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Abstract: Objective In this study, the pharmacological kinetics of Buthus martensi Karsch (BmK) AS, a specific modu-
lator of voltage-gated sodium channel site 4, was investigated on Na, 1.3 expressed in Xenopus oocytes. Methods Two-
electrode voltage clamp was used to record the whole-cell sodium current. Results The peak currents of Na,1.3 were
depressed by BmK AS over a wide range of concentrations (10, 100, and 500 nmol/L). Most remarkably, BmK AS at 100
nmol/L hyperpolarized the voltage-dependence and increased the voltage-sensitivity of steady-state activation/inactivation.
In addition, BmK AS was capable of hyperpolarizing not only the fast inactivation but also the slow inactivation, with
a greater preference for the latter. Moreover, BmK AS accelerated the time constant and increased the ratio of recovery
in Na,1.3 at all concentrations. Conclusion  This study provides direct evidence that BmK AS facilitates steady-state
activation and inhibits slow inactivation by stabilizing both the closed and open states of the Na, 1.3 channel, which might
result from an integrative binding to two receptor sites on the voltage-gated sodium channels. These results may shed light

on therapeutics against Na,1.3-targeted pathology.
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1 Introduction subthreshold membrane potential oscillations”™, and con-

ducting action potentials with high fidelity in all excitable
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of electrophysiological activities is contingent upon dif-
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in various tissues'®”. Although it is well-known that each
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P g VGSC subtype contributes unequally to distinct neuronal

activity of neurons, however, has diverse functions, such . . . .
activities, the molecular mechanisms underlying this func-
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increases in sensory neurons after transection''>'*. Fol-
lowing spinal cord contusion injury, thalamic neurons
undergo electrophysiological changes which are linked
to the aberrant expression of Na,1.3""'7. In dorsal root
ganglion (DRG) A-fiber neurons, the mRNA of Na,1.3 is

up-regulated after spinal nerve ligation'"

. More notably,
recent studies have revealed that Na,1.3 and its auxiliary
subunit B1 are both up-regulated in the hippocampus of
spontaneously epileptic rats, in which a point mutation
(K354Q) within the Na, 1.3 gene motif may contribute to
the abnormal neuronal firing in hippocampal neurons'*>".
Therefore, genetic abnormalities and aberrant electro-
physiological properties of Na,1.3 are likely to contribute
to neuronal hyperexcitability in both the peripheral and
central nervous systems. Despite these findings, the patho-
genicity of Na, 1.3 remains unclear with regard to different
expression environments in vivo due particularly to the
scarcity of subtype-specific probes.

Long-chain neurotoxic polypeptides from Buthus
martensi Karsch (BmK), a scorpion distributed in North China,
have been reported to be specific modulators of VGSCs,
either by slowing the inactivation process or by lowering
the threshold for activation™?". Among them, BmK AS,
acting on receptor site 4 on VGSCs, were found to relief
inflammatory pain responses and epileptic behavior in ani-

229 By using electrophysiological recordings,

mal models
such anti-nociceptive and anticonvulsant activities of BmK
AS have been attributed to inhibition of the Na" currents
through VGSCs expressed in sensory neurons” %,
Interestingly, BmK AS can even induce an opposite modu-
lation of the peak currents of VGSCs by elevating [Na'];
in the B104 cell line”". More puzzling instances have
also been reported in the VGSCs endogenously expressed
in the DRG neuroblastoma ND7-23 cell line and in the
heterologously expressed Na,1.2 in Xenopus oocytes, both
of which exhibit a U-shaped modulation of gating kinetics
by BmK AS over a wide range of concentrations™”.

To clarify the pharmacological role of BmK AS in
hyperexcitability and the possible mechanisms underlying
Na,1.3-based pathology, we conducted a systematic inves-

tigation of the effects of BmK AS on Na,1.3 expressed in

Xenopus oocytes.
2 Materials and methods

2.1 Materials pNa3T plasmids in combination with
cDNAs encoding the rat sodium channel a-subunit rNa,1.3a
were kind gifts from Dr. Alan L. Goldin (University of
California, Irvine, USA). BmK AS was purified by column
chromatography”” from crude venom of the Asian scorpion
B. martensi Karsch as described previously™. Tetrodo-
toxin (TTX) (Sigma, St. Louis, MO, USA) was dissolved
in stock solution (1 mmol/L TTX in 0.01% BSA solution),
and diluted to 500 nmol/L with ND96 solution.

Female Xenopus laevis frogs were provided by the

Animal Center of Shanghai Institute of Neuroscience.
Oocytes were surgically removed from adult female frogs
and were incubated with collagenase (2 mg/mL, type IA;
Sigma) in calcium-free OR2 medium (in mmol/L: NaCl
96, KC1 2, MgCl, 1, and HEPES 5, pH 7.5) at 20°C for
about 2 h. After washing, healthy oocytes at stages V—VI
were selected for cRNA injection.
2.2 VGSC expression and electrophysiological studies
cRNA transcripts of rNa,1.3 were synthesized from Not
I (TAKARA, Japan) linearized DNA templates individu-
ally using a T7 RNA-polymerase mMESSAGE mMA-
CHINETM transcription kit (Ambion, Austin, TX, USA).
Xenopus laevis oocytes were prepared”**”, injected with
0.5-10 ng cRNA of rNa, 1.3, and incubated at 18-20°C for
24 days™® in ND96 solution (containing in mmol/L: NaCl
96, KC1 2, CaCl, 1.8, MgCl, 2 and HEPES 5, pH 7.5)
supplemented with 5 mmol/L pyruvate and 0.1 mg/mL
gentamicin.

Two-electrode voltage-clamp recordings were per-
formed at room temperature (18-22°C) using a Turbo
TEC-03X amplifier (NPI Electronic Instruments, Ger-
many) and Cellwork E 5.5 software (NPI). Recording elec-
trodes were filled with 3 mol/L KCI. Currents were filtered
at 1.3 kHz and sampled at 10 kHz. The composition of the
bath solution was (in mmol/L): NaCl 96, KCl 2, CaCl, 1.8,
MgCl, 2 and HEPES 5 (pH 7.4). BmK AS was diluted in
bath solution and applied directly to the bath at the desired
concentration (10, 100, or 500 nmol/L).
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2.3 Data analysis Data were acquired by Cellworks
Reader 3.6 (NPI) and analyzed with Origin 7.5 software
(OriginLab Corp., Northampton, MA, USA).

Mean conductance (G) was calculated from peak
current/voltage relations using the equation G = I/(V-V),
where [/ is the peak current elicited upon depolarization, V
is the membrane potential, and V, is the reversal potential.
The voltage-dependence of the activation was fit with the
Boltzmann relation, G/G,,,.=1/[1+exp(V-V,)/k,], where V,,
is the voltage for half-maximum activation and £, is the
slope factor.

The voltage-dependence of fast inactivation and
slow inactivation data were described with the two-state
Boltzmann equation, //1, ,=1/[1+exp(V-V,,)/k], where V is
the membrane potential of the conditioning step, V,,, is the
membrane potential at which half-maximal inactivation is
achieved, and £ is the slope factor. The parameters for fast
inactivation were characterized by the half-maximal volt-
age V; and the slope factor k;; and those for slow inactiva-
tion by ¥, and k,, correspondingly.

Recovery data were fitted with a single exponential
equation of the form //I., = 1-Axexp (-t/t..), where 4 is
the relative proportion of current recovering with time con-
stant 7

rec?

Leak subtraction and capacitive compensation were

and ¢ is the recovery interval.

performed by subtracting comparable records obtained in
the presence of 500 nmol/L TTX. Only recordings with
leakage below 0.08 pA and fluctuation within 0.05 pA
were selected for statistical analysis. Data are presented
as mean + SEM. The statistical significance of differences
between the parameters of currents measured in control
and toxin-containing solutions was assessed with Student’s

two-tailed paired ¢ test.
3 Results

3.1 Functional analysis and nonlinear dose-effect
modulation of activation by BmK AS To characterize
the activation kinetics of rNa,1.3 by BmK AS, oocytes
expressing rNa,1.3 were clamped at a holding potential of
-100 mV for 200 ms prior to application of a series of step

stimuli.

Previous work showed that 500 nmol/L BmK AS is
sufficient to induce a hyperpolarizing shift in voltage-
dependent activation™'. Therefore, 500 nmol/L BmK AS
was chosen as the starting dose for all the following proto-
cols to assess the responses of rNa,1.3.

Na' currents were evoked by a train of depolarizations
ranging from -100 mV to +70 mV at 10 mV increments,
each lasting 100 ms (Fig.1A, B). Typical rNa,1.3 traces
were recorded in the absence and presence of 500 nmol/L
BmK AS. Calculating the percentage of peak current nor-
malized to that of control showed that the peak currents of
rNa, 1.3 were remarkably inhibited to about 80% of control
after perfusion with 500 nmol/L BmK AS for 20 min (Fig.
1E, Fig. 2). The inhibition of /., by BmK AS could not be

reversed to the control level even when the washing dura-

eak

tion was extended for up to 30 min (Fig. 1F). Oocytes ex-
posed to 100 nmol/L BmK AS (inhibited to about 50% of
control) had a greater response than those with 10 nmol/L
(inhibited to about 80% of control, Fig.1C) and 500 nmol/L
BmK AS (inhibited to about 80% of control) (Fig. 1D and
Fig. 2).

Unlike the less potent inhibition of /., 10 nmol/L
BmK AS induced the greatest shift in voltage-dependent
activation (V,,) toward a more negative potential by 9.18 +
0.97 mV (P <0.001, n = 12), while V,, was shifted by 5.34
+ (0.71 mV at 100 nmol/L (n = 14) and even less (4.08 +
0.08 mV, n = 19) at 500 nmol/L (Fig. 3, Table 1). Notably,
the hyperpolarizing shift of activation by 500 nmol/L BmK
AS could be relieved after a 10 min period of washing (data
not shown). In addition, the slope factor (k) of the activa-
tion curve, indicating the range of voltage sensitivity, was
slightly increased by BmK AS (1.55 mV for 10 nmol/L,
1.27 mV for 100 nmol/L and 2.04 mV for 500 nmol/L)
(Table 1). As the inhibition of peak currents and the shift in
voltage-dependent activation of rNa,1.3 by BmK AS were
inconsistent with the low-to-high concentrations adminis-
tered, Na, 1.3 activation may be modulated by BmK AS in
a nonlinear manner.

3.2 Nonlinear dose-effect modulation of steady-state
inactivation by BmK AS For steady-state inactivation,

rNa, 1.3 expressed in oocytes underwent a series of depo-
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Fig. 1. Effects of BmK AS on peak currents of rNa,1.3. A: Stimulus protocol for channel activation. B-E: Na’ current traces elicited during long-lasting

step depolarizations from -100 mV to +70 mV in the absence or presence of BmK AS at 10, 100 and 500 nmol/L. F: Failure to washout effects of

500 nmol/L BmK AS for 10 min.

larizing prepulses ranging from -100 mV to +40 mV for up
to 500 ms and was assessed as the amplitude remaining at
a test potential of -10 mV immediately after each prepulse
(Fig. 4 inset).

After perfusion of each concentration of BmK AS for
20 min independently, the normalized decaying currents of
rNa,1.3 were all shifted to hyperpolarized potentials to dif-

ferent extents. The inactivation kinetics were altered more

by 100 nmol/L BmK AS than by 10 and 500 nmol/L (Fig.
4). Compared to the control, 100 nmol/L BmK AS shifted
the V,, by 18.44 + 0.53 mV (P <0.001, n = 13), while the
V,, was shifted by 13.80 £ 0.05 mV (P <0.001, n = 8) with
10 nmol/L and 7.35 + 0.18 mV (n = 21) with 500 nmol/L
(Table 1). Contrary to the comparatively weak binding
affinity with rNa,1.3 in the activation process at high con-

centration, BmK AS at all concentrations was hardly dis-
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Fig. 2. Normalized transient Na* peak current (peak Iy,;) before (control,
open bars) and after BmK AS administration. ***P <0.001.
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sociated in the steady-state inactivation process. Still, the
slope factor (k) of the inactivation curves of rNa,1.3 was
also slightly increased by BmK AS (0.74 mV for 10 nmol/L,
3.96 mV for 100 nmol/L and 3.14 mV (P <0.001) for 500
nmol/L), similar to that in the activation process (Table 1).
Therefore, the steady-state inactivation of rNa, 1.3 was also
modulated by BmK AS in a nonlinear manner.
3.3 Nonlinear dose-effect modulation of open- and
closed-state inactivation by BmK AS Since BmK AS
had a comparatively potent preference for steady-state
inactivation over voltage-dependent activation, we investi-
gated the effects of BmK AS on the fast and slow inactiva-
tion kinetics of rNa,1.3.

The voltage-dependence of fast and slow inactivation

was studied using prepulses of different durations (10 ms

o
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Fig. 3. Effects of different concentrations of BmK AS on voltage-dependent activation of rNa 1.3 (A—C) and effect of washout at 500 nmol/L (D) for 10

min.
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Table 1. Electrophysiological parameters of rNav1.3 modulated by BmK AS

Concentration Steady-state activation

V., (mV) k n
Control -32.54+0.53 4.95+0.46 26
AS 10 nmol/L -41.72+1.517 6.50+1.32 12
AS 100 nmol/L -37.88+1.25 6.22+1.09 14
AS 500 nmol/L -36.62+0.63 6.70+0.55"" 19
Wash -32.98+0.86 5.20+0.74 14

Steady-state inactivation

Control -34.9620.60 6.8885+0.52 22
AS 10 nmol/L -48.76£0.55™ 7.6309+0.48 8

AS 100 nmol/L -53.39+1.217" 10.84+1.05™ 13
AS 500 nmol/L -42.30+0.79 10.03+0.70™" 21
Wash -40.63+0.88 8.48+0.78 15

Fast inactivation

Control -38.05+0.82 7.29+0.71 10
AS 10 nmol/L -46.31£0.917" 7.98+0.80 9
AS 100 nmol/L -40.47+0.95 8.55+0.83 12
AS 500 nmol/L -47.86+1.12"" 8.74+0.98 10
Wash -38.88+0.91 4.82+0.84 8

Slow inactivation

Control -32.66+0.52 4.03+0.44 10
AS 10 nmol/L -42.98+0.98™ 7.70£0.86™" 9
AS 100 nmol/L -49.77£1.277 10.92£1.13™ 10
AS 500 nmol/L -46.13£0.87" 9.66+0.77"" 10
Wash -35.75+0.83 6.66+0.72 8
Recovery

A T, (MS) n
Control 0.97+0.00 4.02+0.15 12
AS 10 nmol/L 0.98+0.00"" 2.2240.06™" 7
AS 100 nmol/L 0.98+0.00"" 1.85+0.05™" 9
AS 500 nmol/L 0.99+0.00"" 2.00£0.06™" 7
Wash 0.98+0.00 2.31£0.03"" 7

For voltage-dependent activation/inactivation, the values of half-maximum activation/inactivation voltage ¥, and corresponding slope factor (k) were determined
in the absence and presence of BmK AS. For recovery, total recovery of sodium channels is indicated as 4 and z, is the time constant of recovery. The data are

mean = SEM and # is the number of independent experiments. P <0.001 vs control.
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Fig. 4. Effects of different concentrations of BmK AS on steady-state inactivation of rNa,1.3 (A—C) and washout of 500 mmol/L (D) for 10 min. Inset

shows the protocol for steady-state inactivation.

for fast and 2 s for slow inactivation) (insets in Fig. 5).
Both 10 and 500 nmol/L BmK AS had a significant
effect on fast inactivation, shifting the half-maximum inac-
tivation potential more negative (V,,) by 8.26 = 0.09 mV
(P <0.001, n =9) and 9.82 + 0.31 mV (P <0.001, n = 10)
respectively. Unexpectedly, 100 nmol/L BmK AS hardly
shifted the voltage-dependent fast inactivation. The change
of slope factor of fast inactivation was less than that of
the steady-state inactivation and activation processes, in-
creased by 0.69 mV for 10 nmol/L (P <0.001, n =9), 1.26
mV for 100 nmol/L (P <0.001, n = 12) and 1.45 mV for

500 nmol/L (P <0.001, n = 10) (Fig. 5, Table 1). However,
k was remarkably decreased by 2.46 mV after washing,
compared to the control, indicating an expansion in volt-
age-sensitivity during the administration (Table 1).

In the case of slow inactivation, BmK AS shifted the
voltage-dependent inactivation kinetics towards more neg-
ative vlaues at all concentrations. Contrary to the insensitivity
of fast inactivation kinetics to 100 nmol/L BmK AS, 7V,
exhibited a most remarkable negative shift by 17.10 + 0.75
mV at this concentration (P <0.001, n = 10). In the pres-
ence of 10 or 500 nmol/L BmK AS, the values of V,, were
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Fig. 5. Effects of different concentrations of BmK AS on voltage-dependent fast (upper panels, A-C) and slow (lower panels, A-C) inactivation of rNa,1.3.
Effects of washout for 10 min after 500 nmol/L in D for each. Right hand insets show the stimulation protocols.

also greatly hyperpolarized, negatively shifted by 10.31  pronounced change in slow inactivation kinetics, the hy-
+ 0.47 mV (P <0.001, n =9) and 13.46 £ 0.36 mV (P <  perpolarized V,, almost returned to the control level after
0.001, n = 10), respectively (Fig. 5, Table 1). Despite the =~ washing, except for & that still had a significant negative
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Fig. 6. Effects of different concentrations of BmK AS on time course of rNa, 1.3 recovery (A—C) and effect of washout from 500 nmol/L for 10 min (D). In-

est shows the protocol for rNal.3 recovery test.

enhancement [increased by 3.64 mV for 10 nmol/L (P <
0.001, n=19), 6.89 mV for 100 nmol/L (P <0.001, n = 10)
and 5.63 mV for 500 nmol/L (P <0.001, n = 10)] (Table 1).
Thus, BmK AS modulated both fast and slow inacti-
vation of rNa,1.3 in a nonlinear manner, with more effect
on slow inactivation.
3.4 Nonlinear dose-effect acceleration of recovery from
BmK AS To correlate the inactivation and recovery from
inactivation of rNa,1.3 in the presence of BmK AS, the

recovery kinetics of currents were measured at a recovery

voltage of -120 mV and single exponential fits were used
to estimate the recovery time constants.

The rate of recovery was accelerated to variable ex-
tents by different doses of BmK AS. The acceleration of
recovery kinetics from 100 nmol/L BmK AS was the most
notable (At,.= 2.17 £ 0.10 ms, n = 9), while 10 and 500
nmol/L were less efficient (At,,.,= 1.81 £ 0.09 ms, n =7
=2.02 £ 0.09 ms, n = 7) (Fig. 6, Table 1). At all
concentrations, BmK AS shifted the voltage-dependence

and At

of recovery in the hyperpolarized direction (Fig. 6), leading to
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a slight enhancement of total recovery of rNa,1.3 at -120
mV. However, this enhancement was comparatively less
remarkable for 100 nmol/L BmK AS (increased by 1.03%,
P <0.001) than that for 10 nmol/L (increased by 1.43%,
P <0.001) and 500 nmol/L (increased by 1.79%, P <0.001)
(Table 1). These results suggested that BmK AS accelerat-
ed the recovery of rNa, 1.3 from inactivation in a nonlinear

manner.
4 Discussion

4.1 Nonlinear dose-effect modulation of activation and
inactivation of rNa,1.3 by BmK AS The Na,1.3 channel
is the only VGSC subtype that has up-regulated expression

(121417181 Na 1.3 currents exhibit slow

in injured neurons
development of closed-state inactivation and rapid repriming
kinetics in response to depolarizing stimuli””. The distinct
functional properties of Na,1.3 may be important for de-
veloping neurons and also contribute to aberrant activity in
injured neurons.

In the present study, we expressed the rNa,1.3 o sub-
unit alone in Xenopus oocytes to specifically investigate
the pharmacology of BmK AS, a VGSC site 4-specific
modulator, on Na,1.3. The fact that the electrophysiologi-
cal profiles of one type of channel may vary in different
expression systems does not affect our goal to assess the
pharmacological modulation of Na,1.3 by BmK AS. In-
deed, our data demonstrated a more negative shift in acti-
vation by -10 mV than a previous report which also used
Xenopus oocytes”", and this is close to the value expressed
in HEK 293 cells®”. However, the shift in inactivation
kinetics appeared to be more profoundly depolarized than
that of Na,1.3 expressed in HEK 23 cells or axotomized
DRG neurons””. The subtle variances may be attributed
the comparatively longer time of channel expression re-
quired to ensure robust currents, which did not influence
the following studies. Another possibility may lie in the
lack of B subunits, which has been demonstrated to result
in a similar functional contrast’”"*"),

The nonlinear dose-effect curve for BmK AS was
first assessed on Na,1.2 expressed in Xenopus oocytes and
ND7-23 cells. For Na,1.2, BmK AS was found to depolar-

ize the voltage-dependent activation and inactivation at
low (0.1 nmol/L) and high concentrations, but hyperpolar-
ize the activation and inactivation kinetics at a medium
concentration (1 nmol/L)". Interestingly, in ND7-23 cells
that express a mixture of TTX-sensitive VGSCs, mainly
Na,1.6 and Na,1.7"”, BmK AS hyperpolarizes the voltage-
dependence of activation and inactivation at 0.1, 1 and
100 nmol/L but not at 10 nmol/L. However, in the present
study, BmK AS hyperpolarized the voltage-dependence of
activation and inactivation at all three concentrations, re-
sembling its actions on ND 7-23 cells but unlike those on
Na,1.2. The ability of BmK AS to hyperpolarize the chan-
nel activation/inactivation process may reflect a facilitation
of the threshold for channel opening and repetitive firing,
which may lead to hyperexcitability. One interesting finding
of this study was that the modulatory direction of voltage-
dependence of activation and inactivation by BmK AS
between Na, 1.3 and Na,1.2 appear to be opposing, which
could be explained by subtle structural or static environ-
mental variations in the toxin-binding site between the two
channels. Accordingly, the similar potency of BmK AS for
Na,1.3 and ND7-23 cells leads to the speculation that the
binding sites of Na,1.3 are more homologous to those of
Na,1.6/Na,1.7, although supportive clues at the molecular
level remain to be approached.

4.2 Possible mechanism of BmK AS interaction with
Na,1.3 From the current results, BmK AS facilitated both
the voltage-dependent activation and inactivation of Na,1.3
over a wide range of concentrations (i.e., 10, 100 and 500
nmol/L). This dual potency seems to be a common feature
among other known B-like toxins that are toxic to both
mammal and insects, such as BmK AS-1, AaH IT4 and
Lqhp1™.

Like AaH IT4, BmK AS/AS-1 competes with anti-
insect scorpion toxins for binding to the sodium channel of
insects at a site with high affinity but low capacity; it also
competes with the binding of o-type scorpion toxins to the
mammalian sodium channel at a low affinity but high ca-

141 Generally, o-type scorpion toxins,

pacity binding site
defined as VGSC site 3-specific modulators, target VGSCs

by inhibiting the inactivation and recovery, while p-type
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anti-insect scorpion toxins, defined as VGSC site 4-specific
modulators, facilitate the activation and depress the peak
currents of VGSCs™*. Hence, it is reasonable to assume
that BmK AS can bind to both sites 3 and 4, modulating
both voltage-dependent activation and inactivation of VGSCs.
BmK AS tended to bind with site 3 to modulate inactiva-
tion more at the medium concentration, while binding with
site 4 at low or high concentrations caused more of a neg-
ative-shift of the activation. In terms of these multifaceted
features, BmK AS resembles another B-like toxin, Lqghf1,
which induces a shift in the voltage-dependent activation
to more negative membrane potentials and a reduction in
peak sodium currents, as well as having a weak effect on
inactivation of cardiac VGSCs and a marked effect on rat
brain and skeletal muscle VGSCs™.

It is noteworthy that BmK AS had a comparably stron-
ger modulation of inactivation than activation, which was
inferred by the finding that the shift in voltage-dependent
inactivation by BmK AS was far more difficult to remove
by washing compared to the almost full recovery of BmK
AS-modified voltage-dependent activation. Therefore,
the tight binding of BmK AS with the inactivation gate of
the channel may result in a shift in recovery kinetics and
an overall reduction in peak currents even after washing.
Considering the fact that site 4-specific modulators facili-
tate activation by binding to the DII S3/S4 loop in VGSCs™*”
while site 3-specific modulators delay inactivation by
binding to DIV S4™ we may infer that BnK AS binds
with the DII S3/S4 loop and DIV S4 in particular. More
supportive evidence came from the finding that the slow
inactivation kinetics were more readily modulated than
the fast inactivation by BmK AS, in that the molecular de-
terminants of slow inactivation are considered to be more
closely associated with the charged residues within DIV
S4“7 However, this inference should be interpreted with
caution until more evidence from molecular site-directed
mutagenesis is available.

4.3 Pathogenetic insights into Na, 1.3 probed by BmK
AS Tt has been shown that spinal contusion leads to a
shift of the steady-state activation and inactivation of the

sodium current towards more depolarized potentials. The

shifted steady-state inactivation shows similarities to that
in axotomized DRGs, which is attributed to upregulated

1017 These observations imply a sub-

Na,1.3 expression
stantial involvement of Na,1.3 in pathogenesis by depolar-
izing the membrane potential. Accordingly, in the present
study, BmK AS potently shifted the voltage-dependent
activation/inactivation of Na,1.3 in the hyperpolarized di-
rection. Although this hyperpolarized shift may not be pre-
dominant at low or high concentrations, partly due to the
integral interaction of sites 3 or 4 with BmK AS, it is clear
that BmK AS has potential value as a modulator in inflam-
matory pain studies.

A marked finding of this study was that BmK AS
inhibited the peak current of Na,1.3 at all concentrations
tested. The inhibition of Na" currents is in accord with the
previous experiments on pathology, i.e., the nociceptive
responses induced by formalin or carrageenan are markedly
reduced after BmK AS administration***, Accordingly,
the seizure-like behavior and cortical epileptiform EEG
in epileptic rats are remarkably suppressed by BmK
AS™!. However, this anti-convulsant activity of BmK AS
seems to differ among epileptic models, being efficient
in pentylenetetrazole-evoked seizures but ineffective in
pilocarpine-induced epileptiform behavior™. The relative
strength of the opposing effects may depend on the toxin
concentration and the VGSC subtypes affected”.

Although the inhibition of Na" current by BmK AS is
apparent in heterologously expressed VGSCs, the intracel-
lular Na" concentration is unexpectedly elevated by 500
nmol/L BmK AS in the B104 neuroblastoma cell line'*, in
which Na, 1.3 and Na, 1.6 are dominantly expressed*”. The
hyperpolarized threshold may trigger an increase in [Na'];
and membrane depolarization, which could in turn initiate
downstream protein-coupled signaling pathways, activating
ion channels or transporters. Hence, the modulation of
[Na']; by BmK AS may affect the physiological function
of cells, and thereby provide insights into VGSC-mediated
disorders.
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