0 (n¼ 8), 84.572.4 (n¼ 5), and 79.372.5%

(n¼ 6) of control in isoforms rNav1.2, rNav1.4, and rNav1.5,

Table 1 Effect of CTX on the parameters of activation (Vact1/2 and kact) in the three Na channel isoforms studied

n Control 1 3 10
(a) Vact1/2 (mV) under control conditions (no CTX) and at the indicated concentrations of CTX (1, 3, or 10 mmol l�1)

rNav1.2 8 �25.871.2 �34.571.6**
3 �20.574.6 �33.774.2*
3 �30.772.5 �38.172.3*

rNav1.4 6 �31.872.4 �36.372.9*
3 �26.871.9 �31.172.3*
3 �26.475.7 �36.274.2

rNav1.5 6 �48.871.5 �53.971.8**
3 �47.471.3 �57.071.4**
3 �51.073.6 �62.975.7

(b) kact (mV) under control conditions (no CTX) and at the indicated concentrations of CTX (mmol l�1)

rNav1.2 8 8.370.3 12.070.7**
3 10.370.8 13.670.5
3 9.970.8 16.971.5*

rNav1.4 6 8.170.6 9.270.6
3 9.370.7 13.570.3*
3 9.470.7 13.070.7

rNav1.5 6 8.970.5 11.470.5**
3 9.170.7 14.070.5**
3 10.470.6 13.870.7

CTX shifted V1/2 of the activation curve (Vact1/2) in the negative direction and increased the slope factor (kact), resulting in a marked
hyperpolarizing shift of the threshold potential by 30mV in all Na Channel isoforms. *Po0.05 vs control, **Po0.01 vs control.

Table 2 Effect of CTX on activation kinetics of INa
as measured by time-to-peak INa

n Control 1 3 10

rNav1.2 7 0.6270.06 0.5270.05*
3 0.6170.08 0.5370.10*

3 0.4170.02 0.3570.02*

rNav1.4 6 0.5670.04 0.5570.04
3 0.3970.04 0.3370.04**
3 0.4970.07 0.4170.07

rNav1.5 6 0.7170.09 0.7170.07
3 0.4670.02 0.3970.01*
3 0.5170.05 0.4570.03

Time-to-peak INa (ms) is given for the control (no CTX)
and the indicated concentrations of CTX (mmol l�1). CTX
accelerated time-to-peak INa most markedly in isoform
rNav 1.2, that is, by 0.1ms. *Po0.05 vs control, **Po0.01
vs control.
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respectively. Increasing the concentration of CTX3C to

3.0 mmol l�1 further suppressed INa to 74.373.5 (n¼ 3,

Po0.05) and 65.275.3% (n¼ 3, Po0.05) of control in

isoforms rNav1.4 and rNav1.5.

CTX3C slows recovery from slow inactivation

Depolarization induces sodium inactivation that prevents the

immediate re-opening of Na channels, and the channels

normally require several milliseconds to fully recover their

excitability. For example, in the experiments with isoform

rNav1.2 shown in Figure 5, following a 10-ms depolarization

to 0mV, INa recovered with a time constant of 4.2ms

irrespective of the presence of 1.0mmol l�1 CTX3C, and full

recovery of INa was attained within 30ms. In the absence of

toxin, prolongation of the conditioning depolarization to

500ms substantially slowed the recovery time constant to

32ms (Figure 5). This behavior may derive from slow

inactivation, as reported elsewhere (Furue et al., 1998;

Vilin & Ruben, 2001). CTX3C at a concentration of

0.3mmol l�1 did not affect the recovery time constant following
a 500-ms depolarizing prepulse to 0mV (Figure 5). However, a

further increase in the concentration of CTX3C to 1.0 mmol l�1

dramatically slowed the recovery time constant to 529ms.

In the presence of CTX3C (1.0 mmol l�1), the longer condition-
ing depolarization (500ms) also gave rise to a prolonged INa
tail, which decayed biexponentially with time constants of 4.7

and 50.4ms (data not shown). Thus, INa during the test

depolarization was evoked on top of the immediately

preceding tail current when the interval (Dt) between

conditioning and test pulses was relatively brief (see lower

right records in Figure 5). Table 6 summarizes the mean values

of the recovery time constants obtained when sodium

inactivation was induced by a 500-ms depolarizing prepulse

to 0mV. In the absence of CTX3C (‘control’ in Table 6),

isoforms rNav1.2, rNav1.4, and rNav1.5 recovered from

inactivation with time constants of 45.276.5 (n¼ 11),

64.575.1 (n¼ 10), and 39.474.7ms (n¼ 9), respectively (pre-

drug data were pooled from all cells tested with CTX3C).

CTX3C (1.0 mmol l�1) increased the time constant for recovery

from slow inactivation by 6- to 12-fold, but did not alter the

sequence (Nav1.5oNav1.2ENav1.4) of the three isoforms with

respect to the magnitude of the recovery time constant.

CTX3C markedly affected the development of slow

inactivation (Figure 6). The protocol employed to induce

slow inactivation consisted of a conditioning prepulse to

0mV with a variable (10–10,000ms) duration, followed by a

Figure 4 Stimulatory effects upon INa of preconditioning pulses that accelerate sodium-channel activation. Representative data
from rNav1.2 are shown. In the presence of 1.0mmol l�1 CTX3C, the preconditioning pulse to �120mV did not open the channels
(no inward current observable); yet INa evoked with a subsequent depolarization to �20mV was clearly larger than that without
preconditioning (see the current record in the third panel drawn with a dotted line and marked by the horizontal arrow).
Simultaneously, time-to-peak INa was clearly shortened. The persistent current indicated by the arrow in the fourth panel was
elicited with a conditioning pulse to �80mV. The current at this potential shows incomplete inactivation. See text for further details.

Table 3 Enhancement of CTX-modified INa by a
subthreshold preconditioning depolarization

n Control 1 3 10

rNav1.2 8 1.0270.01 1.0970.01**
3 1.0270.01 1.1070.09
3 1.0070.004 0.9270.02*

rNav1.4 6 1.0170.01 1.0270.01
3 1.0170.01 1.0870.024
3 1.0070.03 1.1470.06

rNav1.5 5 0.9370.02 0.7570.05*
3 0.9370.03 0.6670.06*
3 0.7770.08 0.4370.07*

Cells were treated with CTX (1.0mM) and conditioned with
prepulses to �120 or �160mv from a holding potential of
�140mV. Ratios (INa-120/INa-160) 41.0 indicate enhancement
of INa by the conditioning depolarization. See text for further
details. *Po0.05 vs control, **Po0.01 vs control.
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fixed repriming interval (500ms) at the holding potential and

finally a test pulse to �20mV. The repriming interval chosen

allows unmodified sodium channels to recover from inactivation

(see Figure 5). Thus, this protocol selectively monitors CTX-

modified INa. In the absence of CTX3C, prepulses up to 1000ms

did not suppress the test INa’s, as expected; a 10,000-ms prepulse

only slightly diminished the test INa (Figure 6). In the presence

of 1.0mmol l�1 CTX3C, however, the test INa was markedly

suppressed as the duration of the conditioning prepulse was

increased (40–10,000ms). Slow inactivation, under these condi-

tions, developed along a double-exponential time course with

best-fitting time constants of 153 and 1017ms (Figure 6).

Discussion

Extracellular application of CTX3C at a concentration of

at least 1.0mmol l�1 produced functional alterations in Na

channels from three different sources, rat brain (rNav1.2), rat

skeletal muscle (rNav1.4), and rat heart (rNav1.5), hetero-

logously expressed in HEK 293 cells. The effect is multimodal,

that is, stimulatory and at the same time inhibitory. The

stimulatory action is mainly seen in the toxin’s effects on

sodium-channel activation. In this regard, CTX3C caused an

alteration in the voltage dependency of activation. The

threshold potential was shifted by 30mV to the negative

direction in all isoforms. Although shifts in Vact1/2 were no

more than 10mV, the simultaneous change in the slope factor

made this effect significant. Thus, persistent non-inactivating

sodium currents were observed at transmembrane potentials

of around �80mV. This can explain previous findings of

spontaneous depolarization and oscillations of the membrane

potential caused by these toxins (Wu et al., 1985; Hogg

et al., 1998). The enhancing effect of CTX3C on activation

could be also seen in the shortening of time-to-peak INa. A

conditioning depolarization within a range of membrane

potentials that neither opened sodium channels nor induced

steady-state inactivation was found to effectively increase

maximum peak INa. This anomalous effect of conditioning

could represent the stabilizing effect of CTX3C on an

electrically silent preopen state or an incompletely open

substate of the modified sodium channel, as observed with

PbTx-3 (Schreibmayer & Jeglitsch, 1992). Interference of

CTX3C with inactivation could be also stimulatory, and such

effects were previously reported (Huang et al., 1984; Jeglitsch

et al., 1998). In this study, disruption of inactivation was not

observed at �20mV, except for a marginal effect detected only
at a relatively high toxin concentration. Inhibitory actions of

the toxin were reflected in the reduction of maximal amplitude

of peak INa and promotion of slow inactivation. The former

observation is confirmatory of previous findings with both

CTX and PbTx (Huang et al., 1984; Strachan et al., 1999;

Table 4 Effect of CTX on the parameters of steady-state inactivation (Vinact1/2 and kinact) for the three Na channel
isoforms studied

(a) Vinact1/2 (mV) under control conditions (no CTX) and at the indicated concentrations of CTX (mmol l�1)
n Control 1 3 10

rNav1.2 8 �69.872.7 �86.972.3**
3 �64.974.0 �86.172.8**
3 �69.470.5 �92.870.3**

rNav1.4 6 �70.272.8 �88.271.6**

3 �66.470.5 �90.671.7**
3 �65.471.8 �85.272.6*

rNav1.5 5 �95.571.4 �110.172.7**
3 �94.771.1 �113.672.7**
3 �108.872.1 �121.271.8*

(b) kinact (mV) under control conditions (no CTX) and at the indicated concentrations of CTX (mmol l�1)
rNav1.2 8 8.870.9 6.170.6**

3 9.571.6 5.672.4
3 7.070.5 9.170.4

rNav1.4 6 12.371.2 6.470.6*
3 14.770.6 5.970.1**
3 13.172.6 7.170.4

rNav1.5 5 7.570.4 8.870.7
3 8.270.9 10.170.5
3 7.071.8 8.372.1*

CTX shifted the V1/2 of inactivation curve (Vinact1/2) in the negative direction in all isoforms. *Po0.05 vs control, **Po0.01 vs control.

Table 5 Inhibition of peak INa at �20mV as a
function of CTX concentration

1 3 10

rNav1.2 83.975.0 (n¼ 8) 72.071.1 (n¼ 3) 72.471.6 (n¼ 3)

rNav1.4 84.572.4 (n¼ 5) 74.373.5 (n¼ 3) 63.674.3 (n¼ 3)

∗
rNav1.5 79.372.5 (n¼ 6) 65.275.3 (n¼ 3) 60.674.2 (n¼ 3)

∗
Amplitude of INa at �20mV is given as a percentage of the
control value (zero CTX) for the indicated concentrations
of CTX (mmol l�1). *Significant difference between 1 and
3mmol l�1 CTX in isoforms rNav1.4 and rNav1.5 (Po0.05).
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Hidalgo et al., 2002), whereas the latter is a novel observation.

In our experiments, only 500-ms conditioning prepulses

substantially delayed full recovery from inactivation; recovery

time constants fell below 100ms in the absence of toxin, but

were remarkably delayed to 0.5–1 s in the presence of

1.0 mmol l�1 CTX3C. Such an effect could be quite critical to

cardiac function, since the long duration of cardiac action

potentials (e.g., 200–500ms) may well induce incomplete

recovery from inactivation during the normal cycle of

rhythmic beating.

The multimodal effect of CTX3C could arise from its large

molecular dimensions (3 nm in length) and lipophilic nature;

the toxin probably is membrane-spanning. In the case of PbTx,

derivatives with structural modification of the K-ring retained

the ability to bind to the sodium channel, but did not elicit

Naþ channel openings (Purkerson-Parker et al., 2000). The

increased availability of CTX3C and its congeners, owing to

development of methodologies for artificial synthesis of the

toxin as well as toxin derivatives with desired structural

modifications, should facilitate our understanding of mole-

cular mechanisms of Na channel gating.

Differences in sensitivity to CTX3C among sodium
channel isoforms

Differences in affinity or sensitivity to either CTX3C or PbTx

were previously observed by Dechraoui et al., in HEK 293 cells

stably expressing Nav1.4 and Nav1.5 (Bottein Dechraoui &

Ramsdell, 2003). They found that Type B brevetoxin (PbTx-3)

has a reduced affinity for the sodium channel as well as a lower

cytotoxicity in cells expressing Nav1.5 by comparison with

those expressing Nav1.4. Effects of several CTXs have been

indicated to be 10–100-fold more potent in neurons than in

myocardium, in which the direct action of the toxins was

assessed by monitoring contractile activity (Lewis & Hoy,

1993). Similar reports have appeared (Lewis & Endean 1986;

Seino et al., 1988; Lewis et al., 1992; Sauviat et al., 2002),

predicting a higher potency of either CTX or PbTx on Na

channel activity in neurons as opposed to other tissues.

However, a comparative study of CTXs on the activity of

Na channels in a single expression system has not been

reported. Our results indicated that the basic stimulatory and

inhibitory actions of the toxin were similar in all the three

isoforms, although there was a more marked shift in the

activation curve and a more pronounced shortening of time-

to-peak INa in isoform rNav1.2. Previously reported differences

in CTX and PbTx action on neuronal and cardiac tissues may

have been brought about by a number of indirect mechanisms,

such as effects on the Na/Ca exchanger (Gaudry-Talarmain

et al., 1996; Lewis et al., 2000; Sauviat et al., 2002).

Figure 5 Comparative effects of CTX3C on time courses of INa recovery after brief or prolonged prepulses to 0mV. Representative
recovery data from rNav1.2 are shown. The pulse protocol used is displayed (inset). The duration of the conditioning depolarization
(cp; first pulse in inset) was set to 10 or 500ms. The absolute peak value of INa evoked by test depolarizations (second pulse in inset)
is plotted against the interpulse interval inms (Dt in inset). With conditioning pulses of 10ms, recovery time course in 1.0 mmol l�1

CTX3C (inverted triangles) was identical to the control (diamonds). However, with lengthened conditioning pulses of 500ms,
application of 1.0mmol l�1 CTX3C (triangles) markedly delayed recovery compared to the control (squares); 0.3 mmol l�1 CTX3C
was without effect (circles). Sodium-current families (evoked by test depolarizations) are shown (right), depicting recovery of INa in
the absence and presence of 1.0 mmol l�1 CTX (cp¼ 500ms). Note that CTX induced inward tail currents at the end of the preceding
cp (see text for explanation).

Table 6 Pronounced delay in recovery from slow
inactivation in the presence of CTX

n Control 1 3 10

rNav1.2 5 38.477.7 588.27150.5*
3 32.175.2 685.37211.2*
3 65.6712.8 585.87300.6

rNav1.4 4 52.675.7 338.2784.7*
3 66.677.9 383.070.1**
3 78.578.7 649.27159.8

rNav1.5 3 22.773.0 231.57116.5
3 42.273.5 150.5717.1*
3 41.5712.0 165.7747.1

Time constants (ms) for recovery from slow inactivation are
given for the control (no CTX) and the indicated concentra-
tions of CTX (mmol l�1). CTX caused a marked delay in
recovery from activation induced by a depolarization of
intermediate duration (500ms) to 0mV. *Po0.05 vs control,
**Po0.01 vs control.

886 K. Yamaoka et al Multimodal effects of CTX on Na channel gating

British Journal of Pharmacology vol 142 (5)



Our strategy to search for the molecular site of CTX binding

on the basis of differences among the three Na channel

isoforms in their sensitivity to the toxin may require some

refinement. The effect of 1.0 mmol l�1 CTX3C on time-to-peak

INa was absent both in rNav1.4 and rNav1.5 but not in

rNav1.2, thus suggesting rNav1.2 to be the most promising

candidate to utilize for development of new information.

Inconsistency of effective dose with previously reported
data

Polyether toxins including CTX3C have a high binding affinity

for sodium channels such that these toxins inhibit [3H]-PbTx-3

binding with a Ki of less than 1.0 nmol l�1 (Dechraoui et al.,

1999; Inoue et al., 2003). CTXs, including CTX3C, produced

cytotoxicity, in cells pretreated with veratridine, with an ED50

of less than 0.1 nmol l�1, and PbTxs, which are less potent, had

an ED50 of 5–15 nmol l
�1 (Dechraoui et al., 1999). Apart from

the binding properties and indirect effects of CTX and PbTx, a

nanomolar range of toxin concentrations was also sufficient to

provoke electrophysiological effects, such as spontaneous

depolarization (Huang et al., 1984; Seino et al., 1988; Jeglitsch

et al., 1998; Strachan et al., 1999; Hidalgo et al., 2002; Hogg

et al., 2002; Sauviat et al., 2002). In our study, at least

1.0 mmol l�1 CTX3C was required to exert significant effects on

sodium channel activity. In the only report discovered that

refers to the use of higher concentrations of PbTx-3, a small

shift of the I–V curve in the negative direction was exhibited at

a PbTx-3 concentration of 1.2 mmol l�1, and 20 mmol l�1 PbTx-
3 failed to change the mean open time of the channel (Sheridan

& Adler 1989). Interestingly, the preparation studied was a cell

line, that is, a neuroblastoma� glioma hybrid (NG108-15),

rather than a tissue placed in primary cell culture, and was

clearly different from cell types employed by others (Huang

et al., 1984; Seino et al., 1988; Jeglitsch et al., 1998; Strachan

et al., 1999; Hidalgo et al., 2002; Hogg et al., 2002; Sauviat

et al., 2002). In our case, sodium channels were transiently

expressed in HEK 293 cells. It is possible that the transduced

sodium channels would have a higher sensitivity to the toxin in

a unique conformation requiring the presence of other proteins

that HEK-293 cells do not provide, as for example, sodium-

channel b subunits. In this regard, co-expression of the sodium
channel b1 subunit with the stably expressed rat brain a-
subunit rBIIA (rNav1.2) increased the stimulatory effect of

PbTx on the binding of [3H]-batrachotoxin to the sodium

channel (Bonhaus et al., 1996). Alternatively, the toxin may

have had limited access to its binding site, thereby substantially

increasing the time required for the toxin to act. Accessibility

of lipophilic toxins to their receptor sites on membrane-

spanning proteins can be affected by several properties of the

plasma membrane, including temperature, fluidity, and

composition of lipids. The time of exposure to toxins in our

perfusion system was limited to a few minutes, and the

recording period after application of toxins was 10–20min. A

much higher sensitivity to the toxin might be observed if we

incubated cells at lower toxin concentrations for a consider-

ably longer period, as for example, 24 h.

Slow inactivation of the sodium channel and CTX

Slow inactivation in response to membrane depolarization is

distinct from fast inactivation. Slow inactivation is produced

only by a prolonged depolarization, on the order of tens of

seconds, and has a much longer recovery time constant than

fast inactivation. The molecular basis of slow inactivation is

also distinct from that of fast inactivation. The IFM peptide

motif in the linker between domains III and IV is responsible

for fast inactivation (Vassilev et al., 1988; West et al., 1992),

and this motif is considered to be the ball in the ‘ball and chain

model’ that occludes ion flux through the pore of the sodium

channel. On the other hand, several hypotheses have been

presented to explain slow inactivation, based on the following

considerations: (1) rearrangement of the pore could induce

slow inactivation by analogy with the known mechanism of

C-type inactivation in potassium channels (Liu et al., 1996);

(2) charged residues surrounding the IFM motif could affect

slow inactivation (McCollum et al., 2003); (3) mid-region and

C-terminal sequences in multiple domains of segment 6 (Wang

& Wang, 1997; O’Reilly et al., 2001; Wang et al., 2003) could

be responsible for altering slow-inactivation properties; (4)

mutations of local-anesthetic binding sites modify slow

inactivation (Bai et al., 2003); and (5) mutations associated

with channelopathies (Vilin & Ruben, 2001) are known to

affect slow inactivation. However, none of the above

hypotheses is conclusive. It is likely that slow inactivation

involves several domains of the channel protein acting

cooperatively, so that a change in any channel region could

affect slow inactivation.

CTX has been reported to accelerate recovery from

inactivation induced with a 300-ms conditioning pulse to

�10mV in TTX-resistant Na channels of rat dorsal root

ganglion (DRG) neurons (Strachan et al., 1999). However,

there have been no reports of a toxin or drug that enhances

slow inactivation, except for a-scorpion toxin that accelerated

slow inactivation in human cardiac Na channels (hNav1.5)

Figure 6 Development of slow inactivation in the absence or
presence of CTX3C. Representative data from rNav1.2 are shown.
The inset illustrates the pulse protocol employed. Conditioning
depolarization (first pulse in inset) was variable in duration (10–
10,000ms). The interval between conditioning and test pulse (second
pulse in inset) was fixed at 500ms. Development of slow inactivation
was monitored as the amplitude of test INa at �20mV vs
conditioning pulse duration. The presence of 1.0 mmol l�1 CTX3C
markedly accelerated the development of slow inactivation. A 1000-
ms conditioning depolarization was without effect in the absence
of CTX3C, but elicited 80% of the maximally attainable slow
inactivation in the presence of CTX3C.
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expressed in HEK-293 cells (Chen & Heinemann, 2001). In

their report, a-scorpion toxin delayed recovery from slow

inactivation by altering the relative amplitude of slow and fast

components without changing the time constants. In addition,

a-scorpion toxin inhibited fast inactivation, which may

facilitate slow inactivation indirectly, since the removal of

the IFM particle allows more complete slow inactivation to

develop (Featherstone et al., 1996; Richmond et al., 1998). In

our case, CTX3C increased the recovery time constant by

more than 10-fold. Moreover, the duration of the conditioning

pulses that we employed (500ms) was rather brief compared

to theirs (60 s). Thus, CTX3C actually facilitated a form of

intermediate inactivation (IM) (Kambouris et al., 1998) that

develops with shorter prepulses than those inducing slow

inactivation (IS). In isoform rNav1.4, our time constant

(45.677.7ms; n¼ 9) for recovery from IM induced by a 500-

ms depolarizing pulse is comparable to their reported value

(74720ms) using a 1-s prepulse (Kambouris et al., 1998).

CTX3C at a concentration of 1mmol l�1 increased our recovery
time constant with respect to IM to 338785ms (n¼ 3), which is

comparable to their data for IS (in the absence of a drug

treatment). Although we did not employ longer pulse duration

to induce IS, the susceptibility of IM to CTX is more relevant to

cardiac function, since a 500-ms pulse is similar to the duration

of the cardiac action potential. Blocking of the action potential

as a result of CTX-enhanced IM would cause mechanical

failure of the heart.

As shown above, there are many sites on the sodium channel

that affect slow inactivation. It will be useful to see if

modification of any of these sites abolishes the enhancing

effect of CTX3C on slow inactivation. Experimentation of this

type in combination with systematic derivatization of CTX3C

should permit a reasonable picture of the CTX-bound Na

channel to emerge.

Pathophysiological significance of CTX effects on
excitable cells

We showed in this study that CTX causes a sustained inward

current at physiological resting potentials, which certainly

depolarizes the membrane potential of both neuronal and

cardiac cells. CTX elicits abnormal automaticity in neurons

due in part to depolarization of the resting membrane; the

brief duration of the nerve action potential is also contributory

by preventing marked delays in channel recovery from

developing in the presence of toxin. A newly discovered

action of CTX, as reported herein, is its stabilizing effect

on slow inactivation, a state of the sodium channel inducible

by membrane depolarizations of intermediate duration

(B500ms; see Figure 5). Cardiac sodium channels are

susceptible to this aspect of CTX modification because of

the long duration of the action potential in heart muscle.

Enhanced slow inactivation leads to conduction block of

cardiac tissue due to a decrease in action potential conduction

velocity and an increase in the spatial extent of action potential

refractoriness.
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