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Biological rhythms, like the cardiac rhythm are often generated by large populations of mutually
interacting cellular oscillators. The ability of such a population to generate a stable, regulated rhythm
depends critically on the nature of interactions among the oscillators, as a network of nonlinear
oscillators is intrinsically unstable. Although the entire cardiac system beats in perfect synchronization
invivo, intrinsic frequencies of auto rhythmic cells have a significant dispersion. The sinoatrial node is
a thin sheet of cardiac muscle fibers composed of several hundred thousand cells, each of which is an
electrical oscillator. Studies of cells isolated enzymatically from the sino atrial node indicate that the
intrinsic frequency of oscillation for each cell is different. Despite these differences, a coherent
oscillatory electrical wave known as the pacemaker potential is generated within the node. This wave
is conducted throughout the heart, determining its rate of beating. The pace making cells in the Rabbit
heart beat at a wide range of frequencies (80-330 beats per minute) in culture, but within the heart
they beat at a common frequency set by the normal sinus rhythm. As a result the synchronization
within the heart becomes extremely difficult with such a wide range of intrinsic frequencies. The
adjustment of rhythms due to an interaction is the essence of synchronization, the term originating
from the Greek words chronos meaning time and syn meaning the same, common. This work attempts
to explore the issues in the much desired synchronization within the rabbit heart with a valid electro
physiological model of cardiac pacemaker cells in the cardiac system. For the species Rabbit, a matlab
code for sinoatrial node cell was developed and the simulated results were validated against the
prevailing experimental data. The existence of a free parameter that can influence the intrinsic
frequency of the so generated action potential was investigated that resembled Gap Junction
conductance in real electrophysiology. The functional role of the gap junctions in effecting the much
desired synchronization issues with the aid of variations in the intrinsic frequency of the cell within
the cardiac system was elucidated and the results indicated that the intrinsic frequency of the cells
varied only for a limited range of adjustment. An external neural input was effected via integrate and
fire neuron model that further coaxed the cells to oscillate at varied intrinsic frequencies that
ascertained the fact that neural influence is much essential to enhance synchronization. This paper
investigates with the aid of the simulation results, that the external neural input can also play a part in
influencing the intrinsic frequency of the cardiac cells thereby effecting synchronization.
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INTRODUCTION
In the normal cardiac excitation sequence the action potential
gets initiated in the sino atrial (SA) node then travels through
the atrial wall, the atrio ventricular (AV) node, the Purkinje
system and the ventricular wall. The time course of the action
potential (membrane potential as a function of time) is notably
different in various regions of the heart. When the action
potential propagates through the regions, there appear to be
cells between the regions that have an intermediate action
potential waveform (Joyner and Van Capalle 1986). It was
determined that the cardiac action potential is considerably
more complex due to a larger diversity of ion channels present
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in the cardiac myocytes, the intercellular connections, and its
coupling to muscular contraction (Bin He 2004). In a nutshell,
the sinus node is the origin of cardiac activity and generates
the contraction orders but the mechanism by which a sinus
rhythm is determined is not fully understood (Ikeda Noriaki
1982). On considering the species ‘Rabbit’, the Sino Atrial
nodal cells have an intrinsic frequency of about 170 beats per
minute (bpm), followed by AV nodal cells at 120-330 bpm,
and Purkinje fibers at 80-140 bpm. Such a network of cardiac
oscillators with a varied range of firing frequencies (330-80
bpm) synchronize and beat at a common frequency
corresponding to the normal cardiac rhythm (Trautwein
and Uchizono 1963; Denyer and Brown 1980). It has
been admitted by the physicians that normally a cell having
the highest frequency drives the other cells (Harary and Farley
1963; Goshima 1969). But it was suggested that the
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synchronization among the pacemaker cells plays a crucial role
in the determination of the sinus rhythm and its mechanism
appears to be more complex (Sano et al., 1978). In case of a
pair of entrained cells, the time taken to arrive at the entrained
state from a random initial condition is to be taken care off.
A pair of such cells takes longer time to approach the steady
state common frequency if there is a higher difference in its
intrinsic frequencies (i.e., time to approach steady state is high
if the difference in frequency |f1-f2| is high) (Strogatz 1994).
The problem of rapid return to a stable state, if it occurs at all,
need to be more acute in a large network, like the rabbit heart,
with a wide range of intrinsic frequencies (330-80 bpm). All
the studies pointed out the need for an external parameter that
can influence the cardiac oscillators to beat at a single
frequency.

Synchronization

Mechanism of Synchronization

Synchronization as the word suggests means to bring together,
occur simultaneously or be in harmony. The textual translation
is "sharing the common time" or "occurring at the same time".
The SA node that serves as the normal pacemaker of the heart
is comprised of thousands of cells whose intrinsic frequencies
are not identical (Bleeker et al., 1980; West and Belardinelli
1985). The electrical activities of the various SA node cells are
coordinated to give rise to a single impulse by means of a
complex mechanism during each cardiac cycle. It was shown
that, when aggregates with different spontaneous frequencies
are brought into close opposition, their activities synchronize
to a common frequency. Further studies indicated that this
behavior was related to the time-dependent formation of gap
junctions between opposed aggregates that supported the
contention that synchronization is mediated by electrotonic
influences between clusters that require the formation of gap
junctions (DeHaan 1982). However the electrical events and
dynamic interactions that were necessary to achieve and/or
maintain such synchrony were less explained. From the
Literature it was evident that SA node cells are electrically
coupled via low-resistance pathways (Bonke 1973; Bukauskas
et al., 1977; Bleeker et al., 1980). Therefore it is possible that
electrical coupling forms the basis for the coordination of
automatic activity of neighboring cells. Furthermore,
experimental results indicate that electrotonic currents
traveling in either direction from one pacemaker cell to
another can alter the duration of their respective periods (Jalife
1984). These mutual interactions are phase dependent and can
prolong or abbreviate the pacemaker’s discharges so that
synchronous firing can be achieved. Thus, it has been
suggested that mutual interactions (i.e., mutual entrainment)
may be the mechanism by which the spontaneous firing of
individual cells or groups of cells in the SA node is
coordinated to initiate the heart beat (Delmar et al., 1986;
Jalife 1984; Winfree 1980).

Cardiac muscle as a Syncytium

Cardiac muscle fibers are made up of many individual cells
connected in series and in parallel with one another. At each
intercalated discs (that are actually cell membranes that
separate individual cardiac muscle cells from one another) the
cell membranes fuse with one another in such a way that they
form permeable “communicating” junctions (gap junctions)

that allow almost totally free diffusion of ions. Therefore, from
a functional point of view, ions move with ease in the
intracellular fluid along the longitudinal axes of the cardiac
muscle fibers, so that action potentials travel easily from one
cardiac muscle cell to the next, past the intercalated discs.
Thus, cardiac muscle is a syncytium of many heart muscle cells
in which the cardiac cells are so interconnected that when one
of these cells becomes excited, the action potential spreads to
all of them, spreading from cell to cell throughout the
latticework interconnections. The division of the heart muscle
into two functional syncytiums, atrial syncytium and
ventricular syncytium allows the atria to contract a short time
ahead of ventricular contraction, which is important for the
effectiveness of heart pumping (Guyton and Hall 2007).

Model development

Experimentally based models of the heart have been developed
beginning with the discovery and modeling of potassium
channels. The early models were based on extensions of
Hodgkin Huxley nerve impulse equations (Noble 2007). There
are many more ion channels and other transporters than being
cited in the early models. Throughout all living cells there is a
broad array of charged atoms called ions interacting at a
dynamic level. Ion channels along cell membranes open and
close to allow interactions. In cardiac cells, for instance, many
different kinds of ions interact to generate action potential that
go through the heart and cause a synchronized normal
contraction. The electrical activity of the heart is caused by the
opening and closing of ionic channels in the cardiac
membrane. The ions provide inorganic chemicals for cellular
reactions. Also they are essential for some specific cellular
control mechanism (Guyton and Hall 2007). Differential
equations are developed to define the movement of each ion in
the dynamic cardiac environment. On solving all these
equations, a general model of the cardiac cell is obtained.

Development of Cardiac Cell Models

In a normally functioning cell, several ionic currents contribute
to the changes in the transmembrane potential. Among all the
most important ions are sodium, potassium and calcium. A
model for the total ionic current across the membrane may be
constructed by describing each current with an expression of
the form and combining these expressions to form a model for
the total current. The first model of this kind was that of
Hodgkin and Huxley which was published in 1952 which
describes the action potential of a squid giant axon, a
particularly large nerve cell found in squid. Hodgkin-Huxley
showed in their work how a nonlinear empirical model of the
membrane processes could be constructed. The series of 5
papers from them was aimed at determining the laws that
govern the movement of ions during electrical activity. Their
work described the time course of the current that flows
through the membrane of the squid giant axon when the
potential difference across the membrane is suddenly changed
from its resting value and held at the new level by means of a
feedback circuit using voltage clamp techniques. Their work
was mainly concerned with the identity of the ions that carry
the various phases of the membrane current (Noble et al.,
2012). The H-H model was so elegant and unprecedented in
the quantitative and complete nature of its description that it
provided an intellectual framework for biophysical and
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modeling work that would influence the field for decades.
Moreover, their collaboration exemplified a balance between
experiment and theory that has rarely been matched (Hausser
2000). Even today, most biophysical spiking models are based
on the H-H equations but the shape of the action potential
substantially differed from that of cardiac cells. To obtain
physiologically meaningful results, the models that give a
more accurate description of the behavior of heart cells need to
be considered. Thereby it is attractive to use models with a
more detailed representation of the underlying cellular
physiology.

Other Cardiac Cell Models

There exist many more ion channels and other transporters
than cited in the earlier Hodgkin-Huxley (HH) models. The
Noble model was a successful attempt to simulate the action
potential of Purkinje fibers with a simple model of Hodgkin-
Huxley type. The Noble model is still very similar to the HH
model, in that it describes a transmembrane current that carries
two different ions: sodium and potassium. The passive leakage
current present in the Hodgkin-Huxley model is assumed to be
zero in the Noble model (Noble 1962). The aim of the
computations described in the Noble model was to test
whether, with certain modifications, Hodgkin & Huxley's
formulation of the properties of excitable membranes may also
be used to describe the long lasting action and pace-maker
potentials of the Purkinje fibres of the heart. However, because
the model was created before detailed data on ionic currents in
cardiac cells became available, the underlying physiology is
incorrect. An improvement of the model includes more ionic
currents, and gives a much more accurate description of the
underlying activity of different channels than the original
model. The extension of the voltage clamp technique to the
heart revealed a much richer array of ion channels, including
multiple delayed rectification channels, calcium channels and
the involvement of the sodium–potassium and sodium–calcium
exchangers. The MNT (McAllister–Noble–Tsien) model added
the multiple slow potassium ion channels and the calcium ion
channels. These were significant extensions in themselves, but
the importance of the MNT model is that it was the first to use
detailed experimental measurements for deriving the voltage
dependence of the rate equations in the HH formulation
(McAllister et al., 1975). The influence of external sodium on
action potentials, pacemaker activity and intracellular sodium
were also showed in the DN (DiFrancesco-Noble) model. The
ionic current changes due to the Na-K pump have been
explained extensively. This also was a major extension in
terms of types of ion channels and it opened the way to more
accurate models of pacemaker activity. There was, however,
an additional aspect which was ground-breaking. This was the
incorporation for the first time of changes in intracellular and
extracellular ionic concentrations and of the intracellular
calcium signaling system. This was the most significant
departure from the HH formulation (DiFrancesco and Noble
1985). Cardiac models continued to be inspired by the
Hodgkin–Huxley work, but they also started to include many
processes that were not in the HH nerve equations.

Demir Model

An improved mathematical model of the pacemaker cell from
the rabbit SAN on the basis of quantitative whole cell voltage
clamp data from enzymatically isolated single SAN cells was

proposed by S.S. Demir, J.W. Clark, C.R. Murphey, and W.R.
Giles (Demir et al., 1994). The model includes intracellular
Ca2+ buffering and Ca2+ uptake and release by the
sarcoplasmic reticulum that acted in the same way as HN
model (Hilgemann and Noble 1987). The features of the model
include, new equations for the hyper polarization activated
inward current, assessment of the role of the transient type
Ca2+ current during pacemaker depolarization, inclusion of a
Na+ current based on experimental data and demonstration of
the possible influence of pump and exchanger currents and
background currents on the pacemaker rate. With the aid of
equations the ion channels Na+-K+ and Ca2+ pumps and Na+-
Ca2+ exchanger in the sarcolemma (surface membrane) are
described in this model. The differential equation describing
the membrane potential (V) is represented as

dV/dt=−(INa+ICa,T+ICa,L+IK+If+IB+INaK+INaCa+ICaP)/Cm (1)

where INa is the time and voltage-dependent Na+ current; ICa,T

and ICa,L are the time and voltage-dependent "transient" and
"long-lasting" Ca2+ currents respectively; IK is the time and
voltage-dependent delayed rectifier K+ current; If is the
hyperpolarization-activated current ; IB is the linear
background current; INaK is the electrogenic  Na+-K+ pump
current; INaCa is the electrogenic Na+-Ca2+ exchanger current;
ICaP is the ATP-dependent Ca2+ pump current; and Cm is the
whole cell membrane capacitance (pico Farads). IB consists of
three linear components: IB,Na, a Na+ current; IB,Ca, a Ca2+

current; and IB,K a K+ current. Material balance expressions are
provided for the ionic species (Na+, K+, Ca2+) in the
intracellular medium with equations describing the
intracellular Ca2+ binding to specific myplasmic proteins,
calmodulin and troponin in this model. The cardiac cell is
surrounded by a membrane (plasmalemma or sarcolemma)
with unique properties that allow the origination and then the
conduction of an electrical signal through the heart leading to
near-synchronous depolarization of atrial myocytes and, with
an appropriate delay, near-synchronous depolarization of
ventricular myocytes. The sarcolemma further possesses
properties that lead to the initiation of the excitation-
contraction coupling process. Finally, the sarcolemma allows
regulation of excitation, contraction, and intracellular
metabolism in response to neuronal and chemical stimulation
(Opie 1991). The recorded whole cell voltage clamp data
allowed more accurate simulations of the spontaneous activity
of the SAN cell than was possible with earlier models. The
Demir et al., 1994 model provided acceptable fits to voltage
clamp and action potential data and can be used to seek
biophysically based explanations of the electrophysiological
activity in the rabbit SA node cell (Hilgemann and Noble
1987) and the same model is chosen for this investigation
studies. One more advantage of the chosen model includes the
existence of a free parameter that resembles “gap junction
conductance” in real electro physiology. Details and
evaluations of the formulations were referred from the cited
model itself.

Cardiac Networking

Gap Junctions

Cardiac networking addresses the manner by which the cells of
the cardiac system are coupled and how do they interact
electrically. There are three forms of transfer of excitation: (1)
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mechanical transmission; (2) chemical transmission, and (3)
electrical transmission (Sperelakis 1979). The most important
transfer mechanism is electrical transmission via low-
resistance pathways, which have been identified as gap
junction channels. Experiments have proved that before
forming gap junction channels, there was no transmission of
action potentials from one cell to the other (Weingart and
Maurer 1988). It can be viewed that the most important
mechanism for transmission of excitation is coupling via the
gap junction channels. The gap junctions are responsible for
the biophysical properties of the tissue. It has been stated that
the reduction in gap junction distribution or a closure of the
gap junction channels causes non uniformities and
discontinuities which alter the biophysical properties of the
tissue. The gap junction channel has two main functions: (a) to
allow transport of small molecules such as intracellular
messengers, small peptides and proteins, nucleotides from one
cell to another thereby forming a syncytium and (b) to provide
electrical coupling between the cells with or without rectifying
properties thereby allowing the propagation of an action
potential from one cell to another (Simpson et al., 1977;
Schwarzmann et al., 1981).

Distribution of Gap Junctions in the Heart

Heart muscle fibers are coupled by gap junctions. These
intercellular channels yield the exchange of small molecules
like second messengers, between the cells and they allow
electrical coupling. Thus, these cells connected to each other
form a syncytium. The coupling within the tissue and between
the various cells becomes a critical thing to provide the normal
impulse conduction (Dhein 1998). Gap junction channels span
the two adjacent cell membranes and allow the gated transit of
molecules from cell to cell. They are formed by a family of
proteins, the connexins, which are expressed in most tissues of
an organism. Like other membrane channels, gap junction
channels too exhibit subconductance states. It seems possible
that the subconductance states have a different selective
permeability than the full conductance state, so that the fluxes
of larger molecules like second messengers are reduced (Yang
and Dahl 2002). Gap junction channels between contacting
cells allow the passage of ions and other small molecules
between the cells and thereby synchronize cells both
electrically and metabolically (Bruzzone et al., 1996). Also
synchronization of contraction is helped by gap junctional
communication as well as synchronization of electrical
activation. From the contexts, it can be seen that connecting
cells with gap junctions provides both increased speed in
synaptic transmission and the ability to synchronize group of
cells for coordinated electrical and mechanical output. In
addition to electrically excitable cells, virtually all cells in
solid tissues are united by gap junctions. A major function of
gap-junctional intercellular communication is to share
metabolic demands across groups of cells and thereby buffer
spatial gradients of nutrients or other signaling molecules
(Goodenough and Paul 2009). The distribution of the gap
junctions between the myocytes is the factor which plays a
vital role in the propagation of electrical activity in the heart
(Dhein 1998).  Hence from the electro physiology point of
view and from the literature studies it can be perceived that the
role of gap junctions are important in cardiac muscle; the
signal to contract is passed efficiently through gap junctions
allowing the heart muscle cells to contract in tandem

(Chadwick and Goode  2005; Murugesh et al., 2012;
Murugesh et al., 2013).

Biological Neuron Physiology

The firing of a neuron, referred to as the action potential, is an
all or none response. This means that, incoming stimuli either
produce action potentials, if they exceed the neuron’s
threshold value, or they do not. A spike or action potential is a
stereotyped impulse of fixed magnitude generated by the
neuron. After the firing of an action potential, the neuron
enters a refractory period when no further action potentials can
be generated. Even with very strong input, it is impossible to
excite a second spike during or immediately after a first one.
This causes that action potentials in a spike train are usually
well separated. The minimal distance between two spikes
defines the absolute refractory period of the neuron. The
absolute refractory period is followed by a phase of relative
refractoriness where it is difficult, but not impossible, to
generate an action potential (Kandel et al., 2000; Gerstner and
Kistler 2002). When an action potential arrives at a synapse, it
triggers a complex set of biochemical processes that lead to a
release of neurotransmitters from the presynaptic terminal into
the synaptic gap. The voltage response of the postsynaptic
neuron to a presynaptic action potential is referred to as the
postsynaptic potential. A single synaptic input is rarely
sufficient to determine the generation of an action potential.
This is usually triggered as a consequence of the nonlinear
interaction of several excitatory and inhibitory synaptic inputs
(Mel 1993; Poirazi et al., 2003a; Poirazi et al., 2003b). At the
end of the synaptic action, the postsynaptic potential decays
exponentially towards the resting value with a decay rate of its
time constant.

Integrate and Fire Neuron

Neurons have remarkable numbers of shapes, sizes, and
functions, and therefore also exhibit many different types of
dynamics. The simplest is called “integrate and fire:” The
neuron's membrane potential rises as the result of stimulation
from other neurons until it reaches a threshold following a
simple forced ordinary differential equation. Once it crosses
the threshold, the membrane potential forms a brief but intense
“spike” and then gets reset to its initial value from which it
begins rising again. The spike, also known as the “action
potential” provides a stimulus to neighboring neurons via a
complicated electro-chemical process called synaptic
transmission. (Kovacic 2001) The integrate-and-fire neuron
model has become widely accepted as one of the canonical
models for the study of neural systems. The model provides a
good description of the subthreshold integration of synaptic
inputs, which occurs on a time scale that is slow in comparison
to the rapid spike generation (Burkitt (August) 2006). The state
of the neuron is characterized by its membrane potential
described in terms of the synaptic inputs and the injected
current that it receives. An action potential (spike) is generated
when the membrane potential reaches a threshold, but the
actual changes associated with the membrane voltage and
conductances driving the action potential do not form part of
the model. The synaptic inputs to the neuron are considered to
be stochastic (Burkitt 2006). The membrane potential receives
excitatory or inhibitory contributions by synaptic inputs that
arrive from other neurons by their associated synapses. These
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inputs that are each weighted by their respective synaptic
strength are modeled either as injected current (current synapse
models in which summation is linear) or as a change in the
membrane conductance (conductance synapse models in which
summation of the synaptic input is nonlinear, i.e., the
amplitude depends upon the value of the membrane potential).
The integrate-and-fire neuron model is a point neuron (single
compartment) model in which the spatial structure of the
neuron associated with the dendrites is neglected. The neuron
is leaky since the summed contributions to the membrane
potential decay with a characteristic time constant (the
membrane time constant). If this decay of the membrane
potential over time is neglected, the model is a perfect
integrator (Gerstein et al., 1964). When the membrane
potential reaches a (fixed) threshold, an output spike is
generated - the integrate-and-fire mechanism. After the
membrane potential crosses threshold it is reset to its resting
value and is inactivated for a brief time related to the absolute
refractory period of the neuron. The model is described by the
dynamics of the neuron’s membrane potential, v(t),

Cm dv(t)/dt = Ileak (t) + Is (t) + Iinj (t) (2)

where Cm is the membrane capacitance, Ileak (t) is the current
due to the passive leak of the membrane, Is (t) is a current
describing the effect of synaptic input to the neuron, and Iinj (t)
is a current injected into the neuron (by an intracellular
electrode). The leak current is

Ileak (t) = − Cm/τm (v(t)−V0) (3)

where V0 is the resting potential and τm is the passive
membrane time constant, which is related by τm = RmCm to the
capacitance and the leak resistance Rm of the membrane
potential, both assumed constants (Burkitt 2006). The
Autonomic Nervous System (ANS) can be thought of as the
regulatory system that partly or wholly controls most of the
body’s organ systems and homeostatic mechanisms. In
general, ANS effects are involuntary, relatively rapid, neuronal
reflexes. The specific role of the ANS includes the cardiac
output control. From the physiology it is perceived that the
sympathetic stimulation increases the heart rate whereas the
parasympathetic stimulation decreases it (Pratt et al., 2005).
The developed integrate and fire neuron model can be thought
of to emulate the same functions of the ANS to play its role in
cardiac output control.

Cardiac Cell – A computational model

In cardiac cells many different kinds of ions interact to
generate action potential that go through the heart and cause a
synchronized normal contraction. Differential equations are
developed to define the movement of each ion in the dynamic
cardiac environment for the model considered. On solving all
these equations, a general model of the cardiac cell is obtained.
The dynamical equations describing the behaviour of a single
SAN cell have been solved using Fourth-Order Runge-Kutta
method (RK4) and the corresponding source code has been
developed using Matlab package. The programs have been
executed in a Quad Xeon processor. A single cell model as
well as a cell pair model code for a rabbit SA node has been
initially developed (Murugesh et al., 2012) and was later on
extended to an array of SA cells and the same was simulated in

Matlab software, with the results matching well with the
experimental findings (Murugesh et al., 2013). From the
simulated results it was inferred that the SA node cells failed
to synchronize even upon variations in the free parameter
pointing out the need for an external input, preferably a neural
input (Murugesh et al., 2012; Murugesh et al., 2013). Hence
an “integrate and fire” neuron model was developed that was
injected as the preferred external input to the SA node cell.
Also the authors wish to convey that the expansive studies
carried out on the parameter (gap junction conductances)
variations can be referred from (Murugesh et al., 2012, 2013)
for adequate clarity.

Simulation studies

A Matlab code for the Sino Atrial node cell of a rabbit (RSA)
was developed and its action potential (A.P) waveform was
obtained by maintaining the gap junction conductance
(parameter) of the cell at its nominal value. It was observed
that the SA node cell oscillated with an intrinsic frequency of
266.67 bpm as in Figure 1.

Figure 1. A.P of a Rabbit SA node cell for nominal parameter

Though the simulation was carried out for several minutes the
time scale of all the action potential waveforms obtained have
been changed accordingly to allow visibility and for ample
clarity. Now the parameter value was effected a change of
20% decrease from its nominal value for which the SA cell
oscillated with an intrinsic frequency of 253.33 bpm. For a
variation of 10% decrease the cell oscillated with an intrinsic
frequency of 266.67 bpm. Interestingly for the pattern of 20%
and 10% increase in the parameter from its nominal value, the
cell oscillated with the same intrinsic frequency of 280 bpm.

Figure 2. Parameter value vs Intrinsic Frequency

The plot of the variations obtained in the intrinsic frequency of
the SA cell for different changes in the parameter value is seen
in Figure 2. Once when the parameter value was exceeded in
both ways it was observed that the SA node cell even failed to
oscillate as inferred from Figure 3.
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Figure 3. A.P of a RSA cell for excessive parameter variation

The above results ascertained that for each and every value of
the parameter setting the SA node cell can oscillate only at a
finite rate, whereas beyond an extent the cell failed to oscillate
at all. Also it was noted from Figure 2, by varying the
parameter the SA node cell can be made to oscillate with an
intrinsic frequency, from a minimum 253.33 bpm to a
maximum of 280 bpm alone with no intermediate oscillatory
rates possible. As proposed in the literature that the neural
influence too can play a part in synchronizing the cardiac
oscillators (Krishnan et al., 2005), an integrate and fire neuron
model (IFN) emulating the role of the autonomic nervous
system was developed. The same was injected as the much
needed external input to the above single cell RSA model to
enable it oscillate at varied intrinsic frequencies for differed
gains. The so generated IFN model in which the time scale of
the input pattern has been changed accordingly to allow
visibility is shown in Figure 4. It was observed that the RSA
cell responded with varied intrinsic frequencies for the
different gain values of the applied external IFN input as
evident from Figure 5. The IFN gain values that forced the SA
node cell to oscillate at its least and utmost possible intrinsic
frequencies by maintaining the parameter value was provided
and the plot obtained is shown in Figure 5.

Figure 4. Scaled Integrate and Fire Neuron external input

It was noted that for the highest gain value the intrinsic
frequency of the cell was at its peak whilst the frequency went
down for declining gain and their proportion was almost linear.
The interdependence of the parameter value and the intrinsic
frequency of the cell by maintaining the IFN gain value
constant for each parameter setting were determined and
presented in Figure 6. The above relationship in Figure 6
allows one to select a particular ‘parameter value’ to enable the
cell exhibit oscillations at a predetermined intrinsic frequency
for a maintained specific external gain input that can help in
coaxing the SA node cell to beat in unison with an adjacent
cell and thus possibly to regain synchronization. Now for the
parameter maintained at its nominal value, the external gain
input “k” was varied in both extremes. It was seen that the
differed “k” when positive had the intrinsic frequency of the
SA node cell at its peak value of 306.67 bpm whereas when
negative the intrinsic frequency was as low as 240 bpm. Also
intermediate intrinsic frequencies were obtained for a specific
parameter itself unlike before (refer Figure 2). The plot of the
same is given in Figure 7. By maintaining the nominal
parameter a set positive gain value made the SA node cell to
oscillate at its peak value of 306.67 bpm as compared to
266.67 bpm without an external input as seen in Figure 8.

Figure 5.  Intrinsic Frequencies of the RSA cell for differed gains

Figure 6. Interdependence of the Parameter and intrinsic frequency
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Now for a 20% decrease in the nominal parameter, a set +ve
gain made the cell to oscillate at 306.67 bpm as compared to
253.33 bpm without an external input as seen in Figure 9.
Similar work was carried out with 10% decrease from its
nominal parameter for which a set positive gain made the cell
to oscillate at an intrinsic frequency of 293.33 bpm as
compared to 266.67 bpm without an external input as in
Figure 10. Now a −ve IFN gain value was tried so as to

decrease the intrinsic frequency of the SA node cell for 20%
increase in its nominal parameter and the cell responded
equally well. The set negative gain made the cell oscillate at
253.33 bpm as compared to 280 bpm without an external input
as seen in Figure 11. Similar changes as before made the SA
cell to reduce its oscillatory rate to 240 bpm as compared to
280 bpm without IFN for 10% increase in its nominal
parameter as seen  in Figure 12.

Figure 7. IFN Gain value vs Intrinsic Frequency (nominal parameter)

Figure 8. A.P of a RSA cell with +ve IFN gain for nominal parameter

Figure 9. A.P with +ve IFN gain for 20% decrease in nominal parameter

Figure 10. A.P with +ve IFN gain for 10% decrease in nominal Parameter
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RESULTS AND DISCUSSION
From the simulation results it was observed that, though the
parameter variations of a cardiac cell induced proportionate
changes in its intrinsic frequency, it can coax the cells to
oscillate only for a limited range of adjustment. Hence the
extent to which the gap junctions alone can influence the
cardiac cells to be in harmony is debatable. Keeping this in
mind, an integrate and fire neuron model was developed and
the applied external IFN input made the cells to exhibit
oscillations with a varied intrinsic frequency that can be
chosen by a predetermined gain value. Here for a finite
parameter setting, the intrinsic frequency of the individual cell
can be altered within the specified range by varying the IFN
gain value in both extremes that can enhance the cell to be in
unison with the adjacent cell. It is apparent that this becomes
quite useful in order to step up/down the pace of a cardiac cell
that is having a less/high intrinsic frequency to oscillate in
accordance with adjoining SA cells, thereby aiding better
synchrony. The simulation results quantify that the adjustable
gain value of the externally applied IFN input can better aid
the cells to undergo synchronization within the cardiac system.
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