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Comparison of aconitine-modified human heart (hH1) and
rat skeletal (u1) muscle Na* channels: an important role for

external Na*ions
Sterling N. Wright

Department of Biological Sciences, Murray State University, Murray, KY 42071, USA

Neurotoxins such as aconitine (AC) bind to receptor site 2 on voltage-gated sodium channels and
modify channel kinetics. Although AC modification typically induces hyperpolarizing shifts in
sodium channel activation, the effects on channel inactivation seem to vary depending on the tissue
origin of the channel. In the present study, the a subunits of human heart (hH1) and rat skeletal
muscle (#1) sodium channels were transiently expressed in human embryonic kidney (HEK293t)
cells. Whole-cell currents were examined before and after AC modification of the channels to
determine whether the toxin had isoform-specific effects on channel kinetics. The magnitudes of the
hyperpolarizing shifts in steady-state current activation and inactivation were similar for AC-
modified hH1 and g1 channels, and AC modification did not alter the voltage dependence of
macroscopic current decay of either channel subtype. There were two notable differences between
hH1 and 1 channels after AC modification. First, the steady-state availability of AC-modified x1
channels decreased by 5-10% after very negative conditioning pulses. Second, AC-modified x1
channels inactivated completely at all voltages, whereas AC-modified hH1 channels exhibited
sustained inward currents at voltages near the threshold of current activation. Interestingly, AC-
modified hH1 channels inactivated completely if the external solution did not contain sodium ions.
The data demonstrate that AC modification affects the activation of hH1 and x#1 channels similarly
but affects inactivation of the two channels distinctly. The results also imply that the reduced
inactivation of AC-modified hH1 channels at least partially depends on the presence of extracellular
sodium.
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Voltage-gated sodium channels are primarily responsible
for action potential propagation in excitable tissues. As a
crucial component in the physiology of excitable tissues,
sodium channels are primary targets for several naturally
occurring neurotoxins. To date, sodium channels have
been shown to possess at least six receptor sites for
neurotoxins that inhibit or modify channel function.
Batrachotoxin (BTX), aconitine (AC) and veratridine are
lipophilic compounds that markedly alter sodium channel
kinetics by binding to receptor site 2 (Strichartz et al. 1987;
Catterall ef al. 1992; Ulbricht, 1998). In general, site 2 toxins
elicit hyperpolarizing shifts in the voltage dependence of
channel activation, thereby inducing repetitive action
potentials in excitable tissues. Under voltage clamp
conditions, site 2 toxins shift sodium current activation
towards more hyperpolarized potentials and increase
sodium channel permeability to ion species that are
nominally permeable through unmodified channels. In
addition to the effects on channel activation and
permeability, the toxins often reduce or eliminate fast
inactivation of open channels.

One of the interesting differences among site 2 toxins is the
degree to which they alter channel inactivation. For
example BTX virtually eliminates fast inactivation of
neuronal (Mozhaeva et al. 1986; Wang & Wang, 1994) or
skeletal muscle sodium channels (Wang & Wang, 1998)
because sodium currents under voltage clamp may be
sustained for several seconds with little decrement. In
contrast, AC (Schmidt & Schmitt, 1974) or veratridine
(Barnes & Hille, 1988; Ulbricht, 1998) modification elicits
a less dramatic reduction of fast inactivation. Although
site 2 neurotoxins share an overlapping binding region
(Catterall, 1980), the fact that poison dart frogs (Phyllobates
terribilis), which secrete BTX, are insensitive to BTX but
remain sensitive to other site 2 toxins (Daly et al. 1980)
suggests that the binding sites for the toxins are not
identical. In addition, the different effects on fast inactivation
could suggest that there are subtle differences between
BTX and other site 2 toxins such as AC in the mechanism
of altering channel behaviour. An interesting characteristic
of AC modification is that the extent of reduced
inactivation differs depending on the tissue origin of the
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channel. For example AC more markedly reduces the
inactivation of frog node of Ranvier sodium channels
(Schmidt & Schmitt, 1974; Mozhaeva et al. 1980) compared
with the reduced inactivation of sodium channels in frog
skeletal muscle (Campbell, 1982), mouse heart (Nilius et
al. 1986), or sodium channels cloned from rat brain (Rao
& Sikdar, 2000). Furthermore, AC-modified sodium
channels in neuroblastoma cells (Grishchenko et al. 1983)
inactivate nearly completely at all voltages.

The fact that AC modification has different effects on
sodium channels from different tissues raises the possibility
that the neurotoxin has distinct effects on different sodium
channel isoforms. Alternatively, the observed differences
in channel modification could be explained by subtle
differences in experimental protocol. The focus of the
present study was to compare the effects of AC
modification on cloned sodium channels from human
heart (hH1, Gellens et al. 1992) and rat skeletal muscle (x1,
Trimmer et al. 1989) under identical conditions. AC
modification of hH1 and g1 channels had similar effects
on several properties of the whole cell currents. First,
intracellular or extracellular application of AC were both
effective in modifying channel kinetics. Second, as
described for sodium channels from native tissues, AC
modification greatly reduced the current amplitude and
shifted the voltage dependence of current activation
towards more negative voltages. Third, AC modification
of hH1 and 1 channels elicited similar negative shifts in
the midpoint voltages of steady-state inactivation. Fourth,
the voltage dependence of macroscopic current decay
did not change after AC modification. Despite these
similarities, there were two obvious differences between
AC-modified hH1 and g1 channels. First, the steady-state
availability (h,) of AC-modified 1 channels decreased by
5 to 10 % after conditioning pulses ranging from —140 to
—120 mV (normalized to the availability at —160 mV).
Second, AC-modified hH1 currents exhibited incomplete
inactivation during voltage clamp steps between —90 to
—70 mV but inactivated completely at voltages more
positive than —60 mV. In contrast, AC-modified 1 currents
inactivated nearly completely at all voltages. Unexpectedly,
AC-modified hH1 currents inactivated completely at all
voltages when the external solution did not contain sodium
ions. The other changes in channel kinetics associated with
AC modification, such as the hyperpolarizing shifts in
channel activation and steady-state inactivation, still
occurred in the absence of external sodium. Together,
these data suggested that AC modification of hHI or ul
sodium channels elicited similar changes in channel
activation but distinct changes in channel inactivation.
Finally, the data demonstrated that external sodium ions
influence the completeness of open channel inactivation of
AC-modified hH1 channels.
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METHODS

Transient transfection of HEK293t cells

Human embryonic kidney (HEK293t) cells were transfected with
hH1 (Gellens et al. 1992) or u1 (Trimmer et al. 1989) channel
plasmid (24 pg) and reporter plasmid CD8-pih3m (1 xg) by the
calcium phosphate precipitation method (Cannon & Strittmatter,
1993) as described previously (Wright ef al. 1997, 1999). The
transfected cells were replated onto 35 mm culture dishes and
used for experiments up to 3 days after plating. Individual
transfected cells that expressed the CD8 antigen, as determined by
binding CD8 Dynabeads (Dynal, Lake Success, NY, USA) were
selected for whole-cell patch clamp experiments. The hH1 clone
was a gift from Dr Roland Kallen, and the 1 clone, HEK293t cell
line and CD8-pih3m plasmid were gifts from Drs Sho-Ya Wang
and Ging Kuo Wang,.

Solutions and chemicals

Three extracellular solutions, containing 0, 65, or 130 mm
sodium, were used to perfuse the HEK cells. Respectively, these
solutions contained (mM): (1) 0 NaCl, 150 choline chloride, 2
CaCl, and 10 Hepes; (2) 65 NaCl, 85 choline chloride, 2 CaCl, and
10 Hepes; or (3) 130 NaCl, 20 choline chloride, 2 CaCl, and 10
Hepes. All external solutions were titrated with tetramethyl
ammonium hydroxide to pH 7.4. In most of the experiments the
pipette solution contained (mm): 100 NaF, 30 NaCl, 10 EGTA and
10 Hepes. In a few experiments a low sodium pipette solution was
used that contained (mm): 10 NaCl, 120 CsF, 10 EGTA and 10
Hepes. The pipette solutions were titrated with CsOH to pH 7.2.
BTX was added to the pipette solution to obtain a final
concentration of 5 gM. Aconitine (Sigma, St Louis, MO, USA) was
dissolved in 100 % ethanol and was stored as 10 mm aliquots at
—80°C. The 10 mm aconitine stock was diluted at the appropriate
concentration in extracellular or intracellular solution on the day
of the experiment.

Whole-cell voltage clamp and data analysis

Glass electrodes with resistances ranging from 0.5 to 1.0 MQ were
used to study macroscopic hH1 or x1 sodium currents under
whole-cell voltage clamp conditions (Hamill et al. 1981).
Command voltages were programmed by pCLAMP 7.0 software
(Axon Instruments, Burlingame, CA, USA) and were delivered
by a Warner PC501A voltage clamp (Warner Instrument
Corporation, Hamden, CT, USA). The data were sampled at
50 kHz and filtered at 5kHz. The holding potential for all
experiments was —140 mV and all experiments were conducted at
room temperature (21 £ 2°C). As described previously (Wright et
al. 1997, 1999), data acquisition did not begin until 25-30 min
after establishing whole-cell conditions such that the steady-state
inactivation curve would have shifted by about 5-7 mV during the
time course (20-30 min) of cell dialysis (Wang et al. 1996). Most
of the capacitance current was cancelled by the voltage clamp
circuitry, and the remaining capacitance artefact and the leakage
current were subtracted by the P/—4 method. Voltage errors were
<4 mV after series resistance compensation.

To determine the midpoint voltage of steady-state activation,
peak currents were measured during voltage clamp steps ranging
from —120 to +50 mV, and the data were plotted as the
normalized conductance:

g = INa/(V_ Vrev))

where Iy, was the peak sodium current, V was the amplitude of the
voltage step, and V., was the reversal potential determined for
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each cell. These data were fitted with an empirical Boltzmann
function:

1/(1 + exp (Vos— V)/k),

where V; ; was the midpoint voltage of the function and k was the
slope factor in mV/e-fold change in current. As a precaution for
spatial voltage control, the only experiments presented in the
study were those in which the slope factor of the Boltzmann
function was > 6 mV.

Steady-state fast inactivation of the current was determined by
delivering 100 ms conditioning pulses to potentials ranging from
—160 to —30 mV and the available current was measured during a
test pulse to +30 mV. The peak current measured during the test
pulse was normalized to the peak current recorded following the
conditioning pulse to —160 mV. These data were fitted with a
Boltzmann function (1/(1 + exp(V — Vi5)/k)) to determine V5
and k values as described above for normalized conductance. Least
squares curve fitting was performed with Microcal Origin software
(Northampton, MA, USA). Statistical comparisons (Student’s ¢
test, one-way ANOVA) were performed using SigmaStat (Jandel
Scientific Software, San Rafael, CA, USA), and P values of < 0.05
were considered statistically significant. Plotted data are presented
asmeans + S.E.M.

RESULTS

Modification of hH1 and x1 currents by internal
application of BTX or AC

In whole-cell studies of sodium channel modification by
site 2 neurotoxins, the toxins are often applied internally
via the patch pipette because the toxins gain access to the
receptor of open channels from the cytoplasm or through
lipid regions of the channel. Figure 1A shows BTX-
modified outward hH1 and gl currents in a reversed
sodium gradient (0 mm [Na*]/130 mm [Na'];) after channel
modification by intracellular application of 5 um BTX.
After delivery of 1000 depolarizing pulses to modify the
channels (not shown) the currents did not inactivate
completely during a 2 s voltage clamp step to +30 mV. The
hH1 current decayed slightly and reached a steady state,
whereas the 41 current decayed very little during the pulse.
The small decrease (~20-25%) in the AC-modified
hH1 current during a long pulse suggested that BTX
modification did not completely eliminate slow inactivation
of hH1 channels. This was an interesting observation
because slow inactivation of wild-type hHI1 channels
under similar conditions has a much slower onset, is much
less voltage dependent, and is far less complete compared
with slow inactivation of wild-type g1 channels (O’Reilly
et al. 1999). These data implied that BTX modification
elicits identifiable alterations in the inactivation kinetics of
hH1 and g1 channels. Nevertheless, BTX modification of
either isoform under these conditions virtually eliminated
fast inactivation from the open state.

Figure 1B shows that AC modification of hH1 and x1
channels in 0 mM external sodium solution elicited shifts
in current activation but failed to modify the inactivation
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of hH1 or ul currents. In these experiments, the pipette
solution contained 30 um AC. The upper traces are the
control records during 15 ms voltage steps from the holding
potential to voltages ranging from —120 to +20 mV. The
hH1 current activated near —60 mV whereas the u1 current
activated near —50 mV. The lower traces are currents from
the same cells after delivery of 1000 pulses (2 Hz) to

A BTX-modified (0 [Na],/130 [Na])
hH1 p]

L

B Control (0/130)
ul 420 mv

AC-modified
.\\—+20 mv
J, -60 mV
X Control (130/130)
hH1 -100,-90,-80 mV p 80,-70,60 mV
. g aud - i
T it A W(
"’”\_70 mV L_ oo my |_
AC-modified
N - . 'ﬁO,-?O mv
sy - bk
‘““’:fs<iS =90 mv oy
=< .80 mV 60
-70 mV

Figure 1. Modification of hH1 and x1 channels by internal
application of 5 um BTX (A) or 30 um AC (B, C)

A, BTX-modified hH1 (left) and g1 (right) currents after delivery
of 1000 pulses to +30 mV. Modification of the channels by BTX
virtually eliminated fast inactivation duringa 2 s pulse to +30 mV.
External and internal sodium concentrations were 0 and 130 mm,
respectively. Scale, 500 pA, 500 ms. B, outward currents through
hH1 (left) and g1 (right) channels during voltage clamp steps
ranging from —100 to +20 mV. The upper traces in Bare currents
recorded before channel modification, and the lower traces are
currents from the same cell after delivery of 1000 pulses to +20 mV
at 2 Hz. AC modification of the channels shifted the voltage
dependence of current activation by about —10 mV. External and
internal sodium concentrations were 0 and 130 mwm, respectively.
Scale, 1 nA, 2 ms. C, inward currents through hH1 and g1 channels
near the threshold of current activation. External and internal
sodium concentrations were both 130 mwm, and the channels were
modified as described in B. AC modification shifted the voltage
dependence of current activation of both isoforms and hH1
channels exhibited a sustained inward current during voltage steps
ranging from —90 to =70 mV (arrow). In contrast, AC modified x1
channels inactivated completely near the threshold of current
activation. Scale, 400 pA, 2 ms.
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+20 mV to modify the channels. AC modification of the
channels decreased the amplitude of the current and
shifted current activation in the hyperpolarizing direction
by ~10 mV. Although AC modification induced a notable
shift in the activation of hH1 and g1 currents, inactivation
of the currents was complete at all voltages.

Because AC reduces the inactivation of inward sodium
currents in frog heart cells (Nilius et al. 1986) and frog
skeletal muscle (Campbell, 1982), a few experiments were
conducted using a symmetrical sodium gradient (130 mm
[Na*],/130 mm [Na'];). The channels were again modified
by including 30 um AC in the patch pipette and by
delivering 1000 depolarizing pulses at 2 Hz. Before AC
modification, hHI and x1 currents activated near —70 mV
and —50 mV, respectively (Fig. 1C, upper traces). After AC
modification, activation of the hH1 current shifted in the
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hH1
Control
= 77 L
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§ ‘/::.
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g 0.4-
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Z 0.2-
u Control
0- O AC-modified
-120-100 -80 -60 40 -20 0 20 40 60
B

Normalized current

@ Control
o AC-modified

-120-100 -80 -60 -40 20 0 20 40 60
Voltage (mV)

Figure 2. Normalized current-voltage relationships of
hH1 (A) and 41 (B) channels in 0 mm external sodium

The channels were modified by perfusing the cells with external
solution containing 100 x#m AC and delivering > 50 depolarizing
pulses to +20 mV. The currents in the insets are from
representative experiments. Scale, 1 nA, 2 ms. A, current—voltage
relationship of hH1 channels before (M, # = 13) and after

(O, n = 11) AC modification. B, current—voltage relationship of x1
channels before (@, n = 6) and after (O, n = 6) AC modification.
AC modification shifted the voltage dependence of current
activation of both channel isoforms by —15 to =20 mV.
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hyperpolarizing direction to —90 mV and inactivation of
the current was incomplete during 15 ms voltage steps
near the threshold of current activation (Fig. 1C, arrow).
Activation of 1 currents shifted from —50 mV in control
solution to —60 mV after AC modification, but the AC-
modified g1 current inactivated completely. Although AC
modification again induced hyperpolarizing shifts in hH1
and ul current activation, these data suggested that the
inactivation of AC-modified hH1 channels became reduced
only if the external solution contained sodium ions. In
contrast, the presence of extracellular sodium had no
obvious effect on the inactivation of AC-modified x1
channels.

Modification of the channels by external application
of AC

Although internally applied AC and delivery of up to 1000
depolarizing pulses did modify the channels, external
perfusion of the cells with saline containing 100 gm AC
and delivery of > 50 depolarizing pulses allowed for more
stable recordings and more consistent modification of the
current. As shown in the insets of Fig. 2, modification of
hH1 and g1 channels by delivering 100 depolarizing pulses
in external saline containing 0 mm sodium and 100 um AC
resembled the modification of the channels when AC was
included in the pipette solution (Fig. 1B). That is, AC
modification reduced the current amplitude and the
currents inactivated completely at all voltages. AC
modification shifted the activation thresholds of hH1
(Fig. 2A) and x1 (Fig. 2B) currents towards more hyper-
polarized potentials by 15-20 mV.

The data shown in Fig. 1C provided the initial suggestion
that there were differences between hH1 and x1 currents
after AC modification if the extracellular solution
contained sodium ions. To further investigate the role of
external sodium, AC modification of hH1 and x1 currents
were compared using external solutions containing 65 mm
or 130 mm sodium (Fig. 3). The upper traces are control
hH1 (left) and gl (right) currents recorded in 65 mm
(Fig. 3A) or 130 mm sodium (Fig. 3B). The 15 ms step
commands from the holding potential were to potentials
ranging from —120 to +50 mV. The lower traces in Fig. 3A
and B are the currents recorded from the same cells after
external perfusion of saline containing 100 um AC and
delivery of 100 depolarizing pulses to modify the channels.
AC modification of the channels in either external sodium
concentration again decreased the amplitude of the
current. Inactivation of the hH1 current was incomplete
during voltage steps ranging from —90 to =70 mV (Fig. 3A
and B, arrows), whereas the current evoked during voltage
steps more positive than —60 mV inactivated completely.
After AC modification, the g1 current inactivated nearly
completely at all voltages in either external solution. These
data were consistent with the results shown in Fig. 1 and
indicated that in the presence of external sodium ions AC-
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modified hH1 channels did not inactivate completely from
the open state at voltages near the activation threshold. In
contrast, external sodium seemed to have little influence
on the inactivation of AC-modified 1 channels. The plots
in Fig. 3C and D show the normalized current—voltage
relationships in external solutions containing 65 and
130 mMm sodium, respectively. The data were normalized
according to the outward current evoked at +50 mV in
order to compare the shifts in current activation. In either
external solution, AC modification shifted currentactivation
of the two channel subtypes by —25 to =30 mV, and the
reversal potential for sodium changed very little.

The plots in Fig. 4A (65 mm [Na'],) and B (130 mm [Na'],)
show the normalized conductance—voltage relationships
before and after AC modification. A standard Boltzmann

A [Na], = 65 mM
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o
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function was used to determine the midpoint voltage (V)
of current activation and the slope factor (k) for each of the
data sets. In 65 mm external sodium, the control V5 values
were 4-5 mV more positive and the k values were slightly
larger compared with the control V5 and k values
measured in 130 mm external sodium, but these changes
were not significant (P > 0.05, Student’s ¢ test) for either
hH1 or xl. AC modification of the channels induced
hyperpolarizing shifts in V5 and decreased the voltage
dependence of current activation (Fig. 4A and B).
Compared with the control data in 65 mm and 130 mm
external sodium, AC modification shifted the V, 5 values of
hH1 conductance by 11 mV and 16 mV, respectively, and
shifted the Vi values of x1 conductance by 9 mV and
12 mV, respectively (Table 1). The negative shifts in the
V, 5 values after AC modification in either external sodium
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Figure 3. Current-voltage relationships of hH1 and x1 channels in solutions containing

external sodium

The channels were modified as described in Fig. 2. A and B, representative hH1 (left) and u1 (right) currents
recorded from cells bathed in 65 (A) or 130 mMm (B) external sodium solution. Note the sustained inward
hHI currents after AC modification (arrows in A and B). Scale in A and B, 1 nA, 2 ms. C, normalized
current—voltage relationships of hH1 (M, 0) and x«1 (@, O) channels recorded in external solution containing
65 mM sodium before (filled symbols; hH1, n = 8; 1, n = 6) and after (open symbols; hH1,n =7; u1,1n =5)
AC modification. D, normalized current—voltage relationships of hH1 (M, O) and x1 (@, O) channels
recorded in external solution containing 130 mm sodium before (filled symbols; hH1, n = 8; x1, n = 6) and
after (open symbols; hHI, n=8; xl, n =6) AC modification. The data for each cell were normalized
according to the peak current amplitude at +50 mV. Compared with the control data, AC modification
shifted the voltage dependence of current activation by =25 to =30 mV.
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solution were significant (P < 0.05) for both channel
subtypes. Note, however, that the overall effect of
increasing the external sodium concentration on the V5
values of normalized conductance after AC modification
was relatively small for both hH1 (6 mV) and #1 (3 mV)
given that the control Vs values were 4-5 mV more
negative in the higher external sodium concentration. AC
modification also decreased the voltage dependence of
channel activation as indicated by the increased k values.
In 65 mM external sodium, AC modification increased the
k values of hH1 and 1 normalized conductance by 2 and
3 mV per e-fold change in current, respectively, and in
130 mm external sodium the increases were 4 and 5 mV
per e-fold change in current, respectively. Together, these
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Figure 4. Normalized conductance-voltage relationships
in external solutions containing 65 (A) or 130 mm (B)
sodium before (filled symbols) and after (open symbols)
channel modification by 100 zm AC

Conductance (g,,) measurement and subsequent fit with an
empirical Boltzmann function are described in Methods.

A, normalized membrane conductance of hH1 (B, 0) and x«1 (@,
O) channels in 65 mM external sodium solution. B, normalized
membrane conductance in 130 mwM external sodium solution. Data
in A and B are from the same cells used to plot the current—voltage
relationships in Fig. 3. The midpoint voltages (V,s), slope factors
(k) of the fitted Boltzmann function, and number of cells () for
each data set are listed in Table 1.
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data suggested that AC modification of hH1 and 1 channels
elicited similar changes in the voltage dependence of
current activation (i.e. normalized conductance) that were
relatively independent of external sodium concentration.
The major difference between the channels was that AC
modification reduced the inactivation of the hHI1 current
but had little influence on the inactivation of the ul
current.

External sodium haslittle influence on steady-state
inactivation of AC-modified channels

Figure 5 shows the effect of AC modification on the
normalized steady-state inactivation curves of hHI1
(Fig. 5A) and g1 (Fig. 5B) channels in 0, 65 and 130 mm
external sodium solutions. To determine steady-state
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Figure 5. Normalized steady-state inactivation of hH1 (A)
and x1 (B) channels before (filled symbols) and after
(open symbols) channel modification by 100 ym
aconitine

The pulse protocol for determination of steady-state availability
and the Boltzmann equation used to fit the data are described in
Methods. A, steady-state inactivation of hH1 channels in 0 mm (M,
0), 65 mm (A, A) and 130 mm (¢, &) external sodium solution.
B, steady-state inactivation of 1 channels in 0 mm (@, O), 65 mm
(A, A)and 130 mMm (@, ) external sodium solution. Note the
small amount of reduced availability of AC-modified 1 channels
after conditioning pulses ranging from —140 to —120 mV (arrow).
The maximum value of available current in the fitted Boltzmann
function was not adjusted to reflect the small reduction in current
availability in the negative voltage range. The midpoint voltages
(Vas), slope factors (k) of the fitted Boltzmann function and
number of cells (n) for each data setin A and B are listed in Table 2.
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Table 1. Vs and k values of steady-state current activation before (control) and after AC
modification of the channels in external solution containing 65 or 130 mm sodium

Control AC-modified
Vo5 (mV) k(mV) Vo5 (mV) k(mV)
65mMNa’  hHI -503+1.6 97+09(8) —61.2+2.6% 129+1.3(7)
ul  —=324+20 77+03(6)  —41.5+2.9% 9.7+0.3*(5)
130 mmNa® hHI -546+15 83+0.6(8)  —71.1+25% 12.3+1.1%(8)
ul  —37.6+15 67+04(6)  —49.6+1.4* 11.6+0.8*(6)

* P < 0.05 (Student’s t test) compared with control data in the same external sodium concentration.

Table 2. Vs and k values of steady-state inactivation before (control) and after AC
modification in external solutions containing 0, 65, or 130 mm sodium

Control AC-modified
Vo5 (mV) k (mV) Vo5 (mV) k (mV)

0 mMmNa* hH1I -1052+2.0 8.7%+0.1(6) —-111.8 £2.3* 9.0+0.3(6)

ul =870+ 1.1 6.5+0.5(6) 943+ 1.2% 82+0.6%(5)
65 mm Na* hHI -1042+1.1 8.8+02(9) —1105+1.8% 9.1+0.4(7)

nl —-844+1.4 6.1£0.2(5) -91.6 £1.2* 7.0+£0.3(7)
130 mM Na* hH1 -103.8+1.2 8.7+0.4(6) 1120+ 1.2 9.0+ 0.4(6)

ul =850+ 1.6 6.3+0.4(6) —922+1.4% 7.8+0.6(8)

* P < 0.05 (Student’s t test) compared with control data in the same external sodium concentration.

availability of the current, the cells were given 100 ms
conditioning pulses to the voltages indicated on the
abscissa and the available current was measured during a
test pulse to +30 mV. The filled symbols in Fig. 5A and B
are the control steady-state inactivation data in each
external sodium concentration, whereas the open symbols
are the steady-state inactivation data after AC modification.
The channels were modified by perfusing the cells with
saline containing 100 xM AC and then delivering 75-100
pulses to > +10 mV. External sodium concentration did
not significantly affect the control V,s and k values of
steady-state inactivation of either channel (P > 0.05, one
way ANOVA, Table 2). In all three external solutions, AC
modification elicited significant (P < 0.05) hyperpolarizing
shifts in steady-state inactivation compared with the
control data. The only significant change in k value was in
the comparison between control and AC-modified xl
currents in 0 mm external sodium. One interesting
alteration in x1 channel behaviour after AC modification
was a 5-10 % decrease in available current between —140
and —120 mV (Fig. 5B, arrow). At conditioning voltages
more positive than —120 mV, steady-state inactivation of
modified channels progressed to completion near =70 mV.

ACmodification does not affect the voltage
dependence of current decay during open channel
inactivation

The data shown in Figs 1 and 3 clearly demonstrated that
AC modification of hH1 channels reduced open channel
inactivation if the external solution contained sodium

ions. To examine this further, the decaying phase of hH1
and g1 currents were measured to determine whether AC
modification affected the voltage dependence of channel
inactivation. The inset in Fig. 6 shows representative
control and AC-modified hH1 current traces (same cell)
near the threshold of current activation. Although AC
modification reduced the inactivation of hH1 channels, as
demonstrated by the sustained inward currents, the fast
time constants of current decay during voltage steps to =70
and —60 mV were similar to the decay rates before AC
modification. The plot in Fig. 6 shows the mean decay rates
of macroscopic hH1 or 1 currents in 130 mm external
sodium solution. The decay of hH1 current was best fitted
by the sum of two exponential functions, whereas the
decay of 1 current was best fitted by a single exponential
(Wang et al. 1996). AC modification of the channels did
not alter the fast or slow time constant of hH1 current
inactivation or the single time constant of xl current
inactivation. Similar results were obtained for both
channel subtypes in 0 and 65 mm external sodium
solutions (data not shown). The fact that AC modification
had little effect on the inactivation rate of #1 currents was
not particularly surprising given that there was no obvious
reduction in channel inactivation. In contrast, inactivation
of the hHI current was obviously reduced after AC
modification, yet these data indicated that AC modification
did not alter hH1 current decay under these conditions.

As an alternative means of examining the reduction of
open channel inactivation, peak current amplitudes were
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measured during the last 14—15 ms of the voltage clamp
steps. The 0 mm external sodium data were normalized by
dividing the current amplitude at the end of the step
commands by the peak outward current evoked during
stepsto—20 mV (hH1) or—10 mV (x1). The 65 and 130 mm
external sodium data were normalized by dividing the
amplitude of the current at the end of the step commands
by the peak amplitude of the largest inward current. Before
AC modification, the currents at the end of the step
commands in all three external solutions were typically
< 5% of the peak outward (Fig. 7A, filled symbols) or peak
inward (Fig. 7B and C, filled symbols) current to which
they were compared. AC modification did not induce a
sustained outward hH1 or 1 current in external solution
containing 0 mMm external sodium (Fig. 7A, open symbols).
AC modification of #1 channels in 65 mm external sodium
(Fig. 7B) induced a sustained inward current during the
voltage step to —60 mV that was ~10% of the largest
inward current, and in 130 mm external sodium (Fig. 7C)
the sustained inward current during the voltage step to

hHY

Control < -70 mV (6.7 ms)
-60 mV (3.8 ms)

AC-modified )
=7 N\_  -80mV (14.2 ms)

-70 mV (6.0 ms)
-60 mV (3.3 ms)

hH1

e o1

0.1

80 -60 -40 -20 0 20 40 60
Voltage (mV)

Figure 6. AC modification of hH1 (m, O, A, A) and x1 (@,
0) does not affect the voltage dependence of
macroscopic current decay in external solution
containing 130 mm sodium

The decay of hH1 current was often best fitted by the sum of two
exponentials: y = A,exp(—t/7,) + A,exp(—t/7,); the triangles in the
plot correspond to the slow time constant of hH1 inactivation. The
decay of u1 current was best fit by a single exponential:

y = Aexp(—t/7,). The decay of macroscopic currents was
measured before (filled symbols) and after (open symbols)
modification of the channels by 100 #m AC. The traces in the inset
are from a representative experiment on hH1 channels. The dashed
line in the lower set of traces denotes the baseline current level.
Scale, 2 ms.
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Figure 7. Normalized measures of sustained currents in
0 mm (A), 65 mm (B) and 130 mm (C) external sodium
solution

The filled symbols in each panel are the controlhH1 (M) and x1 (@)
data, whereas the open symbols are after AC modification. In A, the
current amplitudes during the last millisecond of the 15 msvoltage
steps were normalized to the peak current evoked during voltage
stepsto —20 mV (hH1) or —10 mV (x1). At these voltages the peak
outward current was about 40 % of the normalized maximum
currentat +50 mV (see Fig. 2). In Band C, the currents at the end of
the voltage steps were normalized to the peak amplitude of the largest
inward current. A, normalized measures of sustained outward
currents in 0 mm external sodium. At all voltages the sustained
outward current before and after AC modification was typically

<5 % of the peak outward current at the test voltage. B, sustained
inward currents in 65 mM external sodium. Before AC modification,
sustained inward hH1 or u1 currents were typically < 5 % of the peak
inward current. The largest sustained inward current through AC-
modified #1 channels occurred during a voltage step to —60 mV and
was ~10 % of the peak inward current; the largest sustained inward
hH1 current occurred during a voltage step to —80 mV and was
~25% of the peak inward current. C, sustained inward currents in
130 mm external sodium. As described in B, sustained currents before
AC modification were typically < 5% of the peak inward current. The
largest sustained inward current through AC-modified 1 channels
occurred during a voltage step to =70 mV and was ~12 % of the peak
inward current; the largest sustained inward hH1 current occurred
duringa voltage step to —80 mV and was ~25 % of the peak inward
current. Data are from the same cells used to plot current—voltage
relationships in Figs 2 and 3.
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—70 mV was ~12 % of the largest inward current. Although
the current records did not obviously indicate that AC
modification reduced the inactivation of x1 channels,
these data suggested that there was a small amount of
sustained current near the threshold of current activation.
AC modification of hH1 channels elicited a more striking
reduction in open channel inactivation if the external
solution contained sodium. In external solution containing
65 or 130 mm sodium, the mean amplitude of the
sustained inward current during the voltage clamp step to
—80 mV was ~25 % of the largest inward current. Thus, an
increase in the external sodium concentration from 65 to
130 mMm did not enhance the magnitude of the sustained
AC-modified hH1 current. These data further confirmed
that AC modification elicits a more pronounced reduction
in the inactivation of hH1 channels compared with x1
channels and that external sodium ions influence the
inactivation of AC-modified hH1 channels.

High intracellular sodium concentration does not
affect the completeness of inactivation

To determine whether the high internal sodium
concentration (130 mm) used in these studies prevented a
reduction in inactivation of AC-modified x1 channels, AC
modification of the channels using 65 mm external and
10 mm internal sodium solutions was examined (Fig. 8).
AC modification under these conditions elicited a
sustained hH1 current (Fig. 8A, arrow) near the threshold
of current activation but again failed to markedly alter the
inactivation of ul currents (Fig. 8B). The normalized
current amplitudes during the final 14-15ms of the
voltage clamp steps (as described in Fig. 7) were < 5% of
the largest peak inward current before AC modification
(Fig. 8C, filled symbols). After AC modification, the
normalized amplitudes of sustained inward hH1 and g1
currents resembled the data acquired when the internal
sodium concentration was 130 mm. The largest sustained
hH1 currents were ~28% of the largest peak inward
current and occurred during voltage clamp steps to —80
and =70 mV. The largest sustained g1 currents were
~10% of the largest peak inward current and occurred
during the voltage step to =70 mV. These data showed that
a high intracellular sodium concentration did not inhibit
AC from reducing the inactivation of x1 channels and that
the increase in inward driving force on sodium did not
further increase the sustained inward current through AC-
modified hH1 channels.

Reduction of hH1 channel inactivation does not
require external sodium during channel
modification

The data shown in previous figures indicated that AC
modification of hH1 channels elicited a non-inactivating
current at voltages near the threshold of current activation
only if the external solution contained sodium. To
examine the possibility that external sodium must be
present during AC modification in order to reduce open
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channel inactivation, the modification protocol was
performed in 0 mm external sodium and the currents of
modified channels in 0 mm external sodium and then in
130 mm external sodium were recorded (Fig. 9, n=4
cells). The activation thresholds of the control and AC-
modified hH1 currents were similar to the mean data
shown in Fig. 2. That is, the control hH1 current activated
near —60 mV (Fig. 9A), whereas the AC-modified current
activated near —70 mV (Fig. 9B). As shown in Fig. 9C,
subsequent perfusion of the cell with external solution
containing 130 mM sodium elicited a sustained inward
current during voltage steps ranging from —90 to =70 mV.
These data indicated that the presence of external sodium

L

hH1 (65/10) u1 (65/10)

L

AC-modified

_ 0.30-
2 0.251
=)
(&)
o 0.20-
2
= 0.15-
£
5 0.10
4
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0 -

120 -100 -80 -60 -40 -20 O
Voltage (mV)

Figure 8. Modification of hH1 and x1 channels in 65 mm
external and 10 mm internal sodium solutions

Under these conditions the channels were modified by perfusing
the cells with external solution containing 100 zm AC and
delivering 100 pulses to =30 mV. A, hH1 current traces before
(upper) and after (lower) channel modification by external
perfusion of 100 xm AC. AC modification elicited sustained
inward currents (arrow) at voltages near the activation threshold.
B, 11 current traces before and after AC modification. Scale in A
and B, 2 nA, 2 ms. C, normalized measures of sustained inward
currents in 65 mum external and 10 mwm internal sodium solutions.
The data were normalized as described in Fig. 7B and C. In control
saline, the amplitudes of hH1 (n = 4) and x1 (n = 3) currents at the
end of the voltage step commands were < 5 % of the peak inward
current. AC modification of hH1 channels (O) elicited a sustained
inward current at —80 and —70 mV that was 28 % of the peak
inward current (n = 4); the largest sustained inward current of AC-
modified g1 channels (O) was 10 % of the peak inward current and
occurred during a voltage step to =70 mV (n = 3).
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was not required during AC modification in order to
induce sustained inward currents in external sodium
solutions.

DISCUSSION

Site 2 neurotoxins modify the kinetics of voltage-gated
sodium channels. Although the toxins most probably
share a binding domain (Catterall, 1980), the modification
of channel kinetics differs from toxin to toxin. In
particular, BTX elicits striking shifts in the voltage
dependence of channel activation and, as shown in Fig. 1,
removes most of the fast inactivation. In contrast, AC
modification elicits smaller shifts in channel activation
and may or may not affect fast inactivation, suggesting that
BTX and AC induce distinct changes in sodium channels.
Furthermore, channel modification by BTX or AC seems

A
|—+50 mV
Control (0/130)

-90 mV

-80 mV
-70 mV

Figure 9. Sustained inward hH1 currents in 130 mm
external sodium after AC modification in 0 mm external
sodium

A, control hH1 currents in 0 mm external sodium. B, AC-modified
currents in 0 mm external sodium. The channels were modified by
perfusing the cell with 100 M AC (in 0 mm external sodium
solution) and delivering 50 pulses to —10 mV. C, AC-modified
hH1 currents in 130 mM external sodium solution (same cell).
Note the sustained inward currents (arrow) during voltage steps
ranging from —90 to —70 mV. Scale, 1 nA, 2 ms.
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to induce changes in channel kinetics that are specific for
native cardiac and skeletal muscle sodium channels. The
results of the present study demonstrated that intracellular
or extracellular application of AC modified the kinetics of
transiently expressed hH1 and 1 channels. One of the
goals of the study was to compare the effects of AC
modification on cardiac and skeletal muscle sodium
channels under identical conditions to determine whether
the toxin elicits discernible differences in the modification
of the two channel subtypes. In general, AC modification
of hHI and x1 channels produced similar changes in
channel kinetics although there were two major differences.
First, after AC modification of x1 channels there was a
small reduction in available current during the steady-
state inactivation protocol after very negative conditioning
pulses, whereas there was no such reduction in available
current at AC-modified hH1 channels. Second, AC
modification of hH1 channels in external solutions
containing sodium reduced inactivation of the currents
near the threshold of current activation, whereas AC-
modified #1 currents inactivated nearly completely at all
voltages. The most interesting discovery was that AC-
modified hH1 channels inactivated completely if the
external solution lacked sodium.

Activation of AC-modified channels

Because much of the work on site 2 neurotoxins has been
conducted on sodium channels from native tissues, these
early studies provided the basis of our understanding
about toxins such as BTX and AC. Preparations such as
frog node of Ranvier, dissociated heart cells and frog
skeletal muscle fibres all require specific experimental
procedures and thus increase the difficulty of comparing
directly the kinetic changes associated with AC modification
of sodium channels in these tissues. Nevertheless, the
effects of AC modification on sodium channel activation
are qualitatively similar in different preparations in that
current activation is shifted toward more hyperpolarized
potentials. The largest shifts in current activation of AC-
modified sodium channels were ~—50 mV at frog node of
Ranvier (Schmidt & Schmitt, 1974; Mozhaeva et al.
1980) and frog skeletal muscle fibres (Campbell, 1982),
whereas the shifts in activation were ~—30 mV at mouse
ventricular cells (Nilius et al. 1986) and neuroblastoma
cells (Grishchenko et al. 1983).

In the present study, AC modification of hH1 and x1
channels elicited similar shifts in current activation. In
0 mMm external sodium solution, current activation was
shifted by —15 to =20 mV and in 65 or 130 mm sodium
solution the shifts were —20 to —30 mV. AC modification
in 65 or 130 mm external sodium shifted the V5 values of
the normalized conductance curves by only —10 to
—15mV and increased the slope values of the fitted
Boltzmann functions, perhaps suggesting that the
macroscopic currents contained mixtures of modified and
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unmodified channels. The possibility that some fraction of
the channels had not been modified cannot be ruled out.
Repetitive depolarizations in the presence of AC reduced
the amplitude of the current by > 50 % and channels that
had been blocked (Catterall, 1977) rather than modified by
AC could have recovered after washout of the toxin. On
the other hand, because none of the current—voltage
relationships contained a secondary peak inward current
after AC modification, which would be indicative of two
channel populations (Campbell, 1982), the reduction in
current amplitude may simply reflect modification of
channel conductance or that a fraction of modified channels
had entered fast or slow inactivated states.

In contrast to previously published data (Mozhaeva et al.
1977; Grishchenko et al. 1983; Nilius et al. 1986), AC
modification of hH1 or g1 channels did not cause a large
shift in the sodium reversal potential. The probable
explanation for the lack of shift in the sodium reversal
potential in the present study is that the external and
internal solutions contained few ions that became
permeable through AC-modified channels. Caesium was
the only monovalent cation in the internal solution
(CsOH was used to titrate pH) and other studies have
demonstrated that caesium permeability through AC-
modified channels is relatively small compared with other
cations such as potassium or ammonium (Campbell,
1982). The similarities between the activation of hH1 and
11 currents indicated that AC modification has similar
effects on current activation of these sodium channel
a subunits.

Inactivation of AC-modified channels

The major differences among sodium channels from
different tissues after AC modification are the changes in
channel inactivation. Compared with other sodium
channels, the steady-state inactivation of sodium channels
in frog nodal membrane seems to be most affected by AC
modification because the inactivation is incomplete even
after conditioning pulses to +50 mV (Schmidt & Schmitt,
1974; Mozhaeva et al. 1980). In contrast, steady-state
inactivation of sodium channels progresses to completion
in frog skeletal muscle (Campbell, 1982), neuroblastoma
cells (Grishchenko et al. 1983), mouse heart (Nilius et al.
1986), or channels cloned from rat brain (Rao & Sikdar,
2000). The hyperpolarizing shift in steady-state inactivation
in these preparations ranges from 7 mV in neuroblastoma
cells up to 20 mV in frog skeletal muscle fibres.

In this study, external sodium concentration seemed to
have little influence on the steady-state inactivation of hH1
or ul channels, and the inactivation progressed to
completion in control solutions and after AC modification.
The hyperpolarizing shifts in steady-state inactivation
after AC modification also were not affected by external
sodium ions and were only 7-8 mV. Thus, AC modification
more strongly affected channel activation compared with
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steady-state inactivation, thereby increasing the ‘window’
current at the intersection of the activation and inactivation
curves (Nilius et al. 1986). Interestingly, there was a slight
reduction in the availability of AC-modified g1 channels
after very negative conditioning potentials. Although the
mechanism of this reduced availability is unclear, these
data could suggest that AC modification elicits some
change in x1 channels at negative membrane potentials
that causes a fraction of the channels to become
unavailable at the test pulse. The reduced availability after
conditioning pulses between —140 and —120 mV could
represent the entry of modified channels into a fast or slow
inactivated state. Given that AC modification shifts the
voltage dependence of channel activation toward more
negative potentials, a fraction of modified channels could
‘pre-activate’ at more negative voltages, inactivate, and be
unavailable at the test pulse. This possibility is consistent
with the kinetic model by Horn et al. (1981) which
indicates that (unmodified) sodium channels can inactivate
without a prior opening event.

The largest difference among sodium channel subtypes
seems to be the degree to which AC modification reduces
channel inactivation from the open state, and the voltage
dependence of the reduced inactivation differs at virtually
every preparation. In most cases, macroscopic current
inactivation is incomplete near the activation threshold of
the current. At the frog node of Ranvier, AC modification
markedly reduces sodium current inactivation during
voltage steps to < 0 mV (Mozhaeva et al. 1980). In other
preparations, sodium current inactivation becomes
complete at > —40 mV (mouse heart; Nilius et al. 1986), at
> —50 mV (rat brain Ila; Rao & Sikdar, 2000), or at
> —60 mV (frog skeletal muscle; Campbell, 1982). In
contrast, sodium currents in neuroblastoma cells inactivate
nearly completely at all voltages (Grishchenko et al. 1983).

AC-modified 1 currents resembled AC-modified currents
in neuroblastoma cells in that inactivation was practically
complete at all voltages. In addition, the presence or
absence of external sodium ions did not influence the
completeness of w1 current inactivation. Unlike AC-
modified xl currents, the inactivation of AC-modified
hHI1 currents in external salines containing sodium was
incomplete near the threshold of current activation. In
contrast to AC modification of rat brain sodium channels
(Rao & Sikdar, 2000), the fast and slow time constants of
hH1 current decay did not change after AC modification.
If AC modification did alter the time constant of current
inactivation, then the change may have been masked by
the negative shift in the voltage dependence of channel
activation, given that channel activation and inactivation
are coupled events (O’Leary et al. 1995).

An unexpected result in this study was that AC-modified
hH1 channels inactivated completely if the external
solution did not contain sodium. To my knowledge, this is
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the first report to demonstrate that external sodium ions
influence the inactivation phenotype of an AC-modified
sodium channel. Although the data in the present study
cannot address the exact mechanism for the apparent
sodium dependence of reduced inactivation, three
alternatives include (1) the difference between the
activation voltages of hH1 and x1, (2) specific interactions
between AC-modified hH1 channels and extracellular
sodium ions, and (3) differences between the slow
inactivation phenotypes of hH1 and g1 channels. The first
alternative takes into account the fact that hH1 channel
activation occurs at potentials ~20 mV more negative
compared with those of x1 activation. Thus, the driving
force on sodium is larger at the threshold of hH1 current
activation compared with that of 1. This alternative
seems unlikely, however, because AC modification reduces
the inactivation of frog node of Ranvier (Mozhaeva et al.
1980) and frog skeletal muscle sodium channels (Campbell,
1982) and the thresholds of current activation in these
preparations are near to or are more positive than that of
1. The second alternative incorporates undescribed
structural properties of hH1 and x1 channels. According
to this alternative, an interaction between external sodium
ions and the outer vestibule (or an internal binding site) of
AC-modified hH1 channels modulates the inactivation
mechanism. Such interactions would therefore not occur
between sodium ions and AC-modified g1 channels. The
third alternative is similar to the second but takes into
account the differences between the slow inactivation
phenotypes of hH1 and #1 channels. A previous study has
shown that entry of #1 channels into the slow inactivated
state is more rapid and is more voltage dependent
compared with that of hH1 channels (O’Reilly er al.
1999), and these differences in the slow inactivation
phenotypes of hH1 and gl channels could influence
channel behaviour after AC modification. Indeed, BTX
modification substantially reduced slow inactivation of x1
channels, but seemed to have less effect on the slow
inactivation of hH1 channels (Fig. 1). Another important
consideration with regard to the reduced inactivation of
AC-modified hH1 channels is the relationship between
external sodium ions and slow inactivation. Townsend &
Horn (1997) have demonstrated that external sodium
inhibits the entry of hH1 channels into the slow inactivated
state, whereas the absence of external sodium enhances
slow inactivation at negative potentials. Thus, the currents
of AC-modified hH1 channels may not exhibit the
reduced inactivation phenotype in 0 mm external sodium
solution if a significant fraction of modified channels
become slow inactivated at the holding potential.
Furthermore, the fact that residues on the extracellular
surface or within the pore region affect the slow
inactivation of 1 channels (Ong et al. 2000; Hilber et al.
2001) could imply that external sodium ions influence the
slow inactivation of ul channels as well. In spite of the
uncertainties regarding the mechanism responsible for the
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reduced inactivation of AC-modified hH1 channels, it will
be interesting to determine whether external sodium ions
influence the reduced inactivation of other sodium
channel subtypes after channel modification by AC or
other site 2 neurotoxins.
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