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Abstract. In the work reported here, we have inves-
tigated the changes in the activation and fast inacti-
vation properties of the rat brain voltage-gated
sodium channel (rNav 1.2a) a subunit, expressed
heterologously in the Chinese Hamster Ovary (CHO)
cells, by short depolarizing prepulses (10 – 1000 ms).
The time constant of recovery from fast inactivation
(sfast) and steady-state parameters for activation and
inactivation varied in a pseudo-oscillatory fashion
with the duration and amplitude of a sustained pre-
pulse. A consistent oscillation was observed in most
of the steady-state and non-inactivating current
parameters with a time period close to 225 ms, al-
though a faster oscillation of time period 125 ms was
observed in the sfast. The studies on the non-inacti-
vating current and steady-state activation indicate
that the phase of oscillation varies from cell to cell.
Co-expression of the b1 subunit with the a subunit
channel suppressed the oscillation in the charge
movement per single channel and free energy of
steady-state inactivation, although the oscillation in
the half steady-state inactivation potential remained
unaltered. Incidentally, the frequencies of oscillation
in the sodium channel parameters (4–8 Hz) corre-
spond to the theta component of network oscillation.
This fast pseudo-oscillatory mechanism, together
with the slow pseudo-oscillatory mechanism found in
these channels earlier, may contribute to the oscilla-
tions in the firing properties observed in various
neuronal subtypes and many pathological conditions.
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Introduction

The neuronal voltage-sensitive transient sodium
channels are heterotrimeric transmembrane proteins
consisting of a channel-forming a subunit and
auxiliary b1 or b3 and b2 or b4 subunits (Catterall,
2000; Yu et al., 2003). The voltage-gated sodium
channel is needed for the initiation and repetitive
firing of action potentials in neurons. Neurons
usually undergo adaptation after firing for a few
seconds. But in neurological disorders like epilepsy,
neurons periodically fire action potentials; the
membrane remains in a depolarized state for
durations varying from seconds to minutes. The
voltage-gated ion channels in neuronal membranes
can contribute to the generation of epileptic dis-
charges in the absence of synaptic inputs (Konn-
erth, Heinemann & Yaari, 1986; Schweitzer, Patrylo
& Dudek, 1992; Segal, 1994). The importance of
voltage-gated sodium channels in the generation of
epileptic discharges and thereby depolarized states
of the neuron is suggested by the epilepsy-related
mutations that recently have been mapped on the
voltage-gated sodium channel a and b1 subunit
genes SCN1A, SCN2A and SCN1B (discovery of
mutations: Wallace et al., 1998, 2001, 2003; Escayg
et al., 2000, 2001: Claes et al., 2001; functional
characterization: Alekov et al., 2001; Lossin et al.,
2002; Ohmori et al., 2002; Tammaro, Conti &
Moran, 2002; Spampanato et al., 2003, Rhodes
et al., 2004, to name a few). These mutant channels
show variation in the surface expression and altered
activation and inactivation properties, leading to
either development of a persistent inward current
or resulting in the reduction in the b1 modulation
of the a subunit channel (Spampanato et al.,
2004b), imparting hyperexcitability to the cell
(Spampanato et al., 2004a,b). These, together with
the fact that veratridine, a sodium-channel modu-
lator, is able to induce epilepsy in case of the wild-
type sodium channel itself (Bikson, Barban &
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Durand, 2002), suggest that certain properties
intrinsic to the wild-type sodium channels may be
recruited in epileptogenesis. In addition, there is
evidence that sodium channels are primarily
responsible for sub-threshold membrane potential
oscillation (Huangfu & Guyenet, 1997; Kapoor, Li
& Smith, 1997; Pape & Driesang, 1998; Amir,
Michaelis & Devor, 1999; Desmaisons, Vincent &
Lledo, 1999; Wu, Hsiao & Chandler, 2001; Bracci
et al., 2003). The aforementioned studies indicate
that some underlying molecular mechanism of the
sodium channel brings about periodicity in the
neuronal activity.

While it is known that epileptic discharge in a
single neuron lasts from several milliseconds up to a
few minutes (Rutecki & Yang, 1998), the effect of
sustained depolarized states of the neuronal mem-
brane on the voltage-gated ion-channel properties
has received scant attention. Earlier it has been
shown that the time constant of recovery from fast
inactivation, sfast, of the brain voltage-gated sodium
channel changes with the duration of a sustained
prepulse (Toib, Lyakhov & Marom, 1998; Ellerk-
mann et al., 2001). However, a relationship between
sfast and prepulse duration could not be concluded.
We explored the hypothesis that short prior depo-
larization (10–1000 ms) causes prepulse duration-
dependent oscillatory changes in all the kinetic and
steady-state parameters of the activation and fast
inactivation properties of the sodium channel, as
shown earlier for longer prepulse depolarization
(Majumdar, Foster & Sikdar, 2004). The time con-
stant of fast inactivation, steady-state parameters of
activation and fast inactivation and non-inactivating
current properties of the sodium channel, indeed,
evolved in a pseudo-oscillatory fashion with
increasing duration and amplitude of the sustained
conditioning prepulse. We termed this phenomenon
as pseudo-oscillation, because we have observed the
oscillatory dependence in a restricted time window
(10–1000 ms) and not the entire time range, during
which sodium channels can remain depolarized in
the normal and/or pathological conditions. Weigh-
ted wavelet analysis was employed to detect pseudo-
periodic features (Foster, 1996). Interestingly, the b1
subunit suppressed the amplitude of oscillation in
the charge movement and the free energy of steady-
state inactivation of the a subunit, though it did not
alter the intrinsic oscillation evident in the half-
inactivation potential. Since oscillation in the single-
channel kinetics of the potassium channel is already
known (Rahamimoff et al., 1995), our observations
indicate that the history-dependent oscillatory
properties of the voltage-gated sodium and potas-
sium channels may contribute to the sub-threshold
membrane-potential oscillation and epileptic dis-
charges.

Materials and Methods

ELECTROPHYSIOLOGICAL MEASUREMENTS

Whole-cell sodium currents were measured, using the patch-clamp

technique, from the rat brain type II A sodium channel (rNav 1.2a)

a-subunit, stably expressed in CHO cells in our laboratory (CNa18

cells, Sarkar, Adhikari & Sikdar, 1995). CNa18 cells were cultured

in DMEMF12 HAMmedium (Sigma, St. Louis, MO) with 250 lg/
ml geneticin as selection marker to control maximal current

expression below 5 nA. For the b1 transient expression in CNa18

cells, the b1 was co-transfected with the green fluorescence protein

(EGFP) using Superfect (Qiagen, Germany) at a 2:l ratio. Only

fluorescent cells were patch-clamped in this case after selection with

a 20· objective lens, using an inverted fluorescence microscope

(Nikon Diaphot TMD, Japan). To be more certain about suc-

cessful b1 transfection, current from a b1 transfected cell was

superimposed on current from a cell transfected with a-subunit
alone to look for the significantly faster current indicative of the

presence of b1 (Isom et al., 1992). Ionic currents were recorded

using an EPC-8 amplifier (HEKA Instruments, Germany). Pipettes

for patch-clamp experiments were made from borosilicate glass

(Clark Electromedical Instruments, England) using a P97 puller

(Sutter Instruments, CA). They were polished to give a resistance of

1 – 3 MW, using a microforge setup (List Medical Electronic,

Germany). Solutions for patch-clamp recordings were (in mM): 116

CsCl, 10 HEPES, 10 EGTA, 0.5 CaCl2, 15-20 Na+, pH 7.4 (ad-

justed with NaOH); and 135 NaCl, 5 HEPES, 1 MgCl2, 1.5 CaCl2,

pH 7.4 (adjusted with NaOH), for the pipette and bath solutions,

respectively. Experiments were handled with pClamp8.0 (Axon

Instruments, Foster City, CA) and Digidata1320 analog-digital

converter (Axon Instruments). Data were low-pass filtered at 3–10

kHz and sampled at 16–20 kHz.

Series resistance (Rs) compensation of 80–90% was applied

throughout the recording, and was also routinely monitored before

and after acquiring an experimental data set. If the Rs values varied,

the data set was rejected, and the experimental data were acquired

again if the Rs could be controlled to acceptable values by applying

suction and an Rs compensation of 80–90%. Usually, the total time

of a single recording varied roughly between 20 s to 8 min,

depending on the prepulse duration chosen. Beyond 30 min of

recording, many times it became rather difficult to manage series

resistance errors, even after applying suction, since the seal became

leaky with suction, resulting in anomalous parameter values.

Therefore, whenever a problem of leakiness or high series-resistance

values (greater than 5 MW) arose, the cell was discarded and a new

cell was patched. All the recordings were done at 15 �C; the bath

temperature was maintained using a PDMI-2 peltier-based micro-

incubator and TC-202 Bi-polar temperature controller (Medical

Systems USA). P/4 leak subtraction was done for all sets of

experiments. A holding potential of )80 mV was applied through-

out, unless otherwise mentioned. Analysis and fitting of the data

was done using SigmaPlot 4.0. Data are presented as mean ± SEM.

MODELING

Wavelet analysis was applied on the data sets to unravel the sig-

natures of the pseudo-periodic oscillations in the kinetic and stea-

dy-state parameters of the sodium channel. Fast Fourier

transformation (FFT) of the data was done using time series (TS,

Foster, 1995) and weighted wavelet z-transform (WWZ) analysis

(Foster, 1996) programs (www.AAVSO.org). WWZ uses the

�wavelet analysis� method to scan the time series data for possible

time-variable Fourier components. The F-ratio statistics (WWZ)

were calculated to compare the detected Fourier components
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obtained by wavelet analysis, to find the statistically significant

oscillations present in the data. The advantage of this method over

other Fourier transformation methods is that it takes account of

the variability in the amplitude of oscillation across the whole data

set (such as our data) and allows for little variation in the time

period of oscillation, which is usually possible for an experimental

data set. The time periods with WWZ scores below 1 were ignored

and the values above 1 were plotted. The WWZ statistics are rep-

resented for each time-series data in the z-axis of a three-dimen-

sional contour plot, where x- and y- axes represent the duration of

the time series and frequency, respectively. In the WWZ contour

maps, a concentric circle indicates a peak for a statistically signif-

icant oscillation. The WWZ contour maps are presented through-

out the text, to represent the time-dependent variation in the

oscillatory component and the time period (1/frequency) of the

oscillatory components are reported. The data was modelled with

the help of the TS program, using the linear slope, variable time

periods and amplitudes detected by the WWZ analyses. The

modelled curves were regenerated for the data containing statisti-

cally significant oscillations only. For FFT and wavelet analysis,

frequencies higher than 10 Hz were ignored for prepulse duration

dependence, as the lowest sampling interval was 50 ms.

Results

DEPENDENCE OF sfast OF RECOVERY ON DEPOLARIZING

PREPULSES

The onset and recovery from fast inactivation have
been studied earlier for the rNav 1.2a channel
a-subunit, expressed in the CHO cell line (Sarkar et
al., 1995). To follow the recovery from fast inacti-
vation, cells were pulsed to )10 mV for varying
conditioning (prepulse) duration (10 – 1000 ms),
followed by a hyperpolarizing recovery pulse step
()90 mV) of varying time (80 such pulses incremented
in steps of 1 ms deemed sufficient for studying the
recovery from fast inactivation). A test pulse ()10
mV for 10 ms) was applied next, to measure the
recovered current. In Fig. 1A, a representative
recording is shown for 30 ms prepulse duration, along
with the pulse protocol. The time constant of recov-
ery from fast inactivation, sfast, varies with the pre-
pulse duration in both the prepulse duration ranges
10 – 100 ms and 100 – 1000 ms. In Fig. 1B, a plot of
the fraction of inactivation (1)In/Imax, where In is the
current elicited at the nth test pulse and Imax is the
maximum recovered current) versus recovery time is
shown for 10, 50 and 100 ms prepulse depolarization,
applied to a single cell. In Fig. 1C, the recovered
current traces at the test pulse, following 300, 500 and
700 ms prepulse durations, are shown for another
cell. Fig. 1D shows the plot of the fraction of inac-
tivation versus recovery time for the data in Fig. 1C.
The data at all prepulse durations were found to be
well fitted with a mono-exponential function of the
form:

F ¼ ae
�t=s þ c ð1Þ

where a and c are the initial and final fractions; s is
the time constant. The solid lines in Fig. 1B and D
are the mono-exponential fit of the data. For longer
prepulse durations, we compared the fits using mono-
and bi-exponential functions. The bi-exponential fit
was not found statistically significant over the mono-
exponential fit at the 95% confidence level. The sfast
values, corresponding to 10, 50 and 100 ms prepulse
depolarization (Fig.1B), were 8.01, 11.47 and 14.96
ms, respectively. The sfast values, corresponding to
300, 500 and 700 ms prepulse durations (Fig. 1D),
were 21.39, 25.66 and 28.47 ms, respectively. Data
from three more cells (indicated as set numbers) are
presented in Table 1 to demonstrate the variation in
sfast with prepulse duration. In between two consec-
utive recordings, cells were held at )80 mV for 1–2
min to ensure complete recovery from fast inactiva-
tion. For a single cell, the sfast does not vary much for
a constant prepulse duration, when applied repeti-
tively. For example, when sfast was measured repeti-
tively from a single cell following 500 ms prepulse
duration, sfast values of 25.29 ms, 24.78 ms and 24.60
ms were obtained, whereas the mean sfast
corresponding to 500 ms prepulse, was 24.24 ± 1.13
ms (total number of observations, n = 8). The vari-
ation in the sfast did not depend upon the order in
which the prepulse duration was changed. In Table 1,
the data is shown for the prepulse durations applied
in no particular order, as indicated by the corre-
sponding file names. When a pulse of constant
duration was applied repeatedly, similar values of
sfast were obtained. Not all the prepulse durations
could be applied to a single cell because of the series
resistance variation-related inaccuracies in the mea-
surements, occurring about half an hour after going
to the whole-cell configuration. Thus, the nature of
prepulse duration-dependent variation in sfast at all
the prepulse durations could not be verified in a single
cell.

In the 10–100 ms prepulse duration range with 10
ms sampling interval, the relationship between mean
sfast and prepulse duration appears to be monotonic
and follows the power relationship of the form:

sfast ¼ a td ð2Þ

where, t is the prepulse duration, a is the constant
kinetic set point and d is the power. On the other
hand, when sfast is sampled in the 10–1000 ms pre-
pulse duration range with a sampling interval of 50
ms, the curve shows a pseudo-oscillatory trend, top-
ped on a linear slope. The original sfast values, cor-
responding to the prepulse duration ranges 10–100
ms and 150–600 ms are presented in Fig. 1E and F,
respectively, along with the mean, to demonstrate the
difference in the nature of the curves in these two
prepulse duration ranges. In the 150–600 ms prepulse
duration range, the sfast values, corresponding to the
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peaks of the oscillation, were found to be statistically
different from those assuming trough positions (95%
confidence level, unpaired t-test). The sfast is plotted
against prepulse durations (10–100 ms range) along
with the power fit in Fig. 1G. The fitted values of the
constants are a = 3.75 and d = 0.28. The sfast data,
corresponding to the 10 – 1000 ms duration range, is
plotted against prepulse duration in Fig. 1H. The
weighted wavelet analysis (WWZ) of the data shows
presence of a statistically significant oscillation close
to a 126.82 ms time period, as indicated by the con-

centric circles in the corresponding frequency range in
the contour map of Fig. 1I. The plot also shows a
strong modulation of the amplitude of oscillation. It
is apparent from the contour plot that the amplitude
of oscillation is high in the prepulse duration ranges
100–600 ms and 800–1000 ms, whereas the amplitude
of oscillation in the 600–800 ms prepulse duration
range is very small, indicated by the absence of WWZ
statistics values (less than 1, see the modeling section
in Materials and Methods) in that range. Such
amplitude modulation is observed in the following

Fig. 1. Recovery from fast inactivation: conditioning prepulse duration and amplitude dependence. (A) The upper set of traces shows the

protocol used to study recovery from fast inactivation. The current recordings shown correspond to )10 mV conditioning prepulses of 30 ms

duration; the recovery potential was )90 mV. (B) The fraction of inactivation plotted against recovery time for 10 (s), 50 (d) and 100 ms (D)
prepulses ()10 mV). The solid lines are the mono-exponential fit with Equation 1. (C) The recovered current (at the test pulse) is shown for

300, 500 and 700 ms prepulse durations. The data is from a single cell. (D) The fraction of inactivation has been plotted against recovery

time for a 300 (d), 500 (s) and 700 ms (.) prepulse ()10 mV). (E, F) Original values of sfast in two different prepulse duration ranges (10–

100 ms and 150–600 ms, respectively) are plotted against prepulse duration along with the respective mean values. The symbols represent

data from different cells. The solid lines are the spline lines joining the mean values. (G) sfast plotted against prepulse duration for a 10–100

ms duration range along with the power-law fit (solid line Eq. 2, number of observations, n = 8–12). (H) The same plot as G is shown for

10–1000 ms prepulse duration range (n = 6–10). The solid line across the data is the model curve generated by the TS program using the

variable time period and amplitude indicated in the WWZ contour map (I).
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data sets also. The fitting of the data in Fig 1H, using
the TS program, indicates that the data contains
about 8.5 cycles of oscillation with highly variable
amplitude and time period, superimposed on a linear
trend with slope 0.0091/ms (the solid line in Fig. 1H
is the model curve). These results suggest that the sfast
apparently changes with the prepulse duration in a
monotonic fashion when measured in a small pre-
pulse duration window (10–100 ms), whereas the
intrinsic oscillatory pattern (with time period 128 ms)
becomes apparent when the range of prepulse dura-
tion is broadened to 10–1000 ms. The data, presented
in Fig. 1G, represents the first rising phase of the data
in Fig. 1H. These results also indicate that there is no
oscillation faster than that with the time period close
to 125 ms in the kinetic properties of the sodium
channel.

The prepulse potential dependence of sfast at 50
ms prepulse duration (Fig. 2A) also shows a variable
oscillation of period about 21 mV, as shown in the
WWZ contour map (Fig. 2B). Another signature of
oscillation can be seen in the very low frequency re-
gion. This very low amplitude oscillation may be
evident due to a secondary perturbation of the
structure that modulates the main 21 mV oscillation.
The solid line across the data in Fig. 2A was gener-
ated using the TS program. Earlier, prepulse-dura-
tion dependence of inactivation time constants was
studied in both NaI and NaII sodium channels ex-
pressed in Xenopus oocytes (Toib et al., 1998) and
native rat and human sodium channels (Ellerkmann
et al., 2001). These studies could not suggest any
suitable model for the apparent non-linear relation-
ship between sfast and prepulse duration (Ellerkmann
et al., 2001) with fewer data points. Our findings

suggest that sfast changes in a pseudo-oscillatory
fashion with the duration and amplitude (Fig. 1H,
2A) of the prepulse depolarization. However, the time
period is more than two orders of magnitude faster
compared to that of the prepulse duration depen-
dence of the time constant of slow inactivation, as
reported before (Majumdar et al., 2004).

VARIATION IN THE STEADY-STATE INACTIVATION

PARAMETERS WITH CONDITIONING DURATION

The steady-state inactivation was studied using the
voltage pulse protocol shown in Fig. 3A. The cell was
pulsed to different step potentials ()120 to 5 mV) for
varying conditioning duration (50 – 1000 ms, sam-
pled every 50 ms), immediately followed by a short
test pulse ()10 mV for 10 ms). The current, elicited at
the test pulse, was normalized with respect to the
maximum current for 100 ms and 300 ms condition-
ing duration and plotted against the conditioning
potential in Fig. 3A. The conditioning duration
dependent change in the fast steady-state inactivation
curve can be seen from this plot. The data was fitted
with a simple Boltzmann function of the form:

p ¼ 1

1þ eðV�VhalfÞ=k
ð3Þ

where V is the conditioning potential, Vhalf is the half
inactivation potential; k is the slope. The charge
movement per molecule, z, was estimated by the
limiting slope analysis method (Almers, 1978). The
Vhalf (Fig. 3B) and z (Fig. 3C) were found to vary in a
non-linear fashion with the conditioning pulse dura-
tion. This kind of variation was found to be consis-
tent when tried on single cells. Two such examples are
presented in Table 2a, where Vhalf and z of fast
steady-state inactivation, corresponding to various
conditioning pulse durations, are listed for two dif-
ferent cells (indicated by set numbers). It is clear from
the table that the variation in the Vhalf and z are not
dependent on the order in which the pulse durations
were applied. In this case also, all the conditioning
durations could not be applied to a single cell. The
recordings that had been acquired after half an hour
of achieving whole-cell configuration had to be re-
jected in most instances due to changes in the series
resistance that could not be adequately compensated.
To examine the resultant effect of conditioning
duration on the steady-state distribution of the
channels in the fast inactivated state, the change in
free energy, DG0 was calculated, where
DG0 ¼ z Vhalf F (Equ. 4); F is the Faraday constant.
DG0 is plotted vs conditioning pulse duration in
Fig. 3D.

All the data points, except the 250 ms data in
Fig. 3B and 300 ms data in Fig. 3C, apparently fall
on a monotonic curve. We did not have reasons to

Table 1. The sfast values corresponding to various prepulse dura-

tions for three sets of recordings. Each set corresponds to data

from a single cell

Set File name

Prepulse

duration (ms) sfast (ms)

1 0211cl_7 20 5.91

0211cl_6 40 7.05

0211cl_5 60 8.01

0211cl_4 70 9.42

0211cl_2 80 9.85

0211cl_l 90 10.85

0211cl_10 200 11.13

0211cl_11 400 18.83

2 3005al_0 350 14.29

3005al_l 450 14.92

3005al_2 550 13.51

3005al_4 850 16.15

3005al 5 950 17.23

3 1106al_3 750 24.04

1106al_l 850 13.69

1106al_0 950 16.59
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ignore these two data points (which deviate from the
monotonic curve), as all the original values for these
two conditioning durations were consistently coming
close to the mean value, as can be made out from
the small error bars (n = 8 and n = 11, for 250 ms
duration in Fig. 3B and 300 ms duration in Fig. 3C,
respectively). Plots in Fig. 3B, C and D, indeed,
show a strong linear trend superimposed on a
pseudo-oscillatory trend, as shown in the WWZ
contours of Fig. 3B, C and D. The slope factors
were )0.0019/ms, 0.002/ms and )0.0092/ ms and
time periods of oscillation were close to 204.87,
228.29 and 228.29 ms for Vhalf z and DG0, respec-
tively. These oscillatory components were found to
be highly variable in amplitude and time period,
although the conditioning duration-dependent
oscillatory change in z (Fig. 3C) is not very pro-
nounced and statistically not very significant (WWZ
contour in Fig. 3C). The amplitude of oscillation
decreases progressively and becomes very small after
three cycles of oscillation, in the conditioning
duration range 600–800 ms; however, beyond this
range, the amplitude of oscillation increases again.
The probable reason for such apparently low
amplitude oscillation is discussed in the next section
of the Results.

EFFECT OF SHORT PREPULSE DURATION ON THE

STEADY-STATE ACTIVATION PARAMETERS

To examine the effect of short depolarization on
steady-state activation, the current-voltage (I-V)
relationship was obtained before and after a condi-
tioning prepulse of amplitude )10 mV and variable
duration (110–1010 ms). A three-pulse protocol was
used for this set of experiments. The conditioning
pulse preceded a recovery pulse ()80 mV, 10 ms, to
allow partial recovery from fast inactivation, so that
a macroscopic whole-cell current can be recorded in
response to the following pulse), which was followed
by the test pulse for the I-V relationship (20 ms). The
hyperpolarizing leak protocols followed immediately,
causing the channels to recover completely from fast

inactivation. In the next step, the conditioning pulse
and the recovery pulse similarly preceded application
of the consecutive test pulse that was incremented by
5 mV. The procedure was repeated such that the
currents at the test potentials from )70 mV to a
final depolarization of 65 mV could be obtained for
the I-V relationship. The 10 ms duration of )80 mV
recovery pulse was adjusted to the conditioning
duration later, such that the resultant conditioning
duration range became 100–1000 ms. After every
recording, the patch was held at )80 mV holding

Fig. 2. Prepulse potential dependence of sfast. (A) Prepulse poten-

tial dependence (duration, 50 ms) of sfast is shown along with the

model curve (solid line; n = 6 – 8). (B) WWZ contour map of the

data presented in A.

Fig. 3. Steady state inactivation: conditioning-duration depen-

dence. (A) The schema above the plot shows the pulse protocol

used to study the fast steady state inactivation. The normalized

steady state currents at the test pulse are plotted against condi-

tioning potential for 100 ms (d) and 300 ms (s) conditioning

duration. (B, C, D) The Vhalf, z and DG0 values are plotted against

conditioning duration (n = 6 – 10), along with the WWZ contour

maps. The solid lines are the model curves generated by the TS

program using the linear slope, variable time period and amplitude

of oscillation detected by WWZ analyses.
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potential for 1–2 min to ensure complete recovery
from the effect of applied prepulse duration. The
currents for control and after 300 ms prepulse dura-
tion are compared in Fig. 4A; the protocol is also
shown. In Fig. 4B and 4C, I-V plots and the nor-
malized conductances for the recordings in Fig. 4A
are compared. The solid lines in Fig. 4C are the
Boltzmann fit (Equation 3) to the data. A depolar-
izing shift in the steady-state activation (Vhalf) and a
reduction in charge movement during activation (z)
were observed on applying conditioning depolariza-
tion (Fig. 4D) at all prepulse durations. For the data
presented in Fig. 4A, B and C, fitted values of Vhalf

and z were )13.120 mV, 6.195e for control and
)9.085 mV, 4.667e after 300 ms depolarization to )10
mV, respectively. The Vhalf and z were found to vary
with the prepulse duration in an oscillatory manner,
as shown in Fig. 4D and E, respectively, where the
data from three individual cells are plotted. The lat-
eral shift in the plots is due to the fact that the control
values (corresponding to the 0 ms prepulse duration
in the plots) of Vhalf and z varied a bit from cell to
cell. The difference in the phase of oscillation is also
noted, though the overall time periods of oscillation
are close to 200–250 ms.

It was shown earlier that the decrease in Gmax

(maximal conductance during activation) causes a
decrease in the charge movement of activation (Qmax)
in a linear fashion (Sheets & Hanck, 1999; Sheets
et al., 1999) in cardiac sodium channels. Hence, the
Gmax may also vary with prepulse duration in an
oscillatory fashion, assuming Qmax varies with pre-
pulse duration in an oscillatory manner, as Qmax is
directly proportional to z (Qmax = Nz, N is the
maximal number of channels that can be opened on
depolarization). However, Gmax was found to change
monotonically with prepulse duration, indicating that
the non-linear decrease in z with prepulse duration is
not an effect of decrease in Gmax. To demonstrate
this, the Gmax for an individual cell is plotted against
prepulse duration in Fig. 4F, where the solid line is
the mono-exponential fit with Equation 1;
s = 443.25 ms. This monotonic behavior probably
indicates the entry of the channel in an intermediate
inactivated state, a separate inactivated state that has
been reported before (Toib et al., 1998). A direct
measurement of the Qmax could not be done because
of the very small amplitude of gating current. Fig-
ure 4G presents families of I-V plots for the same
data set shown in Fig. 4F. This plot shows that

Table 2. (a) Fast steady-state inactivation parameters from a single cell, at different conditioning durations

Set number File name Conditioning duration ms Vhalf mV z charge

1 2511bl_21 100 )47.31 3.82

2511bl_17 200 )50.21 4.84

2511bl_13 400 )52.13 4.58

2511bl_8 600 )51.61 5.23

2511bl_7 700 )52.31 6.32

2511bl_4 800 )49.59 5.00

2511bl_19 900 )54.68 5.40

2 2711al_11 600 )55.44 4.95

2711al_9 700 )53.95 4.99

2711al_5 900 )52.52 5.40

2711al_7 1000 )53.18 5.30

Table 2. (b) Fast steady-state activation parameters from a single cell, at different conditioning durations

Set number Conditioning duration ms Vhalf mV z charge

1. Control values: 100 )10.2700 4.4030

Vhalf = )15.7400 mV 200 )9.7040 4.1090

z = 5.6370 e 300 )10.2300 3.7980

700 )11.9800 4.3830

800 )10.8700 3.8030

900 )10.6900 4.0780

1000 )9.5250 3.5850

2. Control values: 400 )8.7320 3.3490

Vhalf = )15.8700 mV 500 )13.4500 3.5630

z = 5.1760 e 600 )11.3300 2.6680

3. Control values: 400 )13.8200 4.5780

Vhalf = )18.0200 mV 500 )14.1400 4.0120

z = 6.2690 e 600 )16.2000 3.8430
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reversal potential for all the recordings did not vary
significantly (1–3 mV), and the effect of prepulse
duration on the steady-state activation parameters
cannot be attributed to changes in leak current and/
or series resistance problems. The seal resistance
(close to 2 GW) was comparable for all the recordings
presented in Fig. 4D to F.

Though both the Vhalf and z show signatures of
oscillation close to 200 – 250 ms for the data sets
from individual cells presented in Fig. 4D and E,
respectively, the phase of oscillation in Vhalf and z
with prepulse duration was found to vary among the
cells. This contributed to the large error bars of Vhalf

and z values when the results from several cells were
pooled together to calculate the mean changes in
Vhalf and z with prepulse duration. The mean DVhalf,
Dz and DDG0 with respect to control are plotted
against the prepulse duration in Fig. 5A, C and E,
respectively. Signatures of oscillation or pseudo-

oscillation in mean DVhalf, Dz and DDG0 are seen in
WWZ contours of Fig. 5B, D and F, respectively.
Figure 5C shows a linear trend as well, with slope
)0.00032/ms. The time periods of oscillation are
723.63 ms for DVhalf (Fig. 5A), 256.77 ms for Dz
(Fig. 5C) and 241.21 ms for DDG0 (Fig. 5E). The
solid lines in Fig. 5A, C and E are the model curves
generated by the TS programme using the statisti-
cally significant oscillations detected by the WWZ
analyses. The phase differences in oscillation in Vhalf

across the cells gives rise to the anomalous time
period of 723.63 ms for DVhalf, although the time
periods of mean Dz and DDG0 do not get affected
much by the averaging procedure, except for a
compromise in the amplitude of oscillation. This
inherent phase difference of oscillation across the
cells is also probably the cause of the low ampli-
tudes of oscillation found in the fast steady-state
inactivation parameters (Fig. 3B, C, D).

Fig. 4. Steady-state activation: conditioning prepulse duration dependence. (A) Each pulse of the I-V protocol was applied before and after

the prepulse to )10 mV, as shown here (see Results section for details). The currents are presented for control and after a 300 ms prepulse to

)10 mV. (B, C) The I-V and normalized conductance plots are shown for the data presented in A. Solid lines in C are the Boltzmann fits. (D,

E) Vhalf and z are plotted against prepulse duration for three different cells. (F) Gmax from a single cell is plotted against the prepulse

duration along with the mono-exponential fit (solid line). (G) Family of I-V plots following prepulses of different durations are shown

together for the same cell as in D, E (d), F.
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VARIATION IN THE NON-INACTIVATING COMPONENT OF

THE SODIUM CURRENT WITH PREPULSE DURATION

The finite, non-inactivating component of sodium
current (Magistretti & Alonso, 1999) can amplify
small depolarization and sustain repetitive firing in a
neuron. Results of Figs. 3, 4 and 5 suggest that both
the steady-state activation (m¥) and steady-state
inactivation (h¥) properties of the sodium channel
vary with the prepulse duration in an oscillatory
manner. This indicates that the non-inactivating
fraction of current may also show prepulse-duration
dependence. To measure the non-inactivating
fraction of current, the cells were subjected to a fast
voltage ramp of 3 mV/ms, preceded by a prepulse of
)10 mV of variable duration (100–1000 ms), from a
holding potential of )80 mV. The protocol and the
non-inactivating current, elicited after 100 ms pre-
pulse duration, are shown in Fig. 6A. The non-inac-
tivating current component is shown at a higher
magnification in the adjacent panel. Fig. 6B shows
the variation in non-inactivating current properties
with prepulse duration for a single cell. In this case,
the peak of non-inactivating current has shifted for
600 ms prepulse duration with respect to 400 ms and
700 ms prepulse durations. The peak potential, i.e.,

the potential at which the peak of the non-inactivat-
ing current is observed and the relative change in the
peak non-inactivating current with respect to the
current at the beginning of the prepulse (see Fig. 6A)
are plotted in Fig. 6C and D, respectively, for four
individual cells. The prepulse duration was changed
in an ascending order for the recordings done with
cells 1 and 2, whereas prepulse duration was changed
in a random order for recordings with cells 3 and 4.
In between two consecutive recordings, the patch was
held at )80 mV for 1–2 min, to ensure complete
recovery from the effect of previous prepulse depo-
larization. In all the cases, pseudo-oscillation is evi-
dent for both peak potential and relative peak
current. Additionally, relative peak current shows a
strong linear trend. However, the phase of oscillation
is found to vary strongly from cell to cell, such that
there is hardly any overlap of the traces. Hence,
averaging of the data was not done for this set of
experiments. The series resistance was cautiously
monitored and compensated in between two consec-
utive recordings for each cell. In all the recordings,
leak current was extremely small (gigaseal) and
comparable. Hence, the phase difference across the
cells is not attributable to experimental errors. A
lateral shift in the peak potential curve is observed
from cell to cell (Fig. 6C). This is probably because
the half-activation potential for control sodium cur-
rent varied from one cell to the other.

Weighted wavelet analysis of the peak potential
of all the four data sets (Fig. 6C) reveals a significant
oscillation of time period 275.14 ± 7.77 ms (n = 4,
the four cells in Fig. 6C). In addition, a linear com-
ponent of variable slope factors was also found. The
WWZ F-statistics contour is plotted in Fig. 6E for
the peak potential of cell 4. All the plots in Fig. 6D,
corresponding to relative amplitude of peak non-
inactivating current, showed a very strong linear
trend with the slope factor ranging from )0.000029/
ms to )0.000045/ms. In addition, they showed the
presence of moderate to very low amplitude oscilla-
tion around time period 245.09 ± 3.89 ms (n = 4).
These subtle changes in the non-inactivating current
as a result of variation in peak current amplitude and
peak potential with prepulse duration may influence
the firing pattern of a neuron, giving rise to periodic
activity.

EFFECT OF THE b1 SUBUNIT ON THE OSCILLATORY

NATURE OF CONDITIONING-DURATION DEPENDENCE OF

STEADY-STATE INACTIVATION PARAMETERS

To examine the effect of an auxiliary subunit on the
observed periodicity associated with the properties of
the a subunit of the sodium channel, the b1 subunit
was transiently expressed in CHO carrying the rNa-

v1.2a a subunit. The activation and inactivation of
a+b1 channels are significantly faster compared to a

Fig. 5. Oscillation in steady-state activation parameters. (A, C, E)

Changes in Vhalf, z and DG0, with respect to control, are plotted

against the prepulse duration. (B, D, F) WWZ contours of Vhalf, z

and DG0, respectively (n = 6–8). The solid lines in A, C, E are the

model curves generated by the TS prograrm using the slope, vari-

able time period and amplitude of oscillation detected by WWZ

analyses.
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alone, the effect on inactivation being more pro-
nounced (sfast is 1.06 ± 0.06 ms, n = 20 for a + b1
and 1.63 ± 0.08 ms, n = 18 for a), as shown in
Fig. 7A. The predominant effect of the b1 subunit on
the inactivation properties of the channel corrobo-
rates earlier findings (Isom et al., 1992, 1995).
Though, the extent of change in sfast strongly de-
pended on the expression system (Isom et al., 1995),
the effect on steady-state inactivation was found to be
independent of the expression system chosen. This led
us to specifically examine the effect of the b1 subunit
on the prepulse duration-dependent change in the
steady-state inactivation parameters of the a subunit
containing sodium channel. An about 20 mV hyper-
polarizing shift was observed in the steady-state
inactivation curve in presence of b1, as shown in
Fig. 7B where data corresponding to 100 ms condi-
tioning duration for a and a + b1 channels are
compared (protocol is shown in Fig. 3A). Variation

in the steady-state inactivation parameters, Vhalf and
z was observed with conditioning duration for the
a + b1 channel, similar to a channel alone (see
Fig. 3A). The data is shown in Fig. 7B where the
effect of 100 ms and 400 ms conditioning duration on
steady-state inactivation is compared. The solid lines
are the Boltzmann fit to the data. Variation in Vhalf, z
and DG0 with conditioning duration are shown for a
+ b1 in Fig. 7C, E and F, respectively. While WWZ
analysis suggests an oscillation with a time period of

Fig. 6. Variation of non-inactivating current with prepulse dura-

tion. (A) Plot of non-inactivating current following 100 ms prepulse

duration to )10 mV is shown along with the voltage pulse protocol.

The non-inactivating current region has been magnified to show the

non-inactivating current at greater resolution. (B) Non-inactivating

currents from a single cell are shown for comparison. The data

correspond to 400, 600 and 700 ms prepulse durations. (C, D) The

peaking potential and peak normalized non-inactivating current

are plotted against the prepulse duration for four cells to demon-

strate the pseudo-periodic nature. (E) The WWZ contour map of

peaking potential of cell 4 is shown.
Fig. 7. Effect of b1 subunit on the periodicity of steady state

inactivation parameters. (A) The normalized currents from a and

a+b1 channels following step depolarization to )10 mV are

superimposed. (B) The steady-state inactivation data for 100 ms

(s) and 400 ms (m) prepulse shown for a + b1 along with the 100

ms data for a (d). The solid lines through the data points are the

Boltzmann fits. (C, E, F) Vhalf, z and DG0 of a + b1 are plotted

against the prepulse duration, respectively (n = 7–10). (D) WWZ

contour of the data shown in C. The solid line in C is the model

curve generated using the TS programme. In F, the solid line is the

mono-exponential fit. (G) Comparison of DG0 form the a and a +

b1 channel.
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about 242.39 ms and a slope factor of-0.0052/ms for
conditioning-duration dependence of Vhalf (Fig. 7C),
data corresponding to z and DG0 are largely mono-
tonic (mono-exponential fit is shown in Fig. 7F, solid
line). The data for DG0 of a and a + b1 channels are
compared in Fig.7G, where suppression of oscillation
in DG0 in presence of b1 subunit is clearly discernible.
However, periods of oscillation in Vhalf for a and a +
b1 are comparable (compare Figs. 3B and 7C). This
indicates that the auxiliary b1 subunit interacts with a
key part of the channel core, which is responsible for
rendering periodicity to the charge movement during
inactivation but not to the half-inactivation potential.
A recent report (Spampanato et al., 2004b) shows
that an epilepsy-related mutation in the C-terminus
of the sodium channel a subunit causes weaker
modulation by the b1 subunit, rendering hyperexcit-
ability to the cells. A reduction in b1 interaction with
a might increase the amplitude of oscillation in the
inactivation parameters also (Fig. 7G), causing
higher tendency to have periodic burst activity in the
diseased condition.

Discussion

Though the biological membrane gets displaced on
depolarization (Zhang, Keleshian & Sachs, 2001),
there is no evidence for physical oscillation of the
membrane causing indirect changes in the channel�s
kinetic properties upon depolarization. Further, the
sodium channel a subunit is tethered to the cyto-
skeleton, and changes in the cytoskeleton structure
alter surface expression of the channel (Komada &
Soriano, 2002). Modulation of the kinetic and steady-
state properties of the brain sodium channel by
mechanical destabilization of the cytoskeletal tether-
ing was shown for human brain sodium channel a
subunit, expressed in Xenopus oocytes (Shcherbatko
et al., 1999). The effect of cytoskeleton disruption was
found to be equivalent to the effect of b1 subunit on
the properties of the a subunit of the channel.
However, it is difficult to assume at this point that the
oscillation, seen in all the kinetic and steady-state
properties of the sodium channel, takes place because
of the oscillatory disturbance of the cytoskeleton, as
there is no such evidence to date for oscillatory dis-
turbance of the cytoskeleton. The prepulse durations,
applied in our study, are much shorter compared to
the time scale of the endogenous PKA/PKC/G-pro-
tein activation-related modulation of the sodium
channel (Li et al., 1993; Ma et al., 1994). Also, since
we did not include phosphorylating compounds like
cAMP/ATP in our internal solution a long-term
modulation of the sodium channel by signal trans-
duction molecules should not take place due to the
dialysis of the cell with the internal solution. Hence,
the dependence of the oscillatory mechanism on the

duration of prepulse depolarization may be inde-
pendent of the phosphorylation states of the channel
molecule. Thus, the fast pseudo-oscillation, similar to
the slow oscillations in these channels shown before
(Majumdar et al., 2004), appears to be an intrinsic
property of the sodium channel. The pseudo-oscilla-
tory changes in the properties of the non-inactivating
component of the sodium current (Fig. 6) indicate
that this property may lead to periodic changes in
neuronal excitability as well. There is evidence that
suggests the role of voltage-gated sodium and
potassium channels in the sub-threshold membrane
potential oscillations (Boehmer et al., 2000); slow
oscillation in the single-channel kinetics of the
potassium channel was also observed (Rahamimoff
et al., 1995). Thus, periodic patterns associated with
sub-threshold oscillations in the membrane potential
and epileptic discharge in neurons might have major
contributions of the intrinsic pseudo-oscillatory
properties of the voltage-gated sodium and potassium
channels. However, this will strongly depend on the
difference in the phase of oscillation in these two
types of voltage-gated ion channels.

The modelling of the periodic changes was done
with a combination of a linear (that is, a monotonic
term) and a variable oscillatory term in most of the
cases. The increasing (in Fig. 1H) or decreasing (in
Fig. 3D) monotonic nature of the line joining the
peak/trough points of the data can be due to the fact
that the rising or falling phase of the slower oscilla-
tion (with time period � 30–40 s, Majumdar et al.,
2004) is coincident with the faster oscillation. Thus,
the apparent monotonic term can be due to the
concurrence of slow oscillation (Majumdar et al.,
2004) with fast oscillation. The time-dependent vari-
ation of the amplitude of oscillation indicates that
there are additional molecular processes that affect
the oscillatory mechanism in a time-dependent
manner. It is quite probable that a single physical
structure in the molecule does not undergo time-
dependent oscillation in actuality. Continuous
molecular rearrangement takes place during channel
activation and inactivation, because of which the
resultant energy of the conformations changes
dynamically in an oscillatory energy landscape
(Figs. 3D, 5E).

In principle, an oscillatory pattern can be gen-
erated by a combination of exponential processes
with different time constants. Activation and fast
inactivation processes are exponential processes
having unequal rate constants; coupling of these
processes was also observed in this channel earlier
(Wang & Wang, 1997; Mitrovic, George & Horn,
1998). Thus, it is quite probable that the activation
and inactivation processes couple optimally, resulting
in the fast and slow pseudo-periodic oscillations in
the channel�s kinetic and steady-state parameters. As
the majority of the steady-state activation and steady-
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state inactivation parameters show a consistent
oscillation near a 250 ms time period, this further
strengthens the hypothesis that coupling between
activation and fast inactivation underlies the appar-
ent pseudo-oscillatory pattern. Alternatively, the
single channels interact with each other in a suitable
way, directly or indirectly through a signal trans-
duction machinery, to give rise to pseudo-oscillatory
whole-cell properties. A systematic study of the sin-
gle-channel properties of the sodium channel would
probably throw more light on the underlying mech-
anism of pseudo-oscillation.

Surprisingly, the phase of pseudo-oscillation was
found to vary from cell to cell when the effect of
prepulse duration on the steady-state activation and
non-inactivating current properties was studied. It
appears that the phase of oscillation for each cell is a
time-independent parameter and is characteristic for
each cell, since the phase information is not restored
to a fixed value when cells were held at )80 mV
holding potential for several seconds in between
recordings. Alternatively, the phase information
varies with a very long time period such that it ap-
pears to be constant within the total recording time
(maximum 45 minutes). Care was taken to avoid
experimental artifacts. All the measurements were
done at a constant low temperature (15�C) to slow
the channel kinetics for accurate estimations of the
biophysical parameters. It is difficult to pin-point the
reason for the variability in the phase information
across the cells at this stage. The data does not
indicate that the sodium channel itself is responsible
for such variability in the phase information. Prob-
ably, a higher-order structure or a signaling cascade
contributes to this process. The variable phase
information among different cells confers a higher
level of history dependence to the cell. The periodic
changes in the peak potential and the relative
amplitude of peak non-inactivating current with
prepulse duration observed in this channel should
cause periodic change in the firing pattern of a
neuron.

Interestingly, though co-expression of auxiliary
b1 subunit suppressed oscillation in the charge
movement during steady-state inactivation, the
oscillation in half steady-state inactivation potential
remained almost unaltered (compare Figs. 3B and
7C). This indicates that the b1 subunit interacts with
a key part of the channel-forming a subunit that is
responsible for the observed pseudo-periodic oscilla-
tion in the charge movement, associated with the
steady-state inactivation. Although experimental
studies to confirm the pseudo-oscillatory mechanism
in the native voltage-gated sodium channels are yet to
be done, the existence of such a mechanism is a dis-
tinct possibility. Incidentally, the frequency of the
fast oscillation in the sodium channel parameters (4–8
Hz) is comparable to the frequency of theta oscilla-

tions (5–8 Hz) found in the EEG recordings from the
cortex and the hippocampus in normal (for example,
Nishida et al., 2004, Yamaguchi et al., 2004) and
pathological (Clemens, 2004) conditions. Thus, the
synchronized network oscillation may have contri-
butions of the sodium channel�s intrinsic oscillatory
properties as well. Many epilepsy-related mutations
were either mapped in the vicinity of the voltage
sensor and pore-forming domains (Kearney et al.,
2001; Spampanato et al., 2001; Claes et al., 2003;
Rhodes et al., 2004), the structure responsible for the
charge movement across the membrane during volt-
age-dependent gating, or the structure that is
responsible for the a and b1 subunit interaction
(Spampanato et al., 2004b). Our data, presented here,
indicates that: 1) pseudo-periodicity in the charge
movement during channel gating can be exploited in
wild-type or mutant sodium channels to induce
periodic bursts of action potentials; 2) a lack of b1
modulation of a channel will increase the amplitude
of oscillation (Fig. 7G), imparting higher propensity
for such periodic bursts of action potentials. Hence,
more information on the mechanism of pathological
hyperactivity can be derived by looking into the
prepulse dependence of the properties of the physio-
logically relevant mutant sodium channels. Recent
simulation studies on the epilepsy-related mutations
in the sodium channel indicate that the mutated
channels impart hyperexcitability to the neurons
(Spampanato et al., 2004a, b). By combining this
information with our observation, one can speculate
that intrinsic oscillation in sodium channel properties
should be capable of generating synchronized oscil-
latory activity in normal conditions (when cells have
the same phase history); the disease-associated
mutations render hyperexcitability to the cells,
probably by increasing the amplitude of the non-
inactivating current (Rhodes et al., 2004), that would
prolong the spontaneous firing activity in pathologi-
cal conditions.
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