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Abstract.We have expressed recombinanta-subunits of
hH1 (human heart subtype 1), rSkM1 (rat skeletal muscle
subtype 1) and hSkM1 (human skeletal muscle) sodium
channels in human embryonic kidney cell line, namely
the tsA201 cells and compared the effects of ATX II on
these sodium channel subtypes. ATX II slows the inac-
tivation phase of hH1 with little or no effect on activa-
tion. At intermediate concentrations of ATX II the time
course of inactivation is biexponential due to the mixture
of free (fast component,th

fast) and toxin-bound (slow
component,th

slow) channels. The relative amplitude of
th
slow allows an estimate of the IC50 values∼11 nM. The
slowing of inactivation in the presence of ATX II is
consistent with destabilization of the inactivated state by
toxin binding. Further evidence for this conclusion is: (i)
The voltage-dependence of the current decay time con-
stants (th) is lost or possibly reversed (time constants
plateau or increase at more positive voltages in contrast
to these of untreated channels). (ii) The single channel
mean open times are increased by a factor of two in the
presence of ATX II. (iii) The recovery from inactivation
is faster in the presence of ATX II.

Similar effects of ATX II on rSkM1 channel behav-
ior occur, but only at higher concentrations of toxin (IC50

4 51 nM). The slowing of inactivation on hSkM1 is
comparable to the one seen with rSkM1.

A residual or window current appears in the pres-
ence of ATX II that is similar to that observed in chan-
nels containing mutations associated with some of the
familial periodic paralyses.
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Introduction

Voltage-gated sodium channels are large, highly second-
arily modified transmembrane proteins responsible for
the rapid rise of action potentials in excitable cells such
as nerve and striated muscle (Kallen et al., 1993; Catter-
all, 1994).

Voltage-gated sodium channels consist of one
a-subunit (∼260 kDa 1800–2000 amino acids) and, gen-
erally, one or twob-subunits in the 30–40 kDa range
(Kallen et al., 1993; Catterall, 1994). Thea-subunits
encoding different sodium channel subtypes, including
those from human heart, (hH1) (Gellens et al., 1992),
adult rat skeletal muscle, (rSkM1) (Trimmer et al.,
1989), and adult human skeletal muscle, (hSkM1)
(George et al., 1992; Wang et al., 1992) have been
cloned, sequenced and functionally expressed inXeno-
pusoocytes and mammalian cell lines (chinese hamster
ovary, CHO or human embryonic kidney, tsA 201 cells)
(White et al., 1991; Krafte et al., 1994; Noda, 1994).
The microinjection or transfection of nucleic acid encod-
ing only thea-subunit is sufficient for functional expres-
sion of voltage-gated sodium channels (White et al.,
1991; Catterall, 1992; Catterall, 1994; Krafte et al., 1994;
Noda, 1994). These studies also showed that thea-sub-
unit contains the interaction sites for drugs and toxins
known from previous experiments to interact with volt-
age-gated sodium channels in native tissues.

Toxins have effects on voltage-gated sodium chan-
nels that range from pore blocker (e.g., tetrodotoxin,
TTX and m-conotoxin,m-CTX) to modification of the
gating and permeation of these channels (e.g., batracho-
toxin) (Catterall, 1992).

Initially, radiolabeled guanidinium toxins (e.g.,
saxotoxin, STX) were used in the purification of eel
Electrophorus electricussodium ion channel proteins
which led, ultimately, to the cloning of the gene (Noda etCorrespondence to:M. Chahine
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al., 1984). More recently, TTX andm-CTX have been
used to map the structure of expressed recombinant volt-
age-gated ion channels (Terlau et al., 1991; Backx et al.,
1992; Chen et al., 1992; Satin et al., 1992; Lipkind &
Fozzard, 1994; Chahine et al., 1995). Our attention has
now shifted to the interactions of polypeptide toxins with
channels because the three-dimensional structures of
these ligands are currently known or are being deter-
mined and the toxins provide very useful probes of chan-
nel structure (Torda et al., 1988; Torda & Norton, 1989;
Widmer et al., 1989; Wilcox et al., 1993).

The subject of the present study is a sea anemone
toxin, ATX II, a 47 amino acid peptide toxin purified
fromAnemonia sulcata.Similar tom-CTX, ATX II con-
tains three disulfide bridges (Be´ress et al., 1975a,b).
Previous studies have shown that ATX II andm-CTX
differentially discriminate between TTX-sensitive and
TTX-resistant sodium channels of striated muscle and
nerve (Vincent et al., 1980; Frelin et al., 1984). Imma-
ture and denervated skeletal muscle and heart express a
TTX-resistant/m-CTX-resistant/ATX II-sensitive sodium
channel whereas mature skeletal muscle is characterized
by the presence of a TTX-sensitive/m-CTX-sensitive/
ATX II-resistant sodium channel (Erxleben & Rath-
mayer, 1984; Kallen et al., 1993). The effect of higher
concentrations of ATX II, measured by voltage clamp
methods on mouse skeletal muscle fibers, is to prolong
the action potential duration recorded from denervated,
but less markedly from normal, skeletal muscle by slow-
ing the inactivation of sodium channels (Romey et al.,
1980; Erxleben & Rathmayer, 1984).

ATX II binds preferentially to the open state of car-
diac sodium channels (Schreibmayer, Kazerani & Trit-
thart, 1987) and reduces the rate of inactivation from the
open state (El-Sherif, Fozzard & Hanck, 1992). In this
sense, the effect of the toxin is similar to that of muta-
tions in the skeletal muscle sodium channela-subunit
that prolong inactivation and are responsible for paralytic
diseases of humans (i.e., Paramyotonia Congenita or PC)
(Ptácek et al., 1992; Cannon & Corey, 1993; Chahine et
al., 1994). The cardiotonic effect of ATX II appears to
be related to this slowing of inactivation of sodium chan-
nels, (Alsen et al., 1981) which primarily increases so-
dium influx and secondarily calcium influx via the Na+-
Ca2+ exchanger (Romey et al., 1980). A related toxin,
Anthopleurin-A (AP-A) was reported to induce an ino-
tropic effect on the myocardium (Shibata et al., 1976)
with no apparent effect on the peripheral circulation
(mean arterial pressure) (Blair, Peterson & Bishop,
1978).

For drug development it is of importance to know
the mechanism by which this toxin slows the inactivation
of human cardiac sodium channels. The first step in this
process is to further characterize its action and binding
site. In this regard, there have been several studies of the

interaction site of ana-scorpion peptide toxin fromLeiu-
rus quinquestriatus. This toxin slows the inactivation of
voltage-gated rat brain sodium channels by interacting
with a sea anemone toxin receptors on the extracellulare
surface of the channel (Hille, 1992). Using competing
monoclonal antibodies the binding site ofa-scorpion
toxin was shown to include the loop connecting the pu-
tative fifth and sixth transmembrane segments (S5–S6
loop) of Domains 1 and 4, (Thomsen & Catterall, 1989)
suggesting that the related toxin, ATX II, may also in-
teract with S5–S6 loops in Domains 1 and 4.

In this study, we have expressed hH1, rSkM1 and
hSkM1 sodium channels by transient transfection in the
tsA 201 cell line and examined the effect of ATX II on
these isoforms using patch-clamp methods.

Material and Methods

CHEMICALS AND BIOCHEMICALS

ATX II, the isoleucine isotoxin fromAnemonia sulcata,was purchased
from Calbiochem-Novabiochem International, San Diego, CA.

tsA201 CELL LINE

The tsA201 cell line was kindly provided by Dr. R. Horn (Jefferson
Medical College, Jefferson University) and grown in high glucose Dul-
becco’s Minimal Eagles Medium (DMEM), supplemented with 2 mM

L-glutamine, 10% fetal bovine serum and penicillin-streptomycin
(Gibco BRL), in 5% CO2 humid atmosphere incubator.

CELL TRANSFECTION

The details of the transient transfection procedure have been described
elsewhere (Chahine et al., 1994; Margolskee, McHendry-Rinde &
Horn, 1993). Briefly, transfection of tsA201 cells grown to 30–50%
confluence on 100 mm plates with 10 mg of channel cDNAs, and 10
mg of salmon sperm DNA (Gibco BRL) as a carrier, utilized the
calcium phosphate method. For patch clamp experiments the cells
were used 2–3 days after transfection. The coding segment of rSkM1
(Trimmer et al., 1989) or hH1 (Gellens et al., 1992) was cloned into
HindIII and Xbal sites of pcDNA I (Invitrogen, San Diego, CA).
hSkM1 in pRc/CMV was provided by Dr. A.L. George, (Departments
of Medicine and Pharmacology, Vanderbilt University School of Medi-
cine). Plasmid DNA was purified using Qiagen exchange columns
(Qiagen, Chatsworth, CA).

PATCH CLAMP

Patch electrodes were made from Corning 8161 glass and coated with
Sylgard (Dow Corning, Midland, MI) to reduce its capacitance. For
whole-cell recording the patch pipette contained (mM): 35, NaCl; 105,
CsF; 10, EGTA; and 10, Cs-HEPES (pH4 7.4). The bath solution
contained (mM): 150, NaCl; 2, KCl; 1.5, CaCl2; 1, MgCl2; 10, glucose;
and 10, Na-HEPES (pH4 7.4). For cell-attached experiments the bath
solution contained (mM): 100, K-aspartate, 50, KCl; 1.5, CaCl2; 1,
MgCl2; 10, glucose and 10, K-HEPES (pH4 7.4). The pipette solu-
tion contained (mM): 150, NaCl; 10, tetraethylammonium chloride (to
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block endogenous potassium channels); 2, KCl; 1.5, CaCl2; 1, MgCl2;
10, glucose and 10, Na-HEPES (pH4 7.4). Records were obtained
using an Axopatch-1B amplifier (Axon Instruments, Burlingame, CA).
For whole cell recording a routine > 80% series resistance and capaci-
tance compensation were performed in order to minimize voltage er-
rors. Sodium currents were leak corrected using Axopatch 1-B leak
subtraction and filtered at 5 KHz. Data were acquired using the Digi-
data 1200 acquisition system (Axon Instruments). Data-acquisition,
storage and analysis were performed using pClamp (Axon Instru-
ments).

SINGLE CHANNEL ANALYSIS

Single channel records were filtered at 5 KHz and sampled at 100 KHz.
For analysis, currents were filtered again using a digital filter at 3.5
KHz and idealized with the TRANSIT program (Dr. A. VanDongen,
Duke University). Single channel amplitudes were measured either by
hand using the pClamp program or from amplitude histograms using
TRANSIT. Mean open times of single channel data were analyzed
using a likelihood estimate (Horn & Lange, 1983). Data are presented
as mean ±SEM. All experiments were performed at room temperature,
22–23°C.

Results

EFFECTS OFATX II ON hH1 AND rSkM1

Sodium currents from standard whole cell recordings at
two to three days following transfection of tsA201 cells
with cDNA encoding hH1 in the absence and presence of
100 nM ATX II are shown in Fig. 1A andB. The currents
were triggered by 30 msec (Control) and 80 msec (ATX
II-treated) pulse durations from a holding potential of
−100 mV stepped in 10 mV increments to +60 mV.Typi-
cal sodium currents in the absence of ATX II exhibit
normal fast activation and inactivation kinetics. Inward
sodium currents appear at about −70 mV and reach a
maximum at −30 mV: at voltages more positive than +35
mV, outward currents are observed. The effect of ATX
II (100 nM) on currents obtained at step depolarizations
in the voltage range from −100 to −30 mV is to dramati-
cally slow the inactivation rate of hH1 sodium currents
(∼27-fold at −20 mV, 100 nM ATX II). There are, at
best, minor effects of toxin on activation (see below).
The effect of 100 nM ATX II on a family of rSkM1
currents under comparable conditions shows qualita-
tively similar but quantitatively different results (Fig. 1C
andD). The currents were triggered by 30 msec (Con-
trol) and 55 msec (ATX II-treated) pulse durations from
a holding potential of −100 mV stepped in 10 mV incre-
ments to +60 mV.

The striking slowing of the inactivation rate of hH1
sodium currents is not accompanied by similar effects on
activation kinetics. Normalized traces recorded at high
sampling rate (2048-sample segment, with Axopatch 1-B
leak subtraction and a frequency filter of 5 KHz) in the
presence and the absence of the toxin were superimposed

and showed that in the presence of the toxin there is little,
if any, effect on hH1 activation kinetics (Fig. 2A andC).
The slowing in the rate of inactivation is responsible for
the slight increases in the amplitude of the current (Fig.
2A). A plot of the peak sodium current as a function of
voltage (I/V) in the presence of ATX II indicates that the
inward sodium current appears at voltages of about −70
mV and maximum current was recorded at −40 mV (Fig.
2B). The reversal potential (Erev) was unchanged in the
presence of toxin and is consistent with that calculated
from the Nernst equation,Erev 4 (RT/zF)ln[Na]o/[Na]in
4 37 mV, where [Na]o 4 150 mM and [Na]in 4 35 mM
(Fig. 2B).

To study the kinetics of inactivation, the time course
of the inactivation phase was fit to a single exponential
for hH1 in the absence of toxin and to two exponentials
with time constant values,th

slow andth
fast, in the presence

of intermediate concentrations of the toxin. The time
constant values at 100 nM ATX II were plotted as a
function of voltage (Fig. 3A) and show that at −20 mV
the value ofth

slow is increased by∼27-fold. From −40 to
+20 mV the slope of the voltage dependence was zero or
perhaps somewhat positive (with a tendency for the val-
ues ofth

slow becoming progressively larger at more posi-
tive voltages) indicating that the voltage dependence of
the time constant of the toxin-treated channels is sub-
stantially less than that of untreated channels. At 100 nM

ATX II, the effects of toxin on rSkM1 are similar but

Fig. 1. Effects of sea anemone toxin (ATX II) on human heart (hH1)
and rat skeletal muscle (rSkM1) sodium channels. Whole cell sodium
currents due to hH1 and rSkM1 sodium channels recorded from trans-
fected tsA201 cell line at a holding potential of −100 mV and stepped
from −80 to +60 mV in 10 mV increments. hH1: (A) in absence and (B)
in presence of 100 nM ATX II and rSkM1: (C) in absence and (D) in
presence of 100 nM ATX II. Note the difference in the time scale for
hH1 and rSkM1 in presence of the toxin.
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somewhat less remarkable (Fig. 3E). On rSkM1, ATX II
has no effect on the current-voltage relationship (data
not shown). The inactivation rate (th

slow) is slowed by a
factor of 12-fold at −20 mV at 100 nM toxin.

The inactivation of sodium currents in the presence
of nonsaturating concentrations of toxin is biexponential
for hH1 (Fig.4A, B andC) and rSkM1 (not shown). At
higher concentrations of toxin, the kinetics of inactiva-
tion becomes monoexponential and we have attributed
the biexponential behavior of inactivation at intermediate
toxin concentrations to the inactivation of free and toxin-
bound channels (characterized by time constants,th

fast

andth
slow, respectively) (Fig. 4C). We estimate IC50 4

11 and 51 nM (Fig. 4D) for the effect of ATX II on the
hH1 and rSkM1 sodium channels from the toxin concen-
tration dependence of the ratio of the amplitude of the
contribution of the slower exponential to the amplitude
of total current. These data indicate that rSkM1 is less
sensitive to ATX II than hH1, presumably due to the
different structures of these two subtypes which are en-
coded by different genes.

The steady-state inactivation (h`) of hH1 in the pres-
ence of 100 nM ATX II was studied using a two-pulse
protocol with 500 msec prepulse duration and −30 mV

test voltage and plotting the amplitude of the currentvs.
the prepulse voltage (Fig. 3B). The data points were fit
using a Boltzmann equation with midpoints ofV1/2 4
−95.3 ± 7 mV (n 4 6) and −92.5 ± 2 mV (n 4 4) and
slope factors ofKv 4 6 ± 0.3 and 8.4 ± 0.1 without and
with the toxin, respectively (Fig. 3B). Thus, ATX II
does not induce a significant shift of theh` curve but
does cause a decrease in sensitivity of inactivation to
changing voltage. A similar situation obtains for ATX II
effects on rSkM1 (Fig. 3F).

The recovery of current from inactivation for hH1,
measured with a two-pulse protocol at −30 mV with a
prepulse duration of 40 msec (control) and 100 msec (in
presence of ATX II), follows a single exponential (Fig.
3C andG). The normalized peak currents of test pulses
vs.time between the prepulse and the test pulse (Dt) were
fit to single exponentials characterized by time constants,
trec. The rate of the recovery is significantly faster in the
presence of 100 nM toxin so that in this case only the
latter portion of the reaction was available for analysis.
The time constants were 72.3 ± 4 msec (n4 5) and 19.7
± 1.6 msec (n 4 3) at −100 mV holding potential, with-
out and with toxin, respectively, suggesting that the sta-
bility of the inactivated state with toxin bound is de-
creased. rSkM1 shows faster kinetics of recovery from
inactivation than hH1 both in the absence and presence
of toxin but, more importantly, the effect of toxin on
rSkM1 is to increase the rate of recovery from inactiva-
tion.

The data points for the voltage-dependence of nor-
malized conductance (steady-state activation or G-V
plot), derived from current-voltage relation of hH1 in the
absence and presence of 100 nM ATX II were fit using a
Boltzmann equation with midpoints ofV1/2 4 −54.6 ± 3
(n 4 3) and −54.9 ± 0.6 mV (n 4 3) and slope factors
of Kv 4 −3.1 ± 1 and −5 ± 0.5, respectively (Fig. 3D).
Thus, ATX II does not induce a significant shift of the
G-V curve but does cause a decrease in sensitivity of
activation to changing voltage. A similar situation ob-
tains for ATX II effects on rSkM1 with values in the
absence and presence of 100 nM toxin as follows:V1/2 4
−35.8 ± 2 mV (n 4 3) and −33.1 ± 5 mV (n 4 5) and
slope factors ofKv 4 −5.6 ± 2 and −6.44 ± 0.3, respec-
tively (Fig. 3H).

SINGLE-CHANNEL RECORDINGS

Single channel recordings were obtained in the cell-
attached configuration. To study the effect of ATX II on
hH1 at the single channel level, the toxin was added to
the patch pipette and gigaohm seals were then com-
pleted. Recordings were obtained of single channel cur-
rents at −20 mV from a holding potential of −120 mV
with a 20 msec test pulse duration (Fig. 5A andB). Only
patches containing 2 to 3 channels were analyzed. ATX

Fig. 2. Effect of sea anemone toxin (ATX II) on the human heart (hH1)
sodium channel activation kinetics and on theI/V relationship. (A)
Effects of ATX II on sodium current recorded at −20 mV, stepped from
a holding potential of −100 mV. (B) Effects of ATX II on the current-
voltage relationship (I/V) of the experiment shown onA. The closed
circles represents controlI/V relationship and the closed triangles rep-
resent theI/V curve in the presence of ATX II,I/V curves were nor-
malized to the maximum current. (C) Superimposed currents scaled to
equal amplitudes at −20 mV of hH1 in presence and in absence of ATX
II at 100 nM recorded at a high sampling rate (2048-sample segment)
showing little or no effect on the activation kinetics.
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Fig. 3. Effect of sea anemone toxin (ATX II) on
the voltage dependence of inactivation (th),
steady-state inactivation (h̀) and recovery from
inactivation (trec) of human heart (hH1) (A-D)
and rat skeletal muscle rSkM1 (E-H) sodium
channels. (A) Voltage dependence of time
constants for inactivation:th, for monophasic
kinetics in absence (d, n 4 7) of ATX II and th

fast

andth
slow, for biphasic kinetics in the presence of

the ATX II (100 nM) {Ä andj, n 4 5}. (B)
Steady-state inactivation (h`) at −30 mV triggered
by 500-msec prepulses at indicated voltages in the
absence (d) and presence (Ä) of ATX II (100
nM). Data points were fitted using a Boltzmann
equation,I/Imax 4 1/(1 + exp{{V − V1/2}/Kv}),
and half-maximal voltage,V1/2 , and slope factor,
Kv, values in the absence (d, n 4 6) and
presence (Ä, n 4 4) of ATX II (100 nM) as
given, whereImax is the maximum current
measured at a holding potential of −140 mV. (C)
Recovery from inactivation. Two-pulse protocol
with exponential recovery kinetics, measured at
−30 mV following a prepulse of 40 msec (control)
and 100 msec (in presence of ATX II) at −30 mV
(holding potential4 −100 mV), fit to the
equation,Itest/Ipre-pulse4 1 − exp{−t/t}, where t is
the time constant of recovery from inactivation, in
the absence (d, n 4 5) and presence (Ä, n 4 3)
of ATX II (100 nM). (D) Normalized
conductance-voltage for hH1 in presence (Ä, n 4

3) and in absence (d, n 4 3) of ATX II, fitted
with a Boltzmann equation. (E) Voltage
dependence of time constants for inactivation:th,
for monophasic kinetics in absence (s, n 4 4) of
ATX II and th

fast andth
slow, for biphasic kinetics in

the presence of the ATX II (100 nM) {,, n 4 3
andh, n 4 3}. (E) Steady-state inactivation (h`)
at −30 mV triggered by 500 msec prepulses at
indicated voltages in the absence (s) and presence
(,) of ATX II (100 nM). Data points were fitted
using a Boltzmann equation,I/Imax 4 1/(1 +
exp{{V − V1/2}/Kv}), and half-maximal voltage,
V1/2 , and slope factor,Kv, values in the absence
(s, n 4 5) and presence (,, n 4 3) of ATX II
(100 nM) as given in the figure, whereImax is the
maximum current measured at a holding potential
of −140 mV. (G) Recovery from inactivation.
Two-pulse protocol with exponential recovery
kinetics, measured at −30 mV following a
prepulse of 40 msec at −30 mV (holding potential
4 −100 mV), fit to the equation,Itest/Iprepulse4 1
− exp{−t/t}, where t is the time constant of
recovery from inactivation, in the absence (s, n
4 4) and presence (,, n 4 4) of ATX II (100
nM. (H) Normalized conductance-voltage for hH1
in presence (,, n 4 5) and in absence (s, n 4

3) of ATX II, fitted with a Boltzmann equation.



II dramatically disrupts the gating of single sodium chan-
nels (Fig. 5B andD compared with 5A andC): the mean
open times measured at a test voltage of −20 mV were
increased 2-fold (0.49 ± 0.02 msec (n 4 3) without and
0.99 ± 0.04 msec (n 4 3) with of 1,000 nM ATX II).
However, our data show that ATX II has no effect on the
single channel current amplitudes suggesting that the
toxin does not affect the conductance of the sodium
channels (Fig. 5E). This is consistent with the value of
the conductance obtained from the limiting slope ofI-V
curves of the single channel data (22.3 pS) and is com-
parable with the conductance found for hH1 expressed in
Xenopusoocytes.

EFFECTS OFATX II ON hSkM1

We also expressed the human homologue of rSkM1,
hSkM1, in the tsA201 cell line and compared the kinetics
changes of sodium channels with those treated with 100
nM ATX II. Similar results were obtained as for the
rSkM1 isoform (Fig. 6). ATX II at 100 nM induced a
slowing of inactivation rate (th

slow) by a factor of 12-fold
at −20 mV.

ATX II I NDUCE AN INWARD RESIDUAL CURRENT

An interesting feature of the action of ATX II on hH1
and rSkM1 (also hSkM1,data not shown) is that in the

presence of toxin a residual or window current (Ires) ap-
pears (Fig. 7). This residual current is not related to
linear currents since despite using a P/4 procedure, the
current remains (data not shown). Single channels from
hH1 were also recorded using a long pulse protocol (Fig.
7C). The ensemble averages of single channel currents
of this patch, shows that this residual current is related to
late sodium channel openings (Fig. 7D).

Discussion

Sea anemone (Anemonia sulcata) nematocysts contain
several active polypeptide toxins, including ATX II,
which are used to capture sea prey by altering the func-
tion of toxin-sensitive voltage-sensitive sodium chan-
nels. ATX II shows greater specificity for cardiac than
skeletal muscle or brain voltage-gated sodium channels
and consists of 47 amino acids containing three disulfide
bridges (Be´ress et al., 1975a,b). This toxin prolongs the
cardiac action potential duration mainly by slowing the
inactivation of voltage-gated sodium channels leading to
death (Romey et al., 1980; Erxleben & Rathmayer,
1984).

The aim of this study is to characterize the effect of
ATX II on cloned sodium channels using whole cell and
single channel recording to establish a foundation for

Fig. 4. Dose-response effect of sea anemone toxin
(ATX II)-induced slow inactivation of human
heart sodium channels (hH1). Current traces
obtained a −30 mV voltage steps in presence of 5
nM (A) and 100 nM (B) and a superimposed two
exponential fit of the time course of inactivation,
th
fast andth

slow represent respectively the fast and
slow time constants andAfast andA slow represent
respectively the amplitudes of the fast and the
slow component. (C) Effect of various
concentrations of ATX II on hH1 sodium currents
recorded at −20 mV, stepped from a holding
potential of −140 mV. (D) The ratio ofth

slow

relative amplitude to the peak current amplitude at
−20 mV of hH1 and rSkM1 is plotted against
ATX II concentration (holding potential is −140
mV), each data point represent a mean ±SEM of 3
to 4 experiments.
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analysis of its binding site and to determine its mecha-
nism of action. We have employed recombinant human
heart (hH1), rat skeletal muscle (rSkM1) and human
skeletal muscle (hSkM1) sodium channels which were
previously cloned and characterized by expression in
Xenopusoocytes (Trimmer et al., 1989; Gellens et al.,
1992; George et al., 1992; Wang et al., 1992). ATX II
dramatically slows hH1 inactivation but shows little ef-
fect on channel activation. For both rSkM1 and hH1 at
high concentrations of toxin, the kinetics of inactivation
is a single exponential process: at intermediate concen-
trations of toxin, the inactivation phase becomes com-
plex exhibiting a biexponential character due to the si-
multaneous existence of free and toxin-bound channels
which are represented by current decay time constants

th
fast and th

slow, respectively. For hH1 the slope of the
voltage-dependence of inactivation is near zero or, pos-
sibly, reversed withth

slow values increasing with greater
depolarization at voltages more positive than −30 mV.
This suggests that ATX II reduces the rate of inactivation
from open states such that more inactivation occurs from
closed states. Our single channel data agree with this
interpretation revealing increases of twofold in the mean
open times in the presence of toxin, consistent with a
decrease in the rate of transition from open to inactivated
state (Aldrich, Corey & Stevens, 1983; Vandenberg &
Horn, 1984). An additional contribution to the slower
inactivation seen in the macroscopic currents is channel
reopening in the presence of toxin which is seen in the
single-channel data (Fig. 5B). ATX II has similar effects

Fig. 5. Effects of sea anemone toxin (ATX II) on
human heart (hH1) single channel currents. Single
channel currents from cell-attached patches of hH1
expressed in tsA201 cells without (A) and with
ATX II 4 1,000 nM (B) at −20 mV
depolarizations from a holding potential of −120
mV. In C andD open time histogram distribution
fitted with a single exponential without (C) and
with (D) 1,000 nM ATX II. (E) Single channel
current-voltage relationship in the absence (d) and
presence (Ä). The linear regression represented by
a solid line has a slope of 22.3 pS. Each data
point represents a mean of 5 to 6 measurements.
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on rSkM1 and hSkM1 although these effects require
higher toxin concentrations. Thus, in agreement with
other studies performed on native tissues our results on
recombinant channela-subunits indicate that (i) ATX II
slows inactivation of sodium channels with no detectable
effect on activation and (ii) hH1 (IC50 4 11 nM) is
∼5-fold more sensitive to this toxin than rSkM1 (IC50 4
51 nM) expressed in tsA201 cells (Fig. 3B). The cardiac
and skeletal muscles subtypes must have somewhat dif-
ferent structures in terms of the ATX II binding site
and/or are different in the manner by which the effect of
occupancy of the toxin binding site is transduced to the
other parts of the channel during inactivation. Classical
theory attributes the opening and closing of voltage-
gated sodium channels to charged particles or ‘‘gates’’:
m-gates for activation and a h-gates for inactivation
(Hodgkin & Huxley, 1952). The h-gate, visualized as a
‘‘ball and chain’’ (Armstrong & Bezanilla, 1977) or
‘‘hinged lid,’’ is localized on the cytoplasmic surface
associated with the interdomain 3–4 loop (West et al.,
1992). Although the toxin may be acting allosterically
with the h-gate or its receptor, an equally plausible pos-
sibility is that it operates on a voltage-sensor involved in
inactivation. Recent evidence involving positive-charge-

reducing mutations in S4 helices in all domains impli-
cates a unique role for S4 of Domain 4 (D4) in inacti-
vation (Chen et al., 1995). This extends observations on
naturally occurring inactivation-impaired sodium chan-
nel a-subunits seen in some patients with periodic pa-
ralysis involving mutations at the extracellular surface in
D4 (Chahine et al., 1994). It is of interest that two Fa-
milial Hyperkalemic Periodic Paralysis (FHPP) muta-
tions, M1585V and T698M, located near the putative
cytoplasmic surface of the channel show residual cur-
rents and that this pathophysiology can be mimicked by
ATX II treatment of wild-type channels in rat muscle
fibers (Cannon & Corey, 1993; Cannon & Strittmatter,
1993). This is reminiscent of the persistent residual cur-
rent (Ires), lasting to the end of the test pulse, recorded for
rSkM1, hH1 and hSkM1 (data not shown) isoforms in
the presence of ATX II (Fig. 7A andB). Our data sug-
gest (Fig. 7C andD) that the residual current of hH1
observed in presence of ATX II is related to late open-
ings of single sodium channels. Also high concentration
of TTX (50 mM) reduce considerably the amplitude of
the residual current (data not shown).

Neither the reversal potential nor the conductance
the ATX II-treated channels is altered suggesting that the

Fig. 6. Effects of sea anemone toxin (ATX II) on
human skeletal muscle (hSkM1) sodium channels.
(A) Whole-cell sodium currents due to hSkM1
sodium channels recorded from transfected tsA201
cell line at a holding potential of −100 mV and
stepped from −80 to +60 mV in 10 mV
increments:A in absence andB in presence of 100
nM ATX II. (B) Effects of ATX II on the voltage
dependence of inactivation of hSkM1. (C) As
indicated the time constant of inactivation (th) was
plottedvs.voltage,th for monophasic kinetics in
absence (s, n 4 3) of ATX II and th

fast (Ä, n 4

3) andth
slow (j, n 4 3) for biphasic kinetics in

the presence of ATX II.
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toxin has no effect on the selectivity filter or on the ion
permeation pathway of the channel, perhaps because its
binding site is too distant.

Another two-pulse protocol was used to assess the
effect of the toxin on the recovery from inactivation.
In the presence of the toxin, the recovery from inactiva-
tion is faster, once again suggesting that the inactivation
state was destabilized. Slowing of the kinetics of inac-
tivation and increasing the rate of recovery from inacti-
vation are also seen with PC mutations, R1448C or
R1448H, located on the putative external side of the
channel in the S4 voltage-sensing element of D4 (Cha-
hine et al., 1994).

Future experiments will be directed toward identi-
fying the structural differences between skeletal muscle
(rSkM1 and hSkM1) and cardiac muscle (hH1) respon-
sible for the variation that these sodium channel subtypes
exhibit in terms of their sensitivities to ATX II and the
detailed mechanisms of toxin action.
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