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Introduction

Sodium channels are the critical determinant of the excitatory, 
rising phase of the action potential.1,2 Sodium flux through 
these channels provides the depolarizing influence to generate 
action potentials, and is regulated by voltage-dependent transi-
tions between closed, open and inactivated states of the protein. 
Action potential frequency in excitable cells such as neurons, car-
diac and skeletal muscle fibers dictate the nature of information 
flow. Sodium channel inactivation and its recovery are critical 
determinants of action potential frequency. Fast inactivation of 
the channel in response to membrane depolarization occurs on 
a time scale of ms, whereas several forms of slow inactivation 
occur with prolonged depolarization. Defective inactivation is a 
hallmark of mutations identified in brain and muscle diseases, so 
called channelopathies, underscoring the critical importance of 
this function of sodium channels in excitable cells.3-5

The observation that sodium channels can inactivate with-
out opening6,7 has been followed by relatively few investigations 
into the structural basis of this process. Nevertheless, studies of 
sodium channel mutations in diseases of cardiac8-10 or skeletal11-14 
muscle have shown that these mutations disrupt closed-state fast 
inactivation. Therefore, a more complete understanding of this 
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form of fast inactivation is needed to provide insight into diseases 
of excitability in neurons and muscle fibers.

The inactivation particle in sodium channels has been identi-
fied as a conserved IFMT motif in the cytoplasmic region linking 
domains III and IV.15,16 Voltage dependence in sodium channel 
gating is ascribed to the movement of homologous S4 segments 
of the sodium channel17 as supported by a diversity of experimen-
tal approaches. Unequal charge content of S4 segments in the 
four domains18 suggests that voltage sensors have domain-specific 
functions. For example, translocation of DIVS4 permits access to 
the receptor for the inactivation particle following channel open-
ing.19,20 In the present work we tested the hypothesis that DIVS4 
regulates inactivation in the absence of channel opening. To do 
this we used the polypeptide site-3 toxin anthopleurin, known to 
inhibit the movement of this voltage sensor.21

With open-state fast inactivation, a significant fraction of 
the gating charge carried by voltage sensor movement becomes 
immobilized.22 During repolarization of membrane potential, 
return of voltage sensors (charge remobilization) and unbinding 
of the inactivation particle are key determinants of membrane 
excitability, at least in terms of information coded by repetitive 
action potentials. Voltage sensors in domains III and IV carry 
the immobilizable fraction of gating charge23 and remobilization 
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fits, and are presented in table 1. Since threshold of activation was 
-30 mV for naïve or anthopleurin-modified channels, we defined 
voltage ranges over which closed-state fast inactivation would occur 
as -40 mV or more negative, and for open-state fast inactivation as 
-30 mV or more positive. The midpoint of charge moved (Q/V

1/2
) 

was left-shifted by approximately 50 mV compared to that for the 
I/V curve, such that even with short depolarizing pulses of 20 ms, 
charge movement through closed states was readily quantified.

of gating charge in DIVS4 following open-state 
fast  inactivation dictates the return of channels 
to an available state.24,25 Translocations of volt-
age sensors in domains III and IV appear to 
be requisite for sodium channels to inactivate 
from closed states.26,27 However, the extent to 
which these voltage sensors are immobilized 
during closed-state fast inactivation has not 
been investigated. Therefore, we decided to 
quantify gating charge immobilization during 
closed-state fast inactivation, and determine its 
impact to limit the recovery of channel avail-
ability following inactivation.

In the present study we compared onset 
and recovery parameters of channel availabil-
ity and charge immobilization for open- and 
closed-state fast inactivation. Ultimately we 
sought to determine whether weak depolariza-
tion, insufficient to open channels, produces a 
state of inactivation that is functionally similar 
to that achieved with stronger depolarization 
that activates channels. Our findings with volt-
age clamp experiments and computer simula-
tion show that closed-state fast inactivation has 
a significant impact on membrane excitability. 
Then, we used the site-3 toxin anthopleurin-A 
to determine the role of DIVS4 in these two 
routes to fast inactivation. This toxin prolonged 
fast inactivation and the immobilization of gating charge from the 
open state, but accelerated these parameters during closed-state 
transitions. Recovery and remobilization of the gating charge in 
channels inactivating from open or closed states were accelerated 
by anthopleurin. The action of a site-3 toxin to enhance, rather 
than inhibit, closed-state inactivation of channels suggests that 
binding of anthopleurin favors an intermediate position of DIVS4. 
Some of these results have been reported in abstract form.28

Results

Charge movement and immobilization. Ionic and gating  currents 
were recorded from oocytes expressing wild type hNa

V
1.4 α sub-

unit and β
1
 subunit, using the cut-open oocyte configuration. 

To optimize voltage control and to facilitate recordings of gating 
current, 120 mM NMG-MES was used for the external, bath 
solution. In Figure 1a, outward currents in response to 0 mV 
depolarization from a holding potential of -120 mV are shown for 
naïve and toxin-modified channels. Anthopleurin-A was added 
at 500 nM, with its effect on fast inactivation saturating after 
20 min. Tetrodotoxin (TTX) was added at 2 μM to isolate gating 
currents (arrow at 10 min shows ON gating current) in record-
ings of naïve or anthopleurin-modified channels.

For each of the treatments in Figure 1a, channels were depo-
larized to voltages ranging from -90 mV to 60 mV to compare 
activation before (I/V), charge movement (Q/V) and charge 
immobilization (Q Imm/V), with the normalized curves shown 
in Figure 1B and C. Parameters were determined from Boltzmann 

Figure 1. (a) Ionic and gating currents of hNaV1.4 in the cut-open configuration in response 
to 0 mV depolarization for control (left), 500 nM anthopleurin (middle) or 2 μM tetrodo-
toxin (right). parameters for conductance, charge movement and its immobilization were 
obtained from Boltzmann fits to normalized curves as shown in (B and C). Values represent 
mean ± seM for 16 to 34 experiments. Calibration: vertical 400 na; horizontal 10 ms.

Table 1. equilibrium parameters for ionic and gating currents in naïve 
and anthopleurin-modified channels

Parameters, Ionic current hNaV1.4
500 nM antho-

pleurin

Midpoint of activation (mV) 16.8 ± 0.69 (37) 18.0 ± 0.88 (39)

activation slope Factor 1.45 ± 0.02 1.45 ± 0.03

Midpoint of Inactivation (mV) -63.8 ± 0.70 (17) -64.2 ± 0.72 (12)

Inactivation slope Factor -4.67 ± 0.15 (17) -3.08 ± 0.16 (15)***

Iss/Ipeak, 300 ms 1.15 ± 0.25% (19) 3.19 ± 0.36% (11)***

Parameters, Gating Current

Midpoint of Charge Moved 
(mV)

-40.4 ± 1.64 (26) -34.4 ± 3.86 (22)

Charge Moved slope Factor 2.22 ± 0.26 1.92 ± 0.24

Midpoint of Charge 
Immobilized (mV)

-47.9 ± 3.75 -28.6 ± 4.96**

Charge Immobilization slope 
Factor

1.93 ± 0.14 1.05 ± 0.10***

**p ≤ 0.005. ***p ≤ 0.0001.
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a bi-exponential time course at voltages 
 ranging from -30 mV to 60 mV. Decays in 
ionic current at these voltages were fit with 
the sum of two exponentials to yield param-
eters describing the kinetics (Fig. 2B) and 
fractional amplitudes (Fig. 2C) for the 
FAST and SLOW components (gating 
modes) of inactivation.

Anthopleurin slowed the FAST compo-
nent of inactivation at voltages more posi-
tive than –30 mV (Fig. 2B).  The SLOW 
component of fast inactivation was volt-
age-independent with kinetics unaffected 
by anthopleurin.  At activation threshold, 
approximately 50% of channels inacti-
vated in a FAST gating mode (Fig. 2C).  
For depolarization to voltages of –20 mV 
or more positive, the FAST gating mode of 
inactivation was prominent for naïve chan-
nels.  In anthopleurin-modified channels, 
fractional amplitudes of the FAST and 
SLOW gating modes remained equivalent 
across the voltage range tested.

To determine the kinetics for charge immobilizing during 
open-state fast inactivation, ON and OFF gating currents were 
elicited from TTX- or TTX/anthopleurin-modified channels 
with step commands of variable voltage and duration as shown 
in Figure 3a. Percent charge immobilized was determined for 
pulse durations up to 15 ms (Fig. 3B). FAST and SLOW phases 
of charge immobilization were apparent from these curves, which 
were fit with the sum of two exponentials. In Figure 3C, onset 
kinetics for charge immobilized are plotted as a function of com-
mand voltage. Time constants describing the FAST phase of 
immobilization were similar for TTX- and TTX/anthopleurin-
modified channels. However, anthopleurin significantly pro-
longed the SLOW phase of immobilization across a voltage range 
of -30 mV to 30 mV, with a mean increase of 75.2% in time 
constants.

A steep voltage dependence was observed in the fractional 
amplitudes describing the two phases of charge immobiliza-
tion. As shown in Figure 3B and d, more positive depolariza-
tion of channels into the open state decreased the fractional 
amplitude of the SLOW phase of charge immobilization. For 
channels exposed to both TTX and anthopleurin, this voltage 
dependence was attenuated. At -30 mV, the fractional amplitude 
of the SLOW phase of charge immobilization was significantly 
decreased in these channels, but was increased at voltages more 
positive than 0 mV.

Closed-state fast inactivation and charge immobilization. We 
hypothesized that closed-state fast inactivation regulates membrane 
excitability by immobilizing the gating charge and limiting the pool 
of sodium channels available for activation. To test that hypothesis, 
we used protocols in which pre-pulse conditioning depolarization 
was limited to voltage commands that do not activate channels. 
Channels were inactivated at voltages ranging from -90 to -40 mV, 
for durations ranging from 0 to 300 ms. We then tested for channel 

In TTX-modified channels, charge moved and was 
 immobilized with steep voltage dependence at voltages of -40 mV 
or more negative. From -40 mV to 0 mV, charge moved with a 
voltage dependence greater than that observed for charge immo-
bilization. At more depolarized potentials (0 mV to 60 mV), 
voltage dependencies for charge movement and its immobiliza-
tion were shallow. Depolarization to -40 mV promoted 51.3% of 
total gating charge movement (Q

MAX
). At this voltage, 45.7% of 

Q
MAX

 was immobilized, corresponding to 66.0% of the immo-
bilizable fraction. Thus, depolarization without activation of 
channels moved and immobilized a large fraction of the total 
gating charge.

Anthopleurin did not significantly alter midpoint or slope 
factor for the curves describing I/V or Q/V relations (table 1). 
However, the toxin produced two significant effects on charge 
immobilization (Q Imm, table 1). First, the midpoint of charge 
immobilization (Q Imm/V

1/2
) was right-shifted (-28.6 mV), 

compared to channels exposed only to TTX (-47.9 mV). Second, 
anthopleurin decreased slope factor for this curve. In a separate 
set of experiments (n = 7), anthopleurin was added after TTX 
block, to quantify anthopleurin-mediated reduction in Q

MAX
 for 

these recording conditions. At 20 min exposure to toxin, Q/Q
MAX

 
was decreased in the voltage range for closed-state transitions 
(-80 mV to -50 mV) by 2.13 ± 0.1% and by 29.8 ± 0.4% at volt-
ages from 30 mV to 60 mV. This effect of anthopleurin to reduce 
Q

MAX
 at depolarized voltages was similar to that reported for 

anthopleurin on rNa
V
1.4 (33%) expressed in mammalian cells,29 

and for α (site-3) scorpion toxin Ts3 on rNa
V
1.4 (30%) expressed 

in oocytes and recorded at 14°C in the cut-open configuration.30

open-state fast inactivation and charge immobilization. 
We determined the kinetics and gating mode of open-state fast 
inactivation in naïve and anthopleurin-modified channels. In 
experiments as shown in Figure 2a, fast inactivation followed 

Figure 2. Open-state fast inactivation. (a) Channels were depolarized to voltages ranging from 
-90 mV to 60 mV for naïve or anthopleurin-modified channels. Decays in ionic current were 
fit with the sum of two exponentials to yield parameters for kinetics (B) and gating mode (C) 
describing FasT and sLOW components. Values represent mean ± seM for 33 to 34 experiments. 
Calibration: vertical 1 μa; horizontal 5 ms.
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As done for open-state fast inactivation, kinetics and fractional 
amplitudes of the two components describing closed-state fast 
inactivation were determined for naïve and anthopleurin-mod-
ified channels. Site-3 toxin significantly accelerated the FAST 
component of closed-state fast inactivation at all voltages tested, 
with a mean reduction in time constant of 60.9% (Fig. 4d). 
Kinetics describing the SLOW component were unaffected by 
toxin. Fractional amplitudes of the two components were not 
steeply voltage dependent, except at voltages near activation 
threshold (Fig. 4e). Compared to naïve channels, anthopleurin 
significantly decreased the fractional amplitude of the SLOW 
component over the voltage range of -80 mV to -60 mV, where 
inactivation is predominantly from closed states.

We then determined the extent and kinetics of charge immobi-
lization during closed-state fast inactivation. Figure 5a shows the 
decrease in Ig

ON
 in response to 0 mV test pulses following condi-

tioning pre-pulses to -60 mV of increasing duration, for TTX- or 
TTX/anthopleurin-modified channels. Integrals for Ig

ON
 tested 

after each conditioning pre-pulse were normalized to Ig
ON

 at zero 
pre-pulse duration, and the normalized curves were fit with the 

availability with 0 mV test pulses following each pre-pulse (Fig. 4). 
After TTX block, this protocol was used to determine charge 
immobilization during closed-state fast inactivation. To do this, we 
measured the magnitude of the ON gating charge elicited by 0 mV 
test pulses following each pre-pulse (Fig. 5).

Figure 4a shows the gradual decrease in ionic current elicited 
from test pulses that followed -60 mV conditioning pre-pulses of 
increasing duration. For each conditioning voltage, we plotted 
the current at time t normalized to the maximum current at time 
zero, as a function of pre-pulse duration. These curves were fit 
with a double exponential function to yield the parameters shown 
in Figure 4B, d and e. Anthopleurin significantly increased 
the extent of inactivation at voltages from -90 to -70 mV and 
decreased inactivation at -50 mV and -40 mV, compared to naïve 
channels. These findings were in agreement to those obtained in 
separate experiments showing that toxin decreased the slope fac-
tor of the steady-state fast inactivation (h∞) curve (Fig. 4C and 
table 1). By plotting h∞ and I/V curves together, it was apparent 
that site-3 toxin did not promote a large window current of acti-
vation in the absence of fast inactivation.

Figure 3. Open-state charge immobilization. (a) TTX- or TTX/anthopleurin-modified channels were depolarized with variable voltage (0 mV shown 
in traces) and duration pulses to elicit ON and OFF gating currents. (B) Onset of charge immobilization with select voltages shown. These curves were 
used to calculate parameters of kinetics (C) and fractional amplitudes (D) of FasT and sLOW phases of immobilization. Values represent mean ± seM 
for 20 to 25 experiments. Calibration: vertical 200 na; horizontal 5 ms.
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In contrast, anthopleurin accelerated fast inactivation and 
immobilization of gating charge in closed channels. However, 
the extent of charge immobilized during open- or closed-state 
fast inactivation was not significantly altered by anthopleurin. 
Thus, site-3 toxin produced differential effects on fast inactiva-
tion from closed versus open states, but not as a consequence of 
the magnitude of charge immobilized during these two routes 
to fast inactivation.

recovery from fast inactivation. We used double pulse pro-
tocols to determine recovery of channel availability following 
fast inactivation. To promote entry from the open state, channels 
were depolarized to 0 mV (Fig. 6a), and to promote entry from 
the closed state, channels were depolarized to -40 mV (Fig. 6B). 
For either protocol, variable duration interpulse commands from 
-120 mV to -70 mV were followed by test pulses to 0 mV to assess 
channel availability. Time constants of recovery were obtained 
from normalized recovery curves as detailed in Methods. 
Recovery from fast inactivation was slightly accelerated in naive 
channels that inactivated without opening (Fig. 6C) but this 
effect was significant only at -70 mV. Anthopleurin accelerated 
recovery of channels from fast inactivation compared to naïve 
channels, at all voltages tested, with mean reduction in time con-
stants at 56.1% (open-state inactivation) and 66.5% (closed-state 

sum of two exponentials. At voltages near activation threshold, 
approximately two-thirds of the gating charge was immobilized in 
the absence of channel opening (Fig. 5B). Thus, when long dura-
tion conditioning pulses were employed to inactivate channels 
from the closed state, the extent of charge immobilized approxi-
mated that observed during open-state fast inactivation.

Kinetics of closed-state charge immobilization were described 
by FAST and SLOW phases (Fig. 5C). For charge immobiliza-
tion over the voltage range for closed-state fast inactivation, steep 
voltage dependence was observed for the kinetics of each phase 
(Fig. 5C). Anthopleurin significantly accelerated the FAST phase 
of charge immobilization at all voltages tested, but did not alter 
kinetics of the SLOW phase of charge immobilization. Fractional 
amplitudes of gating charge immobilization were independent 
of pre-pulse conditioning voltage and were unaffected by site-3 
toxin (Fig. 5d).

Taken together, the findings from the experiments shown 
in Figure 2 through Figure 5 indicated that anthopleurin 
produced effects on inactivation and charge immobilization 
dependent on the route of entry into the fast-inactivated state. 
Site-3 toxin slowed the kinetics of fast inactivation and charge 
immobilization for channels that opened, and increased the 
fraction of channels gating in a SLOW mode of inactivation. 

Figure 4. Closed-state fast inactivation. (a) Channels were depolarized for durations up to 300 ms and tested for availability with a test pulse to 0 mV. 
(B) availability curves for naïve and anthopleurin-modified channels. (C) steady-state inactivation curves (300 ms pre-pulses) and I/V relations. Kinetics 
(D) and fractional amplitudes (e) for FasT and sLOW components of closed-state fast inactivation. Values represent mean ± seM for 20 to 23 experi-
ments (B, D and e) or 12 to 17 experiments for steady-state fast inactivation (C). Calibration: vertical 400 na; horizontal 10 ms.
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its delay under conditions of increasingly complete  inactivation 
of the channel (Fig. 7). These protocols are shown for strong 
depolarization in Figure 7a (0 mV, open-state fast inactivation) 
and for weak depolarization in Figure 7B (-40 mV, closed-state 
fast inactivation). Variable duration interpulse commands to 
-100 mV were used in these experiments.

Recovery was slightly prolonged as duration of the initial 
depolarization was increased (Fig. 7C). Recovery was similar for 
channels inactivating from open versus closed states. For naïve 
channels, delay to the onset of recovery increased consistently as 
pulse duration was increased, whereas this effect was absent in 
anthopleurin-modified channels (Fig. 7d). Recovery delay was 
prolonged by 2- to 3-fold in channels inactivating from open 
 versus closed states for either naïve or anthopleurin-modified 
channels, for inactivating pulse durations up to 300 ms.

inactivation). In addition, for anthopleurin-modified channels, 
recovery was significantly faster for channels inactivating directly 
from closed versus open states, at all voltages tested.

From these experiments, delay in onset to recovery was deter-
mined by fitting the normalized recovery curve with a single 
exponential function and solving for the x intercept (Fig. 6d). 
Anthopleurin abbreviated recovery delay compared to naive 
channels, at all voltages tested. The site-3 toxin also decreased the 
voltage dependence of this first phase of the recovery transition. 
Recovery delay was significantly abbreviated following inactiva-
tion directly from the closed state, compared to open-state fast 
inactivation, at all voltages tested, for both naïve and anthopleu-
rin-modified channels.

In a separate set of experiments, duration of the initial depolar-
ization was varied from 5 ms to 300 ms to compare recovery and 

Figure 5. Closed-state charge immobilization. (a) TTX- or TTX/anthopleurin-modified channels were conditioned with variable voltage pulses (-60 mV 
prior to these traces) and tested with 0 mV pulses to generate ON gating currents. Normalized curves of IgON versus pre-pulse duration were used 
to calculate parameters of extent (B), kinetics (C) and fractional amplitudes (D) of charge immobilization. Values represent mean ± seM for 12 to 14 
experiments. Calibration: vertical 200 na; horizontal 5 ms.
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remobilization of gating charge. 
Double pulse protocols were used to 
determine parameters of gating charge 
remobilization in TTX-treated channels 
inactivated from the open state (0 mV; 
Fig. 8a) or from closed states (-40 mV; 
Fig. 9a). Interpulse commands from 
-120 mV to -70 mV were followed by 
0 mV test pulses to assess the extent of 
remobilization for each interpulse dura-
tion. Integrals for recovering Ig

ON
 were 

normalized with respect to initial Ig
ON

 of 
each sweep (open-state) or control Ig

ON
 

(closed-state). Each remobilization curve 
was fit with a double exponential func-
tion to determine time constants and 
fractional amplitudes for the two phases 
of gating charge remobilization.

In TTX-blocked channels inacti-
vated from the open state, gating charge 
remobilized with a FAST phase approxi-
mately 0.6 ms in duration, followed 
by a SLOW phase of remobilization 
with time constants ranging from 4 to 
40 ms depending on interpulse voltage 
(Fig. 8a). Anthopleurin significantly 
accelerated the FAST phase of remobili-
zation at -120 mV, -110 mV and -90 mV, 
without affecting kinetics of the SLOW 
phase (Fig. 8B and C). Anthopleurin 
decreased the fractional amplitude of the 
SLOW phase of charge remobilization 
at voltages more negative than -80 mV, 
and attenuated its voltage dependence 
(Fig. 8B and d).

Charge remobilization for channels 
inactivated at -40 mV (closed-state) 

is shown in Figure 9. Kinetics for FAST and SLOW 
phases of charge remobilization following closed-
state fast inactivation were similar to those observed 
when 0 mV depolarizing pulses were used (Fig. 7). 
Anthopleurin significantly accelerated the FAST phase 
of charge remobilization at -120 mV and -110 mV, and 
had no effect on the kinetics of the SLOW phase of 
remobilization. TTX-only treated channels exhibited 
a prominent SLOW phase for charge remobilization 
(Fig. 9B and 9d). At all voltages tested, exposure to 
toxin significantly decreased the fractional ampli-
tude of the SLOW phase. Thus, anthopleurin elicited 

Figure 6. Double pulse protocols used to measure recovery from open-state (a) or closed-state 
(B) fast inactivation. Recovery traces are shown following -90 mV interpulse commands. Recov-
ery time constants (C) and delays in onset (D) are plotted for naïve or anthopleurin-modified 
channels. Values represent mean ± seM for 16 to 20 experiments. Calibration: vertical 500 na; 
horizontal 5 ms.

Figure 7. Double pulse protocols used to determine effect 
of variable-duration inactivating pulses on recovery from 
open-state (a) or closed-state (B) fast inactivation. Recovery 
time constants (C) and delays in onset (D) are plotted for 
naïve or anthopleurin-modified channels. Values represent 
mean ± seM for 19 to 24  experiments.
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Control action potentials and 
responses following condition-
ing durations of 6.5 ms, 12.5 ms, 
22.5 ms, 45 ms and 100 ms are 
shown for -50 mV (Fig. 10B), 
-60 mV (Fig. 10C) and -80 mV 
pre-pulses (Fig. 10d). Pre-
stimulus input to the simu-
lated muscle fibers decreased 
the amplitude of and increased 
the time to peak for, simulated 
action potentials. For example, a 
12.5 ms depolarization to -50 mV 
reduced the action potential by 
approximately 50% and delayed 
the time to peak by about 0.5 ms 
(Fig. 10B). At 30% or less chan-
nel availability, complete failure 
of the action potential occurred, 
with only capacitive responses 
remaining. Action potential fail-
ure was observed with -50 mV 
inputs of 22.5 ms or longer 
(Fig. 10B) and for -60 mV inputs 
longer than 100 ms (Fig. 10C). 
With -80 mV inputs for dura-
tions up to 300 ms, only minor 
changes in the rise time and 
width of action potentials were 
observed (Fig. 10d).

Discussion

The finding that fast inactivation 
in the absence of channel open-
ing promotes significant immo-
bilization of the gating charge 
underscores the functional 

importance of closed-state fast inactivation to limit recovery of 
channels. Open- and closed-state routes to fast inactivation are 
distinguished by their prevalent gating mode, kinetics under-
lying loss of channel availability, and immobilization of gating 
charge. In addition, the site-3 toxin anthopleurin-A has differing 
actions on channels entering into fast inactivation from open ver-
sus closed states with respect to these parameters of gating mode, 
channel availability and charge immobilization. However, recov-
ery of channel availability and remobilization of gating charge 
are accelerated by site-3 toxin irrespective of route of entry into 
fast inactivation. The implications of these findings regarding 
putative functional roles of closed-state fast inactivation and our 
understanding of the mechanism for sodium channel inactiva-
tion are discussed.

inactivation from open and closed states. Hodgkin and 
Huxley32 described the rising phase of the action potential with a 
model incorporating voltage-dependent activation and inactiva-
tion of sodium gating particle permissiveness. Since then several 

Figure 8. Charge remobilization following open-state fast inactivation; traces are from experiments using 
-90 mV interpulse commands (a). In (B) remobilization curves are plotted for select voltages for TTX- (closed 
symbols) or TTX/anthopleurin-modified (open symbols) channels. These curves were used to calculate 
parameters of kinetics (C) and fractional amplitudes (D) for FasT and sLOW phases of remobilization. Values 
represent mean ± seM for 16 to 20 experiments. Calibration: vertical 200 na; horizontal 5 ms.

similar effects on gating charge remobilization in channels 
 inactivating from open or closed states, to accelerate the kinet-
ics and increase the fractional amplitude of the FAST phase of 
charge remobilization.

simulated effect of closed-state fast inactivation on excitabil-
ity. Our experimental findings showed that closed-state fast inac-
tivation has a significant effect on channel availability in sodium 
channels. We used computer simulation of skeletal muscle fiber 
action potentials to test the impact of variable-duration, sub-
threshold depolarization on membrane excitability (Fig. 10). For 
simplicity we used single exponential fits to calculate fractional 
availability of sodium channels as a  function of pre-pulse duration 
(Fig. 10a). For each input tested, fractional availability was used 
to calculate maximal sodium conductance at time of the stimu-
lus to the muscle fiber, as described in Methods. Parameters for 
skeletal muscle fibers were taken from Cannon et al.31 and action 
potentials were simulated by applying depolarizing stimuli from a 
resting potential of -85 mV.
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charge, the onset of which parallels the time course of open-state 
fast  inactivation in squid giant axon.22 A comparison of charge 
immobilization during closed-state fast inactivation has not been 
described until the present report. We have shown that charge 
immobilized during closed-state transitions with long depolar-
ization is equivalent to that observed with shorter, more positive 
depolarization and opening of the channel. Closed-state inac-
tivation may provide significant influence on sodium channel 
 function as a consequence of immobilization of the gating charge 
during closed-state transitions.

differential effects of anthopleurin-a on fast inactivation. 
Six classes of neurotoxins with receptor sites on voltage gated 
sodium channels have been identified.35 Tetrodotoxin, used in 
this study to isolate gating currents, binds in the outer vesti-
bule of voltage gated sodium channels, at least in part due to 
the interaction of its cationic face with aromatic residues there.36 
Gating modifier polypeptide toxins isolated from spiders, scor-
pions and sea anemones have been used extensively as molecular 
probes to study structure to function relationships of ion chan-
nels. For example, sodium channel isoforms show markedly 
different affinities to β scorpion toxins that bind to site-4 with 
receptor sites found in S1-S2 and S3-S4 extracellular linkers of 

investigations have shown that open-state fast 
inactivation in sodium channels derives its 
apparent voltage dependence from the charge 
displacement of DIVS4.19,20,33 Current mod-
els of sodium channel function describe volt-
age dependent translocation of S4 segments in 
domains I to III as requisite for activation and 
translocation of S4 in domain IV as requisite 
for binding of the inactivation particle to its 
receptor.26,27,34

Membrane excitability in neurons and mus-
cle fibers is dictated by the fraction of sodium 
channels available for activation, at a given 
moment in time. Fast inactivation of sodium 
channels that have opened to promote the ris-
ing phase of an individual action potential 
limits the frequency of signaling by dictating 
a relatively short “refractory” period.1 By com-
parison, closed-state fast inactivation in sodium 
 channels has received considerably less atten-
tion in studies of excitable cells. After empiri-
cally determining the effect of closed-state fast 
inactivation on sodium channel availability, we 
tested the impact of closed-state fast inactiva-
tion on membrane excitability using computer 
simulation. Our modeling experiments show 
that depolarizing inputs that do not activate 
channels are capable of causing action poten-
tial failure in skeletal muscle fibers and support 
our premise that this form of inactivation can 
play an important role in the overall regulation 
of excitability.

Charge immobilization during fast 
 inactivation. We compared charge movement 
versus immobilization over voltage ranges comprising closed-state 
versus open-state fast inactivation. Gating charge moves and 
immobilizes with a steep voltage dependence in response to short, 
sub-threshold depolarization (-90 mV to -40 mV). This relation-
ship implies that charge movement during closed-state fast inac-
tivation is to a large extent carried by an immobilizable fraction 
with translocation of DIIIS4 and DIVS4.23,27 At intermediate 
voltages (-30 mV to 0 mV), the voltage dependence of charge 
movement is steep, whereas that for immobilization is shallow. 
At these voltages charge movement is driving channel activation, 
with the greatest contribution from non-immobilizable trans-
locations of DIS4 and DIIS4.26,27 With stronger depolarization 
(10–60 mV), both charge movement and its immobilization 
exhibit a shallow voltage dependence, most likely dominated by 
the second stage, or late translocation of DIVS4.29,33

Stability of the fast-inactivated state is in part the result of 
immobilization of the gating charge. The gating current observed 
as voltage sensors respond to step depolarization of membrane 
potential is asymmetrical with a fast Ig

ON
 component during 

activation, and two components describing Ig
OFF

 during relax-
ation of membrane potential. The SLOW component of the OFF 
gating charge is the result of an immobilization of the gating 

Figure 9. Charge remobilization following closed-state fast inactivation; traces are from 
experiments using -90 mV interpulse commands (a). In (B) remobilization curves are plotted 
for select voltages for TTX- (closed symbols) or TTX-/anthopleurin-modified (open symbols) 
channels. These curves were used to calculate parameters of kinetics (C) or fractional ampli-
tudes (D) as in Figure 8. Values represent mean ± seM for 12 to 14 experiments. Calibration: 
vertical 200 na; horizontal 5 ms.
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from closed states. Finally, anthopleurin 
slowed the onset of charge immobilized 
during open-state fast inactivation, but 
accelerated immobilization of gating 
charge in channels that did not open 
prior to inactivation.

Previous investigations with this toxin 
using cardiac sodium channels have 
shown its dramatic effect to slow open-
state fast inactivation42 and reduce the 
movement of gating charge in response 
to strong depolarization.29 These authors 
also reported a less potent action of 
anthopleurin to accelerate closed-state 
fast inactivation at negative membrane 
potentials.42 In the present study of skel-
etal muscle sodium channels, antho-
pleurin arguably has its most potent 
kinetic effect on channels inactivating 
directly from closed states. Nevertheless, 
we did observe a significant effect of 
anthopleurin to prolong open-state fast 
inactivation, and confirmed that this 
toxin reduces Q

MAX
 in hNa

V
1.4 to an 

extent similar to that reported earlier.29 
Therefore, our results are consistent with 
earlier findings, at least from the per-
spective that anthopleurin has differen-
tial effects on fast inactivation from open 
and closed states.

It is likely that recording condi-
tions and sodium channel isoform employed have a substan-
tial inf luence on experimental results obtained with this 
site-3 toxin. For example, in skeletal muscle sodium channels 
Q/V relations are left-shifted compared to G/V relations to a 
greater extent than observed in cardiac sodium channels.23,29 
We determined Q/V midpoint in hNa

V
1.4 at -40 mV, simi-

lar that reported earlier.23,43 Thus, in studies using cut-open 
oocyte recordings from hNa

V
1.4, substantial charge move-

ment is observed during relatively weak depolarizing com-
mands, which is not the case for cardiac channels expressed 
in mammalian cells.44 The larger fraction of Q

MAX
 at volt-

ages preceding channel opening may explain the more overt 
actions of anthopleurin on closed-state transitions in this 
study compared to previous investigations with this toxin.

Current schemes of sodium channel inactivation for which 
inactivation from closed states are included, describe a requisite 
translocation of DIVS4.26,27 How can this toxin influence DIVS4 
to promote inactivation from closed states and yet prohibit open-
state inactivation? Perhaps the simplest explanation of differen-
tial, state-dependent effects of anthopleurin on fast inactivation 
is that the site-3 toxin promotes an intermediate position of 
DIVS4. First, site-3 toxins have greater affinity for the closed state 
of sodium channels, at negative membrane potential.40,41 Second, 
the rate limiting steps to inactivation in the scheme proposed by 
Armstrong27 are first stage translocation of DIVS4 (closed-state 

domain II.37,38 The β scorpion toxins enhance activation, possibly 
by “trapping” DIIS4 in the depolarized favored position. Use of 
site-4 toxins have supported the notion that DIIS4 translocation 
is r equisite for activation of sodium channels, and that voltage 
sensor gating is cooperative.26,39

Alpha scorpion toxins and anemone toxins have overlapping 
site-3 receptor sites in the S3-S4 linker of domain IV. Site-3 toxins 
are, like site-4 toxins, gating modifiers that discriminate among 
sodium channel isoforms. However, site-3 toxins selectively dis-
rupt sodium channel inactivation.21 These toxins show preferential 
affinity for the closed state of the channel.40,41 Experiments with 
site-3 toxins have supported the premise that DIVS4 translocation 
is requisite for fast inactivation of the channel.29,30,34,41 Alpha scor-
pion and anemone toxins reduce the total gating charge in cardiac 
and skeletal muscle sodium channels by approximately 30%,30,34 
presumably by reducing charge movement in DIVS4.

We used the site-3 toxin anthopleurin A as a molecular probe 
to compare the roles of DIVS4 in open- versus closed state 
fast inactivation, and on the charge immobilized during those 
 transitions. Our findings identified three actions of the toxin that 
were dependent on the route of entry into a fast-inactivated state. 
First, anthopleurin slowed open-state fast inactivation, but accel-
erated inactivation from closed states. Second, anthopoleurin 
promoted a SLOW gating mode of inactivation of opened chan-
nels, but promoted a FAST gating mode of channels inactivating 

Figure 10. Computer simulation of effect of closed-state fast inactivation on skeletal muscle fiber 
excitability. (a) simulated availability curves used to generate weighting factors of sodium conduc-
tance at time of stimulus. In (B–D) responses to 1 ms depolarizing stimuli are shown. pre-stimulus 
input voltages are indicated in each box.
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inactivation gating in response to increasing concentration of 
toxin was attributed to a portioning of unmodified (rapidly 
inactivating) and modified (slowly inactivating) channels.45 We 
found that when concentration of anthopleurin was increased to 
1 μM or more, we observed either no change in bimodal gating, 
or a marked reduction in current amplitude (data not shown). 
Thus, anthopleurin promotes a SLOW gating mode of fast inac-
tivation in hNa

V
1.4, as also shown for site-3 α scorpion toxin 

Ts3, acting on rNa
V
1.4 (reviewed in ref. 30; PSL Beirao, personal 

communication). The mechanisms underlying gating mode of 
fast inactivation are not well understood. However, these find-
ings suggest that site-3 toxins might prove a useful tool in future 
investigations of inactivation gating mode.

recovery and remobilization of the gating charge. Following 
fast inactivation, recovery of channel availability is dictated by 
the return of voltage sensing S4 segments to their hyperpolar-
ized position, allowing or even promoting the unbinding of the 
IFMT inactivation particle.46 Whereas DIS4 and DIIS4 return 
rapidly to their hyperpolarized-favored positions after inactiva-
tion, DIIIS4 and DIVS4 voltage sensors return slowly, as they 
overcome immobilization of the gating charge encumbered dur-
ing open-state fast inactivation.23 Not surprisingly, mutations of 
voltage sensors in domains III and IV have profound effects on 
recovery from open-state fast inactivation.24,47-49 We found that 
open- and closed-state fast inactivation limit recovery of channels 
by an equivalent extent, presumably as a consequence of similar 
efficacies to immobilize the gating charge.

Most sodium channels recover with a voltage-dependent 
delay suggesting transition through closed states is requisite 
for channel availability following inactivation.46 We found that 
delay in onset to recovery from fast inactivation is highly depen-
dent on route of entry into the fast-inactivated state. Recovery 
delay is more rapid for channels inactivating from the closed 
versus open states. When the duration of the inactivating pre-
pulse is increased, the relative difference in recovery delay for 
channels inactivating from these two states remains constant, 
for inactivating pre-pulse durations up to 300 ms. These find-
ings suggest that open- and closed-state fast inactivation termi-
nate in separate absorbing states. A limited differential recovery 
of channels inactivating from closed versus open states most 
likely is the difference in deactivation time prior to unbind-
ing of the inactivation particle. During open-state fast inactiva-
tion, each of the S4 voltage sensors have translocated at least to 
their activated positions.27 However, for channels to inactivate 
without opening, DIS4, DIIS4 or both are still in their deac-
tivated position. Thus, following closed-state fast inactivation, 
deactivation prior to unbinding of the inactivation particle is 
more rapid, since at least one of the voltage sensors is already 
deactivated.

Anthopleurin promotes persistent current in both cardiac and 
neuronal sodium channels21,50 and accelerates the recovery of 
channels inactivating from the open state. In those studies single 
channel recordings suggest that the effect of the toxin to acceler-
ate recovery is largely independent of an induced persistent cur-
rent. In hNa

V
1.4, toxin-promoted persistent current is no larger 

than that observed in cardiac or neuronal channels, suggesting 

fast inactivation) and second stage translocation (open-state fast 
inactivation). Thus, we speculated that the toxin favors stage one 
translocation with binding at negative membrane potential, but 
prohibits full translocation of the voltage sensor in response to 
strong depolarization.

We reasoned that toxin binding might increase gating charge 
movement during toxin binding, at least until an intermediate 
position of DIVS4 was established. We tested this hypothesis by 
monitoring the effect of anthopleurin on Q/Q

MAX
 at 30 sec inter-

vals for 25 min. These measurements (n = 5) were optimized by 
using the construct rNa

V
1.4/pGEMHE from which larger gating 

currents were measured. As shown in Figure 11, charge move-
ment (Q/Q

MAX
) was enhanced early in the time course of toxin 

exposure, but only at more negative potentials. At 25 min, the 
effect of anthopleurin was reversed, with a reduction in charge 
movement at negative voltages. At that time, Q/Q

MAX
 at depo-

larized potentials was reduced by 34%, similar to our measure-
ments using hNa

V
1.4/SP64T. Thus, the toxin promotes gating 

charge movement at negative voltages early in the time course 
of binding with inhibition of charge movement as binding is 
complete. We interpret these effects as promotion of DIVS4 
towards an intermediate state during toxin binding. As that state 
is reached, loss of gating charge movement at negative membrane 
potential reflects the static intermediate position of DIVS4. In 
other words, some portion of the gating charge associated with 
first stage DIVS4 translocation is lost with a new resting posi-
tion of the voltage sensor, promoted by toxin binding. While the 
interpretation of these findings are  consistent with differential 
actions of anthopleurin on fast inactivation from closed versus 
open states, other approaches, including fluorescence measure-
ments, are needed to elucidate the precise molecular basis by 
which this toxin enhances closed-state fast inactivation.

gating mode of fast inactivation. We found that 500 nM 
anthopleurin promoted a SLOW gating mode of fast inactiva-
tion across the range of open-state fast inactivation. In a previous 
study of the action of site-3 toxin ATXII on myocytes, bimodal 

Figure 11. Time course of anthopleurin effect on charge movement 
in rNaV1.4. step commands from a holding potential of -120 mV to 
voltages ranging from -90 mV to 60 mV were delivered at 30 s intervals 
for 25 min. The effect of anthopleurin on Q/QMaX prior to exposure, 
at 2 min, and at 25 min after application are shown. Values represent 
mean of five experiments with error bars removed for clarity.
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top chamber contained external solution consisting of 120 mM 
N-methyl D-glucamine, 10 mM HEPES and 2 mM Ca(OH)

2
, 

with bottom chamber filled with internal solution of 120 mM 
N-methyl D-glucamine, 10 mM HEPES and 2 mM EGTA. 
In some experiments, anthopleurin-A (Sigma) or tetrodotoxin 
(Alamone Laboratories, Jerusalem, Israel) were added to the 
top chamber for final concentrations of 500 nM and/or 2 μM, 
respectively. Temperature of the recording chamber was main-
tained at 15 ± 0.2°C with a Dagan HC 100A amplifier and Peltier 
device. Data was obtained using HEKA Pulse 8.67 software 
(HEKA Instruments, Lambrecht, Germany) at sampling rates of 
10 to 50 us per point. Holding potential was -100 mV between 
trials and -120 mV during protocols.

Steady state relations were determined for activation and fast 
inactivation. Peak ionic currents in response to step depolariza-
tion to voltages ranging from -90 mV to 60 mV were plotted and 
the I/V parameters of midpoint voltage and slope factor deter-
mined from Boltzmann fits according to Equation 1:

(I/I
MAX

) = 1/(1 + exp [-ze
0
 (V

M
 - V

1/2
) kT])

where I is peak ionic current in response to the test pulse potential 
V

M
, I

MAX
 is the maximum ionic current, z is slope factor, e

0
 is ele-

mentary charge, V
1/2

 is the midpoint voltage, k is the Boltzmann 
constant and T is temperature in K. Equation 1 was also used 
to determine parameters of steady-state fast inactivation. To do 
this, we used 300 ms conditioning pre-pulse potentials at volt-
ages (V

M
) ranging from -120 mV to 20 mV. Channel availability 

was then assessed with 0 mV test pulses.
Responses to step depolarization to voltages ranging from 

-40 mV to 40 mV were used to measure kinetics of fast inactiva-
tion from the open state. Decline in peak current amplitude at 
each voltage was fit with a double exponential function according 
to Equation 2:

I(t) = offset + a
1
 exp (t/tau

FAST
) + a

2
 exp (t/tau

SLOW
)

where offset is the overall asymptote, a
1
 and a

2
 are amplitudes for 

the FAST and SLOW components of inactivation, and tau
FAST

 
and tau

SLOW
 are time constants. Percent fractional amplitudes of 

the FAST and SLOW gating modes were calculated as (FAST): 
a

1
/(a

1
 + a

2
) * 100. For parameters of fast inactivation from the 

closed state, we used pre-pulse potentials at voltages ranging from 
-90 mV to -40 mV, with variable durations from 0 to 300 ms. 
Peak current amplitude in response to 0 mV depolarization fol-
lowing each pre-pulse command was measured, and normalized 
with respect to peak current at time zero. The normalized curve 
of current decrement was fit with a double exponential function 
(Eqn. 2) to determine time constants and fractional amplitudes. 
Completion of fast inactivation from the closed state was deter-
mined from the overall asymptote.

Gating current measurements were performed after treating 
channels with 2 mM TTX. Charge movement in response to 
step depolarization was described by a Boltzmann distribution 
(Eqn. 1) substituting Q and Q

MAX
 for I and I

MAX
. Charge immo-

bilization was measured according to Equation 3:

that the effect of toxin to accelerate recovery is not by promoting 
transit through the open state. Instead, anthopleurin promotes 
the FAST phase of charge remobilization, to enhance recovery. 
This effect is independent of route of entry into fast inactivation. 
Our findings support the notion that remobilization of DIVS4 
drives recovery in skeletal muscle sodium channels, as shown 
in previous studies of brain24 and cardiac channels.25 In addi-
tion, they extend this role for DIVS4 remobilization to include 
 recovery from closed-state fast inactivation.

To date, a limited number of studies have investigated closed-
state inactivation as a parameter through which sodium chan-
nels exert their influence on membrane excitability. Nevertheless, 
findings from these studies suggest that this route to fast inac-
tivation is relevant from both a physiological and pathological 
perspective. For example, kinetics of closed-state fast inactiva-
tion for Na

V
1.6 and Na

V
1.7 dictate firing thresholds in DRG 

neurons.51 In terms of pathology, prolonged closed-state fast 
inactivation may explain the reduced threshold in DRG neurons 
following axotomy for Na

V
1.3,52 and in erythemalgia for Na

V
1.7.53 

Other studies suggest that defects in this form of fast inactiva-
tion contribute to sodium channel dysfunction in muscle chan-
nelopathies.9,10,13,14 Finally, closed-state fast inactivation appears 
to be crucial for drug interactions with sodium channels.8,12,54 
Our findings show that closed-state fast inactivation promotes 
significant loss of channel availability and immobilization of the 
gating charge with depolarization to voltages near threshold, and 
incurs substantial limitation to recovery. Thus, closed-state fast 
inactivation should be investigated further as a potential target of 
drugs, and of mutations that mediate sodium channel dysfunc-
tion in ion channel diseases of excitable tissues.

Materials and Methods

expression of sodium channels in Xenopus oocytes. The α 
subunit of human skeletal muscle sodium channel (hNa

V
1.4) in 

vector SP64T was linearized with EcoR1. Rat β1 subunit in vec-
tor pgh19 was linearized with HindIII. Digests were transcribed 
with SP6 or T3 polymerases using mMessage mMachine kits 
(Ambion, Austin, TX). For the experiments shown in Figure 11, 
α subunit of rat skeletal muscle sodium channel (rNa

V
1.4) in vec-

tor pGEMHE was linearized with NheI and transcribed with T7 
polymerase.

Xenopus oocytes were extracted from adult frogs after anes-
thetizing them in 0.17% tricaine (3-aminobenzoic acid ethyl 
ester (Sigma Chemical Corp., St. Louis, MO)) according to 
guidelines approved by the Animal Use and Care Committee 
at ISU. Individual oocytes were injected with 50 nL RNA at a 
ratio of 1:3 α/β at 50 nL per oocyte, and cultured with a gitation 
at 18°C in a solution containing 96 mM NaCl, 2 mM KCl, 
1.8 mM CaCl

2
, 1 mM MgCl

2
, 5 HEPES. 2.5 mM Na pyruvate, 

with 100 mg/L gentamicin sulfate and 4% horse serum (Hyclone 
Laboratories, Logan, UT).

electrophysiology. Recordings were made from oocytes 
four to eight days after injection. All experiments shown were 
performed with the cut-open oocyte technique using a Dagan 
CA1-B amplifier (Dagan Corporation, Minneapolis, MN). The 
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control 0 mV pulses (closed-state). Normalized remobilization 
curves were fit with a double exponential function according to 
Equation 5:

Ig(t) = offset + a
1
 exp (t/tau

REM
 
FAST

) + a
2
 exp (t/tau

REM SLOW
)

where Ig(t) is the normalized Ig
ON

 at time t, offset is the overall 
asymptote, a

1
 and a

2
 are amplitudes for the FAST and SLOW 

phases of charge remobilization, and tau
REM

 
FAST

 and tau
REM SLOW

 
are the time constants for charge remobilization during those 
phases. Percent fractional amplitudes of the FAST and SLOW 
phases of charge remobilization were calculated as (FAST): a

1
/

(a
1
 + a

2
) * 100.

data and statistical analyses. Data was analyzed using 
PulseFit 8.67 and Igor Pro 6.05 (WaveMetrics, Lake Oswego, 
OR), with statistical analyses performed using Student’s t-tests 
with Instat 2.0 (Graph Pad, San Diego, CA). Statistically signifi-
cant differences were taken at a criterion of p ≤ 0.05.

Computer simulation. The effect of closed state inactiva-
tion on membrane excitability was simulated for skeletal muscle 
action potentials, using parameters from Cannon et al.31 The 
basic model consists of Na+ current, a delayed rectifier K+ cur-
rent and leak current with constant conductance. Na+ and K+ 
currents were approximated by Hodgkin-Huxley equations. For 
simplicity, electrical properties of surface and T-tubular mem-
branes were assumed to be identical and K+ concentration in the 
T-tubular system was kept constant. We calculated the fractional 
availability of sodium channels for depolarizing inputs to skel-
etal muscle fibers. To do this, we used single exponential fits to 
the normalized kinetic curves shown in Figure 4a. These were 
scaled to 20°C using coefficients from experiments run at 15°C 
and 20°C for these same protocols (data not shown, n = 8–10 for 
each conditioning voltage).

Prior to each input tested, maximum Na+ conductance was 
reduced by the respective fraction of channels inactivated from 
the closed-state, as done in earlier studies to incorporate slow 
inactivation at varied resting potentials.55 Action potentials were 
simulated for 1 ms depolarizing stimuli from a resting potential 
of -85 mV. Simulations were performed using the Runge-Kutta 
algorithm implemented in the X-Win32 version of XPPAUT 
(http://www.math.pitt.edu/~bard/xpp/xpp.html) run on a 
 personal computer.
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% charge immobilized = {1 - (Ig
OFF

 
FAST

/Ig
ON

)} * 100

where Ig
OFF

 
FAST

 was calculated as the integral of the fast cathodic 
charge movement during repolarization, and Ig

ON
 was calculated 

as the total anodic charge movement during depolarization. 
Onset of charge immobilized during open-state fast inactivation 
was determined by plotting percent immobilization of gating 
charge during variable voltage and duration depolarizations over 
the voltage range of -40 mV to 40 mV. Immobilization curves 
were fit with a double exponential function (Eqn. 2) to calculate 
time constants and fractional amplitudes.

To measure onset of charge immobilized during closed-state fast 
inactivation, we used the voltage clamp protocol as for ionic cur-
rent measurements of this state transition. Percent charge immobi-
lization for each pre-pulse depolarization was  calculated as:

{1 - (Ig
ON

 
TEST

/Ig
ON

 
INITIAL

)} * 100

where Ig
ON

 
TEST

 and Ig
ON

 
INITIAL

 are total Ig
ON

 during the 0 mV 
TEST following each pre-pulse or at time zero, respectively. 
For each voltage (-90 mV to -40 mV), the normalized curve of 
Ig

ON
 gating current loss was plotted as a function of pre-pulse 

 duration. Then, the normalized curve was fit with a double 
exponential function (Eqn. 2) to calculate time constants and 
fractional amplitudes. The maximum charge immobilized dur-
ing closed-state fast inactivation was calculated from the asymp-
tote of this curve.

Recovery from inactivation was determined with a double 
pulse protocol in which the first pulse was used to inactivate the 
channels from the open state (0 mV) or from the closed state 
(-40 mV). Then, variable voltage and duration hyperpolar-
izing interpulse commands were used to deactivaåte channels. 
Channel availability at the end of each interpulse was assessed by 
a test pulse to 0 mV. Peak current amplitudes in response to each 
test pulse were normalized to the initial 0 mV depolarization of 
each sweep (open-state protocol) or to control 0 mV depolariza-
tion (closed-state protocol). The normalized recovery curve was 
fit with a single exponential curve according to Equation 4:

I(t) = offset + a
1
 exp (t/tau

REC
)

where I(t) is recovery current at time t, offset is the asymptote, a
1
 

is the current amplitude at the beginning of non-zero recovery, 
and tau

REC
 is the recovery time constant. The equation was solved 

for I(t) = 0 to find the x intercept, which was taken as the delay in 
the onset to recovery from fast inactivation. In some experiments 
the duration of the inactivating depolarization was varied from 
5 ms to 300 ms, for interpulse commands at -100 mV.

Remobilization of the gating charge was determined using 
the double pulse protocol and interpulse voltages described 
above, using TTX to block channels. Charge remobilization was 
assessed by normalizing test Ig

ON
 at each interpulse interval to 

Ig
ON

 observed with the initial 0 mV pulse (open-state) or with 
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