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The kinetics and nonequilibrium thermodynamics of open state and inactive state drug binding mechanisms have
been studied here using different voltage protocols in sodium ion channel. We have found that for constant voltage
protocol, open state block is more efficient in blocking ionic current than inactive state block. Kinetic effect comes
through peak current for mexiletine as an open state blocker and in the tail part for lidocaine as an inactive state
blocker. Although the inactivation of sodium channel is a free energy driven process, however, the two different kinds
of drug affect the inactivation process in a different way as seen from thermodynamic analysis. In presence of open
state drug block, the process initially for a long time remains entropy driven and then becomes free energy driven.
However in presence of inactive state block, the process remains entirely entropy driven until the equilibrium is
attained. For oscillating voltage protocol, the inactive state blocking is more efficient in damping the oscillation of ionic
current. From the pulse train analysis it is found that inactive state blocking is less effective in restoring normal
repolarisation and blocks peak ionic current. Pulse train protocol also shows that all the inactive states behave
differently as one inactive state responds instantly to the test pulse in an opposite manner from the other two states.

Introduction

The sodium ion channel1,2,3,4 is an optimal drug target for
therapeutic action as inactivation plays an important role by tem-
porarily preventing the channel from reopening even though the
cell is still depolarized. If the inactivation process is hampered,
various physiological problems appear, like cardiac arrest, hyper
excitability, hysteria etc, due to the persistent current.5,6,7,8 In
particular, sodium channels are targeted for anesthesia and treat-
ments for genetic diseases in the brain, skeletal muscles, and
heart.9 The physiological importance of the voltage gated sodium
channel is associated with numerous pathologies namely cardio-
vascular, neuronal, neuromuscular, musculoskeletal, metabolic,
and respiratory systems10,11 due to the inherited ion channel dis-
eases due to mutations.12,13 Discovery of drug to cure these dis-
eases are difficult owing to the fact that thorough molecular
approaches are ineffective and most ion channel drugs are discov-
ered using lab cultured tissues and animal based pharmacological
methods14,15,16 which cannot be tested on human beforehand.
The complete understanding of the mechanism of blocking of
drugs and how the intrinsic properties of channel gating affect
drug access, binding affinity and unblocking are still not clearly
understood. Many existing drugs thus failed to reduce mortal-
ity17,18 due to incomplete knowledge of drug binding mechanism
in ion channels and little knowledge of the molecular and

physiochemical basis of drug receptor interaction. Thus the
understanding of the drug binding kinetics and its energetics in
presence of various membrane depolarisations is one of our goals
in this paper.

For the previous few decades the study of inactivation had
been a major investigation for many elctrophysiologists studying
the cell under voltage clamp and patch clamp techniques. Many
drugs or blocks like TTX,19 conotoxins,20 pronase,21 mexile-
tine,22 lidocaine22 have been evolved which specifically target
binding with the open state or the inactive states of the sodium
channel, leading to ceased sodium current influx. Most of the
studies involve the discovery of various blockers, their region of
binding to the channel protein and the structural change of the
channel protein caused in presence of drugs. As drug binding
kinetics are very much affected by the various types of channel
mutations, biological environment and also similar drugs show
different binding kinetics23,24 in different systems, it is difficult
to comprehend drug binding interactions in a general framework.
To generalize drug binding kinetics from single channel realiza-
tion, we present here simple probabilistic approach using the 9
state model of Bezanilla25 for cardiac sodium channel. In spite of
a great deal of effort to understand the drug binding kinetics the
nonequilibrium thermodynamic characterization of binding have
been still overlooked. Thus in our study we investigate the fol-
lowing questions: (1) What are the basic kinetic difference
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between a drug blocking open state and a drug accessing directly
the inactive state of the channel with the variation of drug con-
centration and voltage? (2) For constant depolarisation which
type of drug binding is more effective in blocking the ionic cur-
rent? (3) What is the thermodynamic difference between a nor-
mal inactivation process and a drug induced inactivation? (4) Are
these drugs binding processes entropy driven or free energy
driven? (5) How these 2 types of drug binding kinetics differ
from constant voltage case in presence of oscillating voltage pro-
tocol, emerging as nonequilibrium response spectroscopic tech-
nique26,27,28 which also mimic the neuronal oscillations29,30 in
membrane potential? (6) How the channel and its drug binding
mechanism responds to the pulse train voltage protocol and its
varying pulse width. In this context we have taken a standard sin-
gle sodium ion channel model which we have extended with
drug bound states corresponding to the open state and inactive
state blocking, considering local anesthetics such as mexiletine
and lidocaine as open state and the inactive state blockers,
respectively.

Layout of the paper is as follows. First the kinetic scheme of
drug binding has been discussed. Then considering the effect of
open state blocker and inactive state blocker we have presented
the kinetic and nonequilibrium thermodynamic characterisation
of two types of drug binding in presence of three types of voltage
protocols. In different subsections we have studied the effect of
drug in presence of constant voltage, oscillating voltage and pulse
train protocols.

Kinetics of Drug Binding

The study of local anesthetics (LA) and their binding kinetics
to the binding site of sodium ion channel has been important
since past few decades.4,31,32,33 Hille,34 in his modulated receptor
hypothesis explains the shift of inactivation in presence of
use-dependent block of sodium currents during repetitive
pulses.35,36,37 The hypothesis predicted that the open and inacti-
vated states of voltage gated Na channels have higher affinities
toward LA drugs than that of the resting state. The guarded-
receptor model emphasizes the dependence of hydrophilic or
hydrophobic path of the drug in binding and unbinding kinet-
ics.38 There have been a lot of drugs3,39,40 invented which binds
with sodium channel, can be broadly divided into 2 classes,41,42

as open state blocker and inactive state stabilizing blocker. From
clinical stand point, drugs that have strong open channel block-
ing potency are called class 1a antiarrhythmics, such as quinidine,
mexilitine and disopyramide whereas class 1b antiarrhythmics
like lidocaine preferentially block peak over late current.43 Unlike
most positively charged local anesthetics the neutral tricyclic anti-
convulsant drugs, namely phenytoin, carbamazepine, and lamo-
trigine etc have similar blocking affinities for both open or
inactivated-state.44

Till now the clear distinction between activities of open
state blocker and inactive state blocker is yet not clear and
well established. Various experimental protocols such as con-
stant voltage clamp, oscillating voltage as nonequilibrium

response spectroscopic technique and pulse train protocol
have been used enormously but how these protocols affect
the drug binding is not yet clear. We consider the drug bind-
ing model based on the single sodium ion channel model
presented by Vandenberg and Bezanilla.25 In this model the
ion conducting state or open state is represented by P5,
whereas the states P1 to P4 are closed states and P6 to P8 are
the inactivated states. At the resting potential (¡70 mV), the
most preferred state is P0. However, when depolarization
occurs the channel goes to the open state and produces the
macroscopic ionic current, I(t) with influx of NaC ions into
the cell. Then the channel goes to the inactivated states and
the inward ionic current is terminated. The voltage-depen-
dent forward and backward transition probabilities, ai(V(t))
and bi(V(t)), respectively can be represented by

ai.V .t//Dai.0/e
qi eV .t/di

kB T and bi V tð Þð ÞD bi 0ð Þe
¡ qi eV tð Þ 1¡ dið Þ

kB T (1)

Here q1
§ are the gating charges involved with each forward

and backward transitions, respectively; ai(0) and bi(0) are the
forward and backward transitions at zero voltage, respectively,
with kBT

e
D 24:4 mV. Here di is dimensionless fractional electri-

cal distance (0 < di < 1) with u D 1.2 as in Millonas.26 The
time evolution of the probabilities of these 9 states can be writ-
ten in terms of 2 general master equations. For convenience, we
have considered 2 indices, A and I, which represent the active
states (P0 to P5) and inactive states (P6 to P8), respectively.
Thus master equation can be written in terms of 2 states. The
corresponding active state master equation can be written as:

dPA n; tð Þ
dt

Da n¡ 1ð Þ V .t/ð Þ PA n¡ 1; tð Þ

C b nC 1ð Þ V .t/ð Þ PA nC 1; tð Þ¡a nð Þ V .t/ð Þ PA n; tð Þ

¡b nð Þ V tð Þð Þ PA n; tð Þ C d3;n[¡ l1 V tð Þð ÞPA n; tð ÞC l¡ 1 V tð Þð Þ

PI 6; tð Þ]C d5;n[¡ l2 V tð Þð ÞPA n; tð ÞC l¡ 2 V tð Þð ÞPI 8; tð Þ]; (2)

where PA(n,t) represents the probability of remaining in the n-
th active state at time t. Similar sort of expression holds for inac-
tive state master equation as:

dPI n; tð Þ
dt

Da n¡ 1ð Þ V tð Þð Þ PI n¡ 1; tð ÞC b nC 1ð Þ V tð Þð Þ

PI nC 1; tð Þ¡a nð Þ V tð Þð Þ PI n; tð Þ¡ b nð Þ V tð Þð Þ PI n; tð Þ
C d6;n[l1 V tð Þð ÞPA 3; tð Þ¡ l¡ 1 V tð Þð ÞPI n; tð Þ]C d8;n[l2 V tð Þð Þ

PA 5; tð Þ¡ l¡ 2 V tð Þð ÞPI n; tð Þ]: (3)

For active states the value of n varies from 0 to 5 whereas for
inactive states we have n D 6, 7 and 8 with an(V(t)) and bn(V(t))
are designated as the forward and backward transition
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probabilities of n-th state. Here we consider
l1 D a4 ; l¡ 1 D b4 ; l2 D a5 and l¡ 2 D b5. The parame-
ters associated with these 9 coupled differential equations are
given in the following Table 1.26 At any instant of time t, the
ionic current, I(t) is calculated by the following equation:

I tð ÞD g0gV V tð Þ¡Vrð ÞP5: (4)

Here g0 and gV are experimentally fitted parameters describing
the voltage dependence of the sodium ion conductance as
described in the caption of the Table 1.

We take the example of an open state drug blocker as mexile-
tine and inactive state blocker as lidocaine.22 Thus here we add
an extra drug bound state P5

M with P5 for the study of mexiletine
drug binding kinetics and we add 3 drug bound states such as
P6

L, P7
L, P8

L with P6, P7 and P8, respectively to study the kinetics
in presence of lidocaine. The models are given in Figure 1. For
simplicity we consider a drug binds to an open state and inactive
state with similar binding affinity. We have taken the forward
rate constant for binding kon D [D] £ 105s¡1, where [D] is the
molar drug concentration [M] and koff D 10¡2s¡1.31 For sim-
plicity we keep the rate constants same for mexiletine and

lidocaine. For system under constant, oscillating and pulse train
voltage protocols we use these drug binding rates which are not
voltage dependent in any case.

Kinetic and Thermodynamic Effects of Different
Voltage Protocols on Drug Binding

Here we study the effect of 3 types of voltage protocols for
these drug blockers. First we have kept the voltage constant as
used in constant voltage clamp dynamics. Secondly we use oscil-
lating voltage protocol, a protocol which helps us to study the
system in nonequilibrium environment. Next we have studied
the system under pulse train protocol. Here we vary the pulse
durations of the base pulse and test pulse and their effect is stud-
ied in presence of open state blocker and inactive state blocker
with various concentrations. How the alteration of pulse duration
affects or facilitates the drug binding is one of the goals of this
part. In each protocol we are comparing whether inactive state
blockers or the open state blockers are more effective in blocking
the ionic current.

Constant voltage clamp dynamics
Constant voltage clamp dynamics has been widely used proto-

col to study ion channels since the work of Hodgkin-Huxley.1,2

The voltage clamp technique is used by electro-physiologists to
measure the ionic current through the membrane of excitable cells
while holding the membrane voltage at a set level. A series of volt-
age ramp can be used which allows the membrane voltage to be
altered independently of the ionic currents allowing to study the
current-voltage relationships of the voltage gated sodium channel.

Here we have plotted the ionic current at different concentra-
tions of mexiletine and lidocaine keeping the voltage constant i.e,
¡20 mV. From Figure 2A it is seen that the ionic current is sup-
pressed with the increase in the drug concentration. It is also
observed that the peak of the ionic current is also decreased but
from the Figure 2B it is seen that lidocaine block has no effect
on the peak current which affects the current after the peak is

reached that is at tail part only. The
effect of the mexiletine is clearly visible
for a wide range of drug concentration
but the effective range of visible change
for lidocaine is very small, i.e., in the
very low concentration range, 0.005–
0.01 M, after that or the concentration
greater than that does not change the
kinetics appreciably and the graphs
overlap, as for example [D] D 10 M,
overlaps on [D] D 0.1 M.

Next we have investigated the rela-
tion between peak-current and various
constant depolarising voltages for dif-
ferent drug concentrations. Here we
first put the system in ¡70 mV depo-
larisation (a resting potential for the
cell), and send it to a steady state until

Table 1. Model parameters. The forward and backward transition rates at
zero voltage is given in this table with the data of gating charges and frac-
tional electrical distances as used by Millonas et al.26 The instantaneous con-
ductance gV expressed as gV tð Þ D g0 C g1V tð ÞC g2.V tð Þ/2 C g3.V tð Þ/3,
where unit of gV is mS and g1 D ¡8.21 £ 10¡4, g2 D ¡4.72 £10¡6, g3 D 1.49
£ 10¡8 with g0 D 0.0169 is the overall scaling factor representing the cell
expression rate. Vr is the reversal potential for the sodium ion channel under
study, usually 67.0 mV

Rate index ai (0)(s
¡1) bi(0) (s

¡1) qi di

1 4779 10.3 2.83 0.053
2 5045 12.1 3.16 0.5
3 1684 2360 0.077 0.78
4 19.8 a4 b5

a5
5.573 0.12

5 800 59.8 0.16 0.33

Figure 1. Kinetic model of drug binding. (A) model of open state drug blocking is a 10 state model and
(B) model for inactive state drug blocker is a 12 state model.

www.tandfonline.com 309Channels



all the parameters become time independent. Then we switch on
the drug block sites along with the depolarising voltage and let
the system settle down to steady-state and then estimate the peak
current.

From Figure 2C it is seen that for a particular mexiletine con-
centration the peak of ionic current gradually increases with
depolarisation and then after passing through a maximum it
decreases again. With increase in mexiletine concentration there
is a relative reduction of peak current clearly visible. But in the
case of lidocaine a different nature is observed. For a particular
lidocaine concentration the peak current shows similar nature as
mexiletine but for increasing lidocaine concentration there is no
effect on peak current as seen from Figure 2D.

It is worth mentioning that although there is no effect on peak
current due to increasing concentration of lidocaine but there is a
clear change in the peak over late current. The late current
sharply decreases with the increase in the lidocaine concentration
as seen from Figure 2B. This behavior of lidocaine is also consis-
tent with the experiments done earlier as was previously reported
that lidocaine was more effective in late component of NaC cur-
rent than peak current in DKPQ channels expressed in mamalian
cells.45,46,47,48,49 Lidocaine preferentially blocked late over peak
current and the blockade was equally effective in all 3 channels
having mutations N1325S, R1644H and DKPQ expressed in
Xenopus oocytes.50 Lidocaine inhibits dispersed reopening in
single channels without affecting mean open times. Clinical stud-
ies showed that the late current is more sensitive than peak cur-
rent to block by class Ib51 antiarrhythmic drugs like
lidocaine.45,47,52

Next we have studied the nonequilibrium thermodynamics of
the system in presence of drug. Here we assume that the system
is in contact with an isothermal bath at temperature T. The total
internal energy U(t), the free energy, F(t) and the system entropy,
S(t) is given as follows:53

U tð ÞD ¡T

X
i

Pi tð ÞlnPe
i ; (5)

S tð ÞD ¡
X

i

Pi tð ÞlnPi tð Þ; (6)

F tð ÞDU tð Þ¡ TS tð ÞDT

X
i

Pi tð Þln Pi tð Þ
Pe
i

� �
: (7)

Now we have calculated DU tð Þ
T

; DF tð Þ
T

and DS tð Þ
T

which gives the
information about how far the system is from the equilibrium in
terms of these thermodynamic parameters namely,

DU

T
D Ue

T
¡ U tð Þ

T
; (8)

where Ue D ¡ T
X

i
Pe
i lnP

e
i is the internal energy of the system

at equilibrium and Pi
e is the probability of the ith state at

equilibrium. Similarly we can write

DF

T
D Fe

T
¡ F tð Þ

T
; (9)

and

DSD DU

T
¡ DF

T
: (10)

From the Figure 3A it is seen that without the presence of
drug the process is initially entropy driven and soon after the
inactivation process starts it becomes free energy driven as
seen from the Figure 2A. It remains free energy driven upto
the equilibrium until all of the 3 quantities become zero at
equilibrium. It may be concluded that the normal inactiva-
tion process in sodium channel is free energy driven without
the presence of any drug. From Figure 3B it is seen that in
presence of 0.001 M mexilitine the process is also initially
entropy driven and then after a long time it becomes free
energy driven. In Figure 3C it is seen that in presence of
lidocaine the process entirely remains entropy driven till the
equilibrium reaches. The ionic current graphs are plotted
below for each case which shows the similar time scales for
reaching the equilibrium. It is observed here from both the
graphs of ionic current and thermodynamic potentials that
lidocaine blocks faster than that of mexilitine.54,55

Oscillating voltage protocol
Oscillating voltage protocol is an emerging technique27,28 to

study the ion channels in nonequilibrium environment. In indi-
vidual neurons the oscillations may appear due to oscillating
nature of action potential and membrane depolarisation.29,30 To
realize the effect of drug in ionic current in presence of inherent
gating kinetics of channel the oscillating voltage protocol may
give the nearly similar cell situation in terms of neuronal oscilla-
tion. The functional form of the voltage, V(t) used is V (t) D
V0 C A sin(wt), where V0 is the mean voltage taken as zero and v
D 2pn with amplitude, A D 30 mV and frequency, n D 30 Hz
consistant with biological range. From the nonequilibrium ther-
modynamics we know that the total dissipation function or the
total entropy production rate(epr) is expressed as,53

_S
tot

tð ÞD 1

2

X
i;j

qij.t/Pi.t/¡ qji.t/Pj.t/
� �

ln
qij.t/Pi.t/

qji.t/Pj.t/

� �
;

(11)

taking entropy in units of Boltzmann constant, kB. Here, qij is the
transition rate which converts the state from i to j and similar defi-
nition holds for reverse transition rate qji. Here we have considered
that system remains in the contact with the environment with a
constant temperature.

Left panel of Figure 4 is the ionic current and in the right
panel the corresponding total epr are shown. From Figure 4A it
is seen that without the presence of drug the ionic current
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oscillates and ultimately attains a time
periodic steady value. From the Fig-
ure B it is seen that the total entropy
production rate is always positive and
the system shows a time periodic
steady nature of dissipation. Thus it
goes to a driven nonequilibrium
steady state in presence of oscillating
voltage. But in presence of drugs of
both kinds the system ultimately
relaxes to equilibrium as seen from
the Figure 4D and F. Thus the ther-
modynamics of the system entirely
changes in presence of drug for oscil-
lating external perturbation. In pres-
ence of drug the external oscillation
cannot hold the system to nonequilib-
rium steady-state any more but relaxes
to the equilibrium due to the fact that
these drugs have very very high bind-
ing affinities to the channel sites. The
rate of relaxing to equilibrium in pres-
ence of lidocaine is much faster than
the mexiletine for a particular drug
concentration.

However, one important observa-
tion is that the ionic current in pres-
ence of drug gradually damps down as
seen from Figure 4C and E. The total
epr also gradually damps down to
equilibrium. Damping of these
kinetic and thermodynamic quantities
in presence of drug is directly related to
the fact that the action potential also
damps down.4 It is seen that even with a
minute concentration, lidocaine damps
down both the ionic current and total
epr in a much faster rate to equilibrium
than mexilitine which is evident from
the comparative study of the graphs in
presence of drug.

Pulse train analysis
The pulse train protocol is also being

widely used to understand the channel
gating and inactivation procedure.56,57

These studies mainly involve characteri-
zation of time course for inactivation or
more precisely the time course of recov-
ery from inactivation.58,59,60 Here we
want to investigate how the inactivation
of sodium channel plays a role in ionic
current when subjected to various depo-
larising pulse train separated by recovery
intervals. First we keep the voltage at
¡20 mV for few seconds and then bring

Figure 3. Thermodynamic properties of drug binding. (A) DU(t)/T, DF(t)/T and DS(t) have been shown
without the presence of drug. In (B) the same thermodynamic parameters have been studied in pres-
ence of 0.001 M mexilitine and in (C) with 0.001 M lidocaine. The black solid curve stands for the DU
(t)/T, the red dashed curve stands for DF(t)/T and the blue dot-dashed curve stands for DS(t). For all
the cases voltage has been kept fixed to ¡30 mV. The ionic current graphs are shown below for each
case which shows the similar kinetic and thermodynamic time scales for reaching the equilibrium.

Figure 2. Effect of mexilitine and lidocaine on ionic current and its peak in presence of constant volt-
age protocol. (A) Effect of mexiletine of different concentrations on ionic current are shown here, with
mexiletine concentrations 0.001 M, 0.01 M, 0.1 M. (B) Effect of lidocaine is shown with concentrations
0.0005 M, 0.001 M, 0.01 M. (C) Peak current has been plotted at various constant depolarisations and
varied for different concentrations of mexiletine. (D) Similar graph has been plotted for lidocaine like
in (C).
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back the system to base voltage which is
¡80 mV and then after few milliseconds
we start the test pulse train of ¡20 mV.
Each pulse in the pulse train is brought
back to base voltage for few milliseconds
and then again fired to test voltage again.
Here we are changing the base pulse and
test pulse duration and studying how the
system reacts to it. This study is important
as it replicates the biological situation
where a pulse comes and sodium channel
responds to it and within few milliseconds
system goes to inactivation followed by
termination of ionic current influx until
the potassium channel brings the system
back to the resting potential which is
more or less ¡80 mV. Thus here the test
pulse (¡20 mV) perturbs the system and
the base pulse causes refractory changes to
get the system ready for the next incoming
pulse. Another interesting fact of using
such protocol is that one can actually con-
trol the population of a state as desired.
For example the test pulse will populate
the open state and inactive states while the
base pulse will again depopulate them.
Here we have studied the system with and
without presence of open state binding
drug, mexiletine and inactive state bind-
ing drug, lidocaine with changing dura-
tion of the test pulse and base pulse.

First of all we would like to see how the
system reacts to pulse train in presence of
2 kinds of drug already mentioned in dif-
ferent concentrations. We have considered
the drug concentrations 0.01, 0.001,
0.0005 and 0.0001 M for both the 2
types of drugs. We kept the test pulse
duration at 0.03 seconds and the base
pulse duration at 0.01 seconds. The
Figure 5A shows how the pulse train is
applied.

In Figure 5B we have plotted the ionic
current in presence of mexiletine drug. It
shows that with gradual increase in the
drug concentration the peak of the ionic
current gradually decreases down. With
increasing drug concentration the open
state blocking occurs with faster rate
leading to a gradual decrease in ionic
current. In Figure 5B the effect of lido-
caine is shown. Lidocaine being an
inactive state stabilizing drug stabilises the
inactive states at much faster rate and
almost have no impact on refractory
period or base pulse in it, leading to the

Figure 4. Effect of oscillating voltage protocol in ionic current and total entropy production rate leading to
damping. In the left panel the ionic current and in right panel the total epr has been plotted. In (A) ionic
current without the presence of any drug has been plotted and in (B) the corresponding total epr is given.
In (C) the ionic current in presence of mexiletine, in (D) the corresponding total epr has been shown. In (E
ANDF) ionic current and total epr in presence of lidocaine are plotted, respectively. In (C–F) the black solid
line indicates drug concentration of 0.0001 M, the red dashed line indicates drug concentration of
0.001 M and the blue dot-dashed line indicates 0.01 Mdrug concentration.

Figure 5. Effect of concentration of drugs in ionic current, in presence of pulse train protocol. In (A),
first the voltage is kept at ¡20 mV and after few milliseconds it is brought back to base ¡80 mV
after that the pulse train begins. Here the base pulse duration is 0.01s and test pulse duration is
0.03 s. In (B), the effect of Mexiletine in ionic current is shown for increasing concentrations such as
0.0001, 0.0005, 0.001 and 0.01 M respectively. In (c), similar plot is shown for lidocaine. For both the
cases the test pulse is kept for 0.03 s and the base pulse is kept for 0.01 s.
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faster termination of ionic current. With a concentration more
than 0.01 M, lidocaine permanently prohibits the channel
from reopening.22 Comparing the above 2 pictures of drug
binding it is seen that lidocaine is more effective and faster
ionic current blocker than mexiletine, as also observed from
oscillating and constant voltage protocol in previous
subsections.

Next we focused on the effects of change of base and test pulse
durations in ionic currents keeping the drug concentrations same
at 0.001 M. For that purpose we have chosen 2 pulse regions.
We start with the very short pulse regions where we keep the test
pulse at 0.0008 seconds and base pulse at 0.0002 seconds and
also see the effect just altering the pulse durations of each other.
In Figure 6A we have plotted the ionic currents at a test pulse
duration of 0.0008 seconds and in Figure 6B the test pulse dura-
tions are kept at 0.0002 seconds. Comparing the 2 figures it is
seen that the system actually responds to the larger test pulse
than the smaller one. As the test pulses are very short in Figure
6B, system fails to understand the fast depolarisation and the
channel almost remains closed all the time. The inset graphs of
Figure 6A and Figure 6B are the asymptotic values of ionic cur-
rents in presence of drugs.

In Figure 7A we have plotted similar curves as in Fig-
ure 6, but with pulse durations of larger time scales, such as
test pulses of 0.03 s and base pulse durations of 0.01 seconds.
In Figure 7B the alternate duration of pulses are plotted.
Comparing the Figures 7A and B it is important to note
that the lidocaine almost immediately blocks the ionic cur-
rent after the first two or three pulses in larger time scales,
than in very short pulses. This is because due to the longer
exposure to the depolarisation the lidocaine stabilises the
inactive states more effectively. The plot for shorter test pulse

of 0.01 seconds have been shown in Figure 7B, which shows
that system partially responds to the voltage change and the
peak currents are higher than in Figure 6B. In addition one
can observe from the asymptotic values of ionic current that
mexilitine more effectively blocks the ionic current in pres-
ence of longer test pulses. For both the cases lidocaine shows
less sensitivity toward pulse durations as it almost immedi-
ately inhibits the ionic current.

Next we have focused on the probabilities of the states
which actually have the detailed information of the system
responding to the pulse train protocol in presence of the
drug. Thus we have studied the probabilities in presence of
mexilitine and lidocaine with pulse durations as mentioned
in Figure 8. Here we have particularly seen the system
dynamics for consecutive 4 pulses. The probabilities of the
original 9 states of the system responds almost similarly but
with different magnitudes in presence of mexilitine and lido-
caine but their time dependences are almost the same. For
convenience we have plotted only the mexilitine in presence
of 0.001 M concentration.

In Figure 8A we have plotted the probabilities of open state,
P5 and the inactive states, P6, P7 and P8 and the drug binding
state, P5

M for mexilitine. Figure 8B shows the 4 pulses of which
probabilities have been studied in Figure 8C. From the Fig-
ure 8C it is seen that P6 increases at the test pulse peaks, whereas
the P7 and P8 increases in the base pulses and vice versa. There is
a clear phase lag in the activities of P6 and P7, P8. P7 and P8
responds almost similarly but with a slight difference in ampli-
tudes. P6 responds instantly at the test pulse, whereas the other 2
states are responding in a opposite manner and the magnitudes
of the P7 and P8 depend on the details of the inactivation path61

and rate constants.

Figure 6. Effect of very short test pulse and base pulse durations on ionic
current: In (A), the ionic current is plotted with time for no drug, in pres-
ence of mexilitine and in presence of lidocain. The test pulses are kept
for 0.0008s and the base pulse is kept foe 0.0002 s. In (B), similar plot is
done but with test pulses duration of 0.0002s and the base pulse dura-
tion of 0.0002s. All the drug concentrations are kept at 0.001 M.

Figure 7. Effect of longer test pulse and base pulse durations on ionic
current. In (A), the ionic current is plotted with time for no drug, in pres-
ence of mexilitine and in presence of lidocaine. The test pulses are kept
for 0.03 s and the base pulse is kept foe 0.01 s. In (B), similar plot is
shown but with test pulses duration of 0.01s and the base pulse duration
of 0.03s. All the drug concentrations are kept at 0.001 M.
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Conclusion

In general we have studied the drug binding kinetics of voltage
gated sodium ion channel in presence of two types of drug bind-
ing mechanisms, one which binds to the open state of the chan-
nel such as mexilitine and other binding to the inactive states of
the channel such as lidocaine. We have studied kinetics in pres-
ence of voltage protocols using constant, oscillating and pulse
train where the first one is used by the electrophysiologist in volt-
age clamp and patch clamp techniques while the oscillating volt-
age basically mimics the neuronal oscillation which can be caused
by the periodic change of membrane voltage. The pulse train pro-
tocol is useful which gives the sodium channel a refractory period
in which the channel reactivates from the inactivation. Here we
have shown the interesting dependence of drug binding mecha-
nism on voltage variation which helps us to understand the toxic
activity of drugs in living biological cell.

In constant voltage case the open state blocker acts more
slowly than the inactive state blocker in blocking the ionic

current. Open state blocker has drastic
effect on peak ionic current in presence
of constant voltage case but inactive
state blocker does not show any observ-
able effect on peak ionic current and
only affects the tail part of it. The system
in absence of any drug relaxes to equilib-
rium initially driven by entropy and
then driven by free energy. The inactiva-
tion of sodium ion channel may be
inferred as a free energy driven process.
In presence of open state drug blocker
the process initially for a long time
remains entropy driven and then
becomes free energy driven. But in pres-
ence of inactive state blocker the process
entirely remains entropy driven till the
equilibrium reaches. Thus these two
types of drug binding are thermody-
namically distinguishable which can be
compared through calorimetric
measurement.

For oscillating voltage protocol, inac-
tive state blocker blocks the current in a
faster rate than the open state blocker
and also more sensitive to change in
concentration than that of the constant
voltage case. For equal concentrations
inactive state blocker damps the ionic
current and the total epr with higher
extent than the open state blocker.

From the pulse train analysis it is again established that inactive
state blocker is a better ionic current blocker than open state
blocker thereby inactive state blocking is less effective in restoring
normal repolarisation and blocks the peak current. The longer
test pulse is actually sensed by the system for both small and large
time scales but it is not effectively sensed by the system when it is
subjected to shorter test pulse. Open state blocker shows consid-
erable blocking ability toward longer test pulse duration than
shorter test pulse duration. From pulse train protocol it is
revealed that not all inactive states respond to the external voltage
in a similar manner. The one which is directly attached to closed
states responds instantly at the test pulse, whereas the other two
inactive states are responding in a delayed manner depending on
the inactivation paths and rate constants.
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