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Abstract. We propose a new approach to analysis of
kinetic models for ion channel gating, based on ap-
plication of fluctuating voltages through a voltage
clamp, in addition to conventional techniques. We
show that the channel kinetics can be probed in a
much more sensitive way, leading to more efficient
model selection and more reliable estimates of model
parameters. We use wavelet transform as an analytic
tool for fluctuating currents and parametric disper-
sion plots as a measure of model compatibility with
experimental data.
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Introduction and Theoretical Background

Voltage-gated ion channels are macromolecular as-
semblies that open ion-selective pores in cell mem-
branes in response to electric fields. They are basic
elements behind the electrical excitability of various
types of cells and regulate a host of cellular processes
(Hille, 2001). A goal of any functional study of ion
channels is to develop a mathematical model for the
experimental data that reproduces the observed input-
output relationships to within some error factor. A
majority of reports in the biological literature describe
physiological aspects of the channel’s behavior and
models play only a role in summarizing the experi-
mental data. Much more difficult are studies aimed at
determining molecular-kinetic features of the channel-
gating mechanism. The gating results from rear-
rangements of the tertiary structure of channel pro-
teins and models are sought that describe these
changes (the number of possible configurational

states, voltage-dependence of transition rates, prop-
erties of the voltage-sensing mechanism). It is typically
assumed that the channel molecule can exist in a small
number of discrete states described as closed (C), open
(O), or inactivated (I) and representing minima in the
molecular ‘‘energy landscape’’. The voltage-depend-
ent forward and backward transition rates between
states have the Eyring form: ai(V) = ai(0)exp(qi

+V/
kT) and bi(V) = bi(0)exp(qi

)V/kT), where a(0), b(0)
are the rates at 0 mV, V is the membrane potential and
qi
+, qi

) are the (forward and backward) gating charges.
The latter are often expressed as qi

+ = qidi and
qi
) = )qi(1 ) di) where qi is the total gating charge for

a given transition and di is the fractional electrical
distance. The state occupancy probabilities form a
vector ~P, evolving according to the master equation:

d~P

dt
¼ ~W½V�~P ð1Þ

where the transition matrix ~W½V� consists of the
transition rates a(V) and b(V).

Attempts at developing general kinetic models
have been made for some ion channels, e.g., for the
Shaker K+ channel the leading labs proposed sepa-
rate and mutually contradictory models (Bezanilla
et al., 1994, Zagotta et al., 1994, Schoppa & Sig-
worth, 1998). For the Na+ channels the Hodgkin-
and-Huxley model (Hodgkin & Huxley, 1952) was a
first attempt to develop a picture of ionic con-
ductance in terms of simpler elements, and although
not formulated in these terms, it was equivalent to a
Markov model. These reports, however, led to a
certain amount of skepticism as to a complete via-
bility of the goal of developing a comprehensive
Markov model that reflects molecular-kinetic features
of the channels, based only on currently available
experimental data. It is widely acknowledged that all
existing models are incomplete, ambiguous, and de-
scribe only certain features of channel behavior.Correspondence to: A. Kargol; email: akargol@loyno.edu
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One source of these ambiguities is our inability to
directly measure most of the kinetic variables and a
limited ‘‘resolution’’ of current recordings. The vast
majority of the experimental data is obtained using a
voltage-clamp technique (Hille, 2001) in which cur-
rent transients following a given applied voltage are
measured. Originally developed to measure the mac-
roscopic ionic currents, the voltage clamp technique
has been modified (Sakmann & Neher, 1995) to in-
clude single-channel recordings (taken from small
membrane patches containing single channels) and
gating currents (reflecting movement of charged res-
idues in channel proteins). While the ionic currents
are most efficient in resolving the transitions between
open states and the nearest closed states, the gating
currents contain contributions from all voltage-de-
pendent transitions, but suffer from mixing of signals
from different transitions. There is also a more fun-
damental source of ambiguity in kinetic modeling
that has been attributed to the nature of currently
used voltage-clamp protocols (Millonas & Hanck,
1998a, 1998b; Kargol et al., 2002). Despite all the
refinements, the basic philosophy behind all ion-
channel experimentation is the same: the membrane
voltage is changed stepwise at only few discrete times
and the resulting relaxation transients are recorded.
This response is due to a redistribution of state oc-
cupancies as the ensemble relaxes back to equilibri-
um. Although such near-equilibrium studies may
seem the most appropriate to test physiological re-
sponses of channels, they are hardly sufficient to
discover all molecular-kinetic aspects of gating
(Millonas & Hanck, 1998a, 1998b).

We use a novel method in electrophysiology, the
nonequilibrium response spectroscopy (NRS), pro-
posed recently (Millonas & Hanck, 1998a, 1998b,
Kargol et al., 2002) to target such modeling ambi-
guities. It involves application of high frequency
voltage waveforms through a voltage clamp. An en-
semble of channels subjected to NRS fluctuating
potentials can be driven into states arbitrarily far
from the equilibrium manifold (Millonas & Hanck,
1998a, 1998b) and areas of the kinetic manifold un-
reachable by traditional methods can be explored. If
the voltage fluctuation frequency interacts with the
time scales of the channel kinetics, the response be-
comes very sensitive to subtle details of the kinetic
model. Hence, new information can be gained and
the resulting experimental data puts new constraints
on the kinetic models (Millonas & Hanck, 1998a,
1998b, Kargol et al., 2002).

The nonequilibrium response spectroscopy has
been described in detail in previous publications
(Millonas & Hanck, 1998a, 1998b; Hosein-Sooklal &
Kargol, 2002; Kargol et al., 2002). For the sake of
completeness we present below a brief summary of
the method. We proposed two types of NRS proto-
cols (Kargol et al., 2002): the ensemble and the single-

pulse protocols. The former are based on repeated
applications of voltage waveforms from a certain
statistical ensemble. Following Millonas and Hanck
(1998a, 1998b) we used the dichotomous noise (DN).
The dichotomous noise consists of random voltage
fluctuations between two values. It is characterized by
these two voltage values, the switching frequency and
the temporal asymmetry (i.e., the percentage of time
spent in either of the two voltage extremes). Since the
DN is a Markovian (memoryless) stochastic process
itself, its effect on ion channel gating kinetics can be
modeled by incorporating it into the channel kinetic
scheme, as shown in Millonas and Hanck (1998b).
The probability distribution vector for this expanded
model evolves according to the double-dimensional
conditional master equation.

The single-pulse protocols involve only few fluc-
tuating voltage pulses designed specifically to probe
particular aspects of channel kinetics. We developed
an algorithm for constructing waveforms with par-
ticular temporal and spectral properties in a wavelet
basis (Kargol et al., 2002). The wavelet analysis is a
relatively new tool and has been applied to a variety
of problems including signal analysis, image com-
pression and denoising, etc. The idea of wavelet
analysis is similar to the Fourier analysis. The dif-
ference is that in the latter case the analyzing trigo-
nometrical functions have infinite support (thus
providing detailed spectral information, but virtually
no temporal information about the signal) and
wavelets have finite supports (yielding simultaneous
spectral and temporal information). While typical use
of wavelets is for signal analysis, we employed them
to synthesize a waveform with desired properties. In
particular, we used the dyadic wavelet basis consist-
ing of functions of the form:

wm;n ¼ 2�m=2Wð2�mt � nÞ ð2Þ

where W is the so-called mother wavelet. Indices m
and n are referred to as the dilation and translation
indices. The dilation index determines what range of
frequencies the function wm,n possesses and the
translation index points to when these frequencies are
‘‘turned on and off’’. In general, by taking a super-
position of such wavelets f(t) =

P
m,n dm,nwm,n and

adjusting the coefficients dm,n, we can construct a
function with arbitrary spectral and temporal prop-
erties. Our strategy for voltage waveform design is an
optimization procedure where such a superposition of
wavelets is sought to maximize a cost-functional de-
pendent on specific goals. If the aim is to determine
the best of model topologies proposed for a given
channel we use the model sensitivity defined simply as
the v2 error between model responses to a given
voltage protocol: Sm=

P
t(i1(t))i2(t))

2. The model re-
sponse is the solution to the master equation (Eq. 1),
but since in this case the voltage (and henceforth the
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transition matrix) became time-dependent, the solu-
tion was found numerically by iteration (Hosein-
Sooklal & Kargol, 2002, Kargol et al., 2002). Once the
optimal topology is found, we aim to precisely de-
termine the model transition rates using the notion of
parametric sensitivity (Kargol et al., 2002). It is defined
as the change in model response (the occupation
probabilities or currents, ionic or gating) caused by a
small variation in model parameters. For instance, the
experimentally observable quantity P[a](t) can be the
macroscopic ionic current, proportional to the pro-
jection ~O of the probability vector ~P onto the open
states: P½a�ðtÞ ¼ ~O � ~P½a�ðtÞ, where a is a generic name
for one of the model parameters. The sensitivity in
parameter a is defined as:

SaðtÞ ¼
1

da

Z t

0

dsðP½a þ da�ðsÞ � P½a�ðsÞÞ2
� �1=2

ð3Þ

where da is a small parameter variation. The sensitivity
can be computed for each kinetic parameter inde-
pendently or jointly. In the latter case, the sensitivity is
directionally nonuniform in parameter space. Typi-
cally, there are well defined manifolds along which the
sensitivity gradient is the least steep. Joint variation of
parameters along this manifold is not easily detectable
by currently used experimental protocols.

Materials and Methods

We recorded macroscopic ionic currents from human cardiac Na+

channels (hH1A) stably expressed in HEK293 cells. The details of

cell preparation, recording techniques and solutions were as de-

scribed in Hosein-Sooklal and Kargol (2002). The main issue in

current recordings was the bandwidth of the recording apparatus.

It had to be large enough to accomodate fluctuating voltage

waveforms. We used fire-polished borosilicate pipettes to minimize

the input RC time. Only data with the RC time less than 20 ls
(bandwidth of 8 kHz) were used.

For comparison with experimental data, the macroscopic

ionic currents have been modeled as: iðtÞ ¼ g0gðVÞðV � VrÞ~O � ~PðtÞ
where Vr is the reversal potential, g(V), the nonlinear part of the

membrane conductance, both of which can be found in separate

experiments (Kargol et al., 2002, Millonas & Hanck, 1998b), and

g0, a scaling factor related to the expression level of a particular

cell. The procedure for finding the probability vector ~PðtÞ for

channels driven by the DN has been described in Millonas and

Hanck (1998a, 1998b). For the time-dependent voltage pulses V(t),

the formal solution to the master equation can be written as:
~PðtÞ ¼ exp

R t

0 ds ~W½VðsÞ�
� �

~Pð0Þ. The initial probability distribution
~Pð0Þ is determined by the holding potential Vh, and the explicit

form of ~PðtÞ we found by iteration (Kargol et al., 2002). All pro-

grams for pulse design, data analysis and modeling were written in

Matlab (Mathworks, Natick, MA).

Results and Discussion

We considered two models for the Na+ channels: the
Vandenberg-Bezanilla (VB) (Vandenberg & Bezanilla,
1991) and the Millonas-Hanck (MH) model

(Millonas & Hanck, 1998b) (Fig. 1).2 Both attempt
to capture main features of current recordings: a delay
in channel openings due to several states in the acti-
vation pathway and spontaneous inactivation result-
ing from weakly voltage-dependent transitions to
inactivated states. The difference is in the number of
open states. Initially, both models were fit to a typical
set of stepped voltage protocols, including the acti-
vation (steps from a holding voltage of )130 mV to a
series of voltages starting from )122 mV in 8 mV
increments) and tail series (depolarizing prepulse to
32 mV for 1 mV followed by steps to values from
)150 mV in 12 mV increments). The values of model
parameters have been reported in Hosein-Sooklal and
Kargol (2002). Since both models reproduce this type
of data equally well, no conclusion regarding the
number of open states can be drawn.

We implemented our pulse-design algorithm
(Kargol et al., 2002) to get voltage waveforms that
maximize the model sensitivity. We used the dyadic
basis of Daubechies 8 wavelets wm,n(t) = 2)m/2

W(2)mt ) n), where W(t) is the mother wavelet
(Daubechies, 1992). An initial pulse was constructed
as a random superposition of wavelets V(t)=

P
m,n

dm,nwm,n(t), typically with 7–8 wavelet multiresolution
levels (i.e., frequency content of the pulse up to 6–
8 kHz). The algorithm was a random search in pa-
rameter space for the values of coefficients dm,n that
maximize the model sensitivity Sm. Because of the
random nature of this algorithm, each run resulted in
a different waveform. We have constructed several
pulses with maximal fluctuation amplitudes limited
only by the cells’ expected ability to withstand such
voltage fluctuations. For each of the pulses, the
model currents were compared with ionic currents
measured from the hH1A channels. Data presented
in this paper is a continuation of our previous work
(Hosein-Sooklal & Kargol, 2002). In the previous

Fig. 1. Kinetic models for the K+ channels. (a) the VB model

(Vandenberg & Bezanilla, 1991) developed for the neural isoform

of the K+ channel. This topology has been used also for the cardiac

isoform. (b) the MH model (Millonas & Hanck, 1998a).
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paper we used the discrete wavelet transform, while
here, for easier comparison of fluctuating signals, we
implemented the continuous wavelet transform that
better uncovers spectro-temporal patterns in the data.
Sample data for the voltage pulse with amplitude
140 mV are shown in Fig. 2. The upper left panel in
that figure shows the voltage waveform obtained

from our pulse-design algorithm for maximal model
sensitivity. The voltage was applied for 40 ms and the
values given are in mV. The upper right panel is the
corresponding ionic current, in nA. The remaining
three panels are the continuous wavelet transforms of
the experimental data (a), the VB-model current (b)
and the MH-model current (c). This gray-scale figure

Fig. 2. Sample response to single-

pulse protocols. The voltage pulse

(top left) and ionic current response

(top right) are shown. Voltage

is measured in mV and the

corresponding currents in nA.

We compared continuous wavelet

transforms of the experimental data

(a), the VB (b) and the MH (c)

model currents. The plots show

spectro-temporal patterns in the

data. The horizontal axis represents

the time during the signal (0–40 ms

for pulses used in our experiments).

The vertical axis shows the wavelet

levels. They are related to the

frequency content of the signal with

the lowest frequencies at the top

and the highest at the bottom. The

absolute values of the wavelet

transform coefficients are plotted

on a grey scale. Dark areas

correspond to near-zero values

of the coefficients and the bright

areas, to their large values. The

significance of bright areas is that at

these times (read on the horizontal

axis) specific frequencies

(determined by the coordinate on

the vertical axis) dominated the

signal.
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shows the absolute values of the wavelet expansion
coefficients dm,n. The wavelet levels labeled by the
dilation index m increase along the vertical axis and
are related to the frequency content of the sig-
nal—with the highest frequencies at the bottom. The
translation index n (labeling when in the signal given
frequencies are present) is plotted on the horizontal
axis. The dark areas represent small (near-zero) val-
ues of the wavelet expansion coefficients. It can be
noticed that while the VB model reproduces the ex-
perimental data well, the MH model overestimates
the rate of inactivation. Namely, the values of ex-
pansion coefficients decrease in time (i.e., to the right
in the gray-scale plots) much faster for the MH model
than for the experimental data. The overall spectro-
temporal pattern for the MH-model current also
visually differs from the experimental data. A similar
trend has been noticed for other pulses. This is an
argument against the inclusion of the second open
state in the model or at least against its direct link to
the inactivation pathway.

Hence, we further considered only the VB model
and applied the optimal parametric sensitivity pulses
to improve parameter estimates. For instance, pre-
liminary fits to stepped voltage data resulted in the
following parameter values for transition rate a5:
a5(0) = 1.77 ms)1, q5 = 0.063e and d5 = 0.1853,
where q+5=q5d5, q)5=)q5(1)d5); is the total gating
charge and d5, the fractional electrical distance for
this transition. We have constructed pulses that
maximize the joint sensitivity in parameters a5(0) and
q5. The observed increase in sensitivity was by a
factor of 2 (a5(0)) or 9 (q5).

The model-fitting algorithm is a version of the
simulated annealing method, i.e., a random search
in the parameter space with a decreasing search
radius (Millonas & Hanck, 1998b, Kargol et al.,
2002). Because of its random nature each run of the
algorithm resulted in a different set of model para-
meters. The dispersion of these values and their
location in parameter space are a reflection of the
parametric sensitivity. We ran the program 100
times each for three different sets of experimental
data: 1) the stepped voltage protocols, 2) stepped
and DN protocols (random voltage switching be-
tween )120 mV and )30 mV with frequencies 0.7,
1, 2, 3, 5 and 8 kHz), and 3) stepped and single-
pulse protocols (maximal sensitivity pulses with
peak-to-peak amplitudes of 140, 180 and 200 mV).
The results are shown in Fig. 3 where different
symbols correspond to the three sets of data. We
included only the parameter sets with the same v2

error cutoff, normalized to the number of sweeps
and the sampling rate. For transition rates a1/b1, a2/
b2 and to a lesser extent a4/b4, there is an overlap,
indicating that all three methods yield similar pa-
rameter values. In case of a5/b5, as well as a3/b3,
each set of data gives a distinctly different set of
model parameters. For data set (2) we got
a5(0) = 6.98 ms)1, q5 = 0.0029e, while for set (3),
a5(0) = 10.63 ms)1 and q5 = 0.068e. Numerical
experiments (Kargol et al., 2002) with simulated
experimental data (data computed using a known
model) show that if the correct model topology is fit
to it there is always an overlap and only the size
of the parameter dispersion can be reduced using

Fig. 3. Dispersion plots for the

model parameters in the VB model.

Each panel is a different section of

the model parameter space and

each dot represents a result of one

run of the fitting algorithm. We

used ionic current for: 1. stepped

voltage (o), 2. DN (d), and 3.

single-pulse protocols (+). ai(0)

and bi(0) in [ms)1], qi in units of e.
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additional data sets. The differences in parameter
values observed in Fig. 3 show that the VB model,
even if apparently superior to the MH model, is not
fully compatible with the NRS experimental data
either and a better model ought to be sought. Hence
the optimal sensitivity NRS method not only yields
more reliable parameter values but also can be a
test of adequacy of model topology. Such non-
overlapping clustering of model parameters in dis-
persion plots indicates that the model topology used
is not fully compatible with experimental data.
Results reported here use macroscopic ionic cur-
rents only but we expect the method to be more
efficient with gating currents.

Models of ion channel kinetics are hypotheses,
subject to experimental verification. Model refine-
ment is achieved by introducing more types of data or
by increasing the number of voltage protocols. We
introduced new types of protocols, fundamentally
different from currently used ones. They are very ef-
ficient in model selection and can be used to reject or
modify models in cases where standard relaxation
transient methods fail. The dispersion plots can di-
rectly show incompatibility of proposed models with
the experimental data. The NRS technique is an ap-
plication of fluctuation-induced phenomena to ion
channel gating kinetics but it can also be used to aid
model selection and analysis in other areas of physics,
chemistry, or biology, where similar phenomena are
observed and the kinetics described by the master
equation.
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