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ABSTRACT

The pacemaker of the mammalian heart had developed a robust and yet a flexible system in the course of
evolution whose function is based on multiple interactions at the sub-cellular, cellular and finally at the tissue
level. These, in turn, should respond to extrinsic signals. Cardiac action potentials were explained for along time
based on the changes that occur at the cell surface. New hypothesis was put forward at the turn of the century that
pointed to the role of intracellular calcium clock. Discovery of ryanodine receptors, fluorescence labeling
techniques, confocal imaging and finally computer modeling of physiological processes had brought about a
noticeable change that allowed development of a new concept of pacemaker automaticity. Reviewing all these
developments we hereby put forward a few theoretical formulations that can turn out to be new instruments in
advancing our knowledge of cardiac physiology. We had theorized that cardiac muscle is an emergent property of
smooth muscle in the course of evolution, and that pacemaker activity of the cardiac muscle underwent a phase
transition that finally led to the evolution of a structural pacemaker.
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INTRODUCTION

The sino-atrial node (SAN) pacemaker cells produce
billions of incessant and uninterrupted beats in the
course of the life time of an individual. It is evident
that the pacemaker of the mammalian heart has
developed a robust and yet a flexible system in the
course of evolution ™. Robustness indicates the fail-
safe properties and flexibility signifies the
adaptability to changes in the demands made on it.
The pacemaker function is based on multiple
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interactions at the level of sub-cellular, cellular and
finally at the level of tissue architecture, which in turn
should react to extrinsic signals like stretch, electrical
and chemicd signas that act on the cell surface
receptors.

The generation of action potentials in the
myocardium was explained for a long time,
predominantly, basing on the changes that occur on
the cell surface and its ion channels . However, the
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turn of the century has brought new evidence pointing
to therole of an intracellular clock. This turned out to
be the cyclicd rhythm of cytosolic Ca&*
concentration. Sarcoplasmic reticulum (SR) has
proved to be having the capacity to operate another
physiologic clock of calcium cycles?. Recent
developments in experimentation like confocal
imaging have revealed the presence of multiple
spontaneous, rhythmic, local calcium releases™.
These tightly regulated processes begin to occur
beneath the cell surface during the later part of
diastolic depolarization. This activates the Na'-Ca’*
exchanger that causes an explosive increase in
diastolic depolarization and leads to the activation of
L-type calcium channels.
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Fig 1. Interplay between intracellular and membrane
surface Ca* clock.

The existing understanding of cardiac action
potentials

The explanation of action potentials in the working
myocardium is as follows. Phase O or the rapid
depolarization results from the opening of the fast
Na" channels. Phase 1 of the action potentia starts
the repolarization process and is attributed to the
closing of Na" channels and inward movement of CI°
ions. Phase 2, the so-called "plateau" phase of the
action potentia results from several mechanisms but
could be mainly because of slow inward movement of
Ca®* and Na'. Phase 3 involves relative rapid
repolarization, commencing with inactivation of slow
Ca®* and Na' channels and rapid outward movement
of K* ions. Phase 4 restores the ionic composition
back to the resting state by Na'-K* ATPase which
pump Na" ions out and K* ions inside the cel1®.
Membrane  potential of  pacemaker  cells
spontaneously declines to the firing level and is
known as prepotential or pacemaker potential which
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triggers the next action potential. At the peak of each
action potential, conductance of potassum (IK")
begins and repolarization occurs. IK* then declines
and the membrane potentia reaches dlight
hyperpolarization. At this instance an "h" or "f"
channel which allows both Na* and K" is activated.
As conductance through "h" channel (1h) increases,
the membrane begins to depolarize forming the initial
part of the prepotential. T-type Ca’* channels then
open and its conductance (ICa’*;) completes the
prepotential. At this juncture L-type Ca®* channes
open and ICa*, produce action potential.

The measur ements of calcium concentrations

The finding that oscillations in Ca?* concentrations
were inhibited by calcium channel blockers (CCBs)
had brought to the fore the idea that C&"
concentration represents a two-way interaction
between the intracellular Ca®* stores and the
membrane surface potential changes'”. But due to the
rapidity of changes, spontaneous, localized
oscillations of the calcium clock could not be
measured within the individual SA nodal cells and
hence the concept that initiators of the normal
automaticity of pacemaker cells are internal calcium
oscillations could not be established.

The membrane surface processes was disconnected
from that of intracellular oscillations, for a long time,
by the employment of Ca®* overload conditions to
voltage clamp studies®. Studies have gradualy
demonstrated that the intracellular oscillations could,
in fact, produce spontaneous membrane currents. It is
now considered that the intracellular oscillations
involve the cycling of Ca* ions between SR and
cytosol™.

Discovery of ryanodine receptors

Then came the discovery that the drug named
ryanodine can have a profound negative chronotropic
effect on the automaticity of cardiac pacemaker cells.
By studying the effect of ryanodine on the contour of
the action potential it was suggested that Ca’™
released from the SR contributes to diastolic
depolarization™.

It is now possible to measure the intracellular calcium
levels in spontaneously firing pacemaker cells of
SAN which made it clear that each spontaneous
action potential evokes a calcium gradient in the
cytosol and that the influx of calcium through L-type
calcium channels affects the calcium loading of the
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SR. Intracellular buffering of calcium has the potency
to block the generation of spontaneous action
potentials™. This constitutes a strong evidence in
favor of the idea that normal automaticity of
pacemaker cells is strongly linked with the dynamics
of intracellular calcium.

M oder n techniques

Fluorescence imaging of intracellular calcium is
made possible in the last decade that enabled to
document not only the global transients of cytosolic
calcium but aso of many localized calcium releases
beneath the cell surface during late diastolic
depolarization™. Such local calcium releases are
observed in SA nodal cellsin the absence of changes
in the membrane potentials, i.e. in voltage clamped
SA node pacemaker cells. Thereis evidence that local
Ca™ release from the sarcoplasmic reticulation (Ca*
sparks) occurs during the prepotential. Local calcium
releases (LCRs) during the late diastalic
depolarization begin to boil and then explode into an
action potential™.

A tiny change in the current to the degree of 3 pA is
enough to explode into an action potential during the
critical diastolic depolarization phase of rabbit SA
node cells. Although the individual local release of
calcium during the diastolic depolarization of
pacemaker cells is relatively small and stochagtic in
nature, the synchronized and cumulative effects of
LCRs imparts and impacts the rising phase of
diastolic depolarization leading to the next action
potential. A failure to generate an exponential phase
in diastolic depolarization is the consequence of a
failure to generate diastolic INCX™.

.Vorki ng Myvocardium

Unitary Smooth Muscle
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of hollow viscera

» Gap junctions presant

= Primitive sarcoplasmic reticulum

« ‘Unstable’ membrane potential—
slow sin-wave like fluctuatians
with development of spike type
action potantials al the peaks
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Structurally SA nodeis heter ogeneous

Till now we discussed the mechanisms of
automaticity and spontaneous calcium cycles in
individual pacemaker cells. But cardiac pacemaker
function cannot be understood completely by the
study of the intrinsic properties of the pacemaker
cells. Advanced histological studies had revealed that
SA node is a highly heterogeneous structure with
small pacemaker cells predominantly located in the
centré®™. The SA nodal tissue is characterized by
complex cell-to-cell interactions in generating the
highly robust impulses with a fail-safe mechanism™.,
The function of the pacemaker tissue within the SA
node is determined by the intrinsic properties of
individual cells that are being modulated by several
factors of the local environment within the SA
node'”. The pacemaker tissue is at the same time
being influenced by extrinsic modulators that include
the electrical and mechanical forces as well as the
autonomic milieu. These modulatory factors are
heterogeneous throughout the SA node which could
explain the differences in the shape of the action
potential curves of different cells in the same
locdlity!®®. This could be the result of mutual
interaction between the depolarizing charges
generated by individua SA node cells and the
structura properties of the surrounding non-excitable
tissue™?.

Extensive amounts of connective tissue and numerous
fibroblasts occupy from 25% to amost 90% of the
area of SA node®.

Pace Maker Tissue
= Prasant in conducting systam of

+ Present in heart heart

+ Cell walls fused at intercalated = Network of cells with indistinct
discs boundaries connectad by gap

+ Gap junctions present in junctions

intercalated discs

+ Sarcoplasmic reticulum well
developed

+ bExcitation spread through
intercalated discs

+ Ma'is invalved in depolarization,
Ca? involved in plateau phase

= Cantraction occurs as a whala in
atrial and ventricular myocardium

+ Invaluntary

» Paca maker potantial—gradual
decrease in membrane potential

» Ca* involved in depolarization

= Autonomous

Fig 2: Phase transition and emergence of cardiac muscle from smooth muscle with maintenance of legacy

in some aspects
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In addition to bands of connective tissue, the gap
junction proteins are aso found to be located in
various types and with varying densities in near
vicinities. The myofilament density decreases from
periphery to the centre of the SA nodé”®”. The nerve
endings and autonomic receptors on pacemaker cells
are found to be at the highest density in the central
area of SA node??. All these structural features make
the SA node a highly heterogeneous structure that can
generate not only flexible but aso a robust action
potential@.Intracellular calcium cycling plays a
major role in the generation of automaticity in
embryonic cardio myocytes and so could be used to
generate stem cell derived spontaneously beating
myoblast cells?.

Discussion: A theoretical approach is needed to
interpret physiology at an advanced level

We have seen how our concepts of pacemaker
potentials transformed over time, from the more or
less simplified notions that membrane currents
explain everything to developing a more and more
complex picture of mutual entrainment of the
cytosolic and the membrane clocks and of ther
different mechanisms in generating automaticity.

We understand the vertebrate circulatory system as a
closed canal system comprised of network of smooth
muscle and other cells, the proximal part of which
has been transformed into cardiac muscle due to
increased circulatory load imposed on the
system®. This can be visualized as a type of phase
transition during evolution of smooth muscle there by
transforming phase maker activity from a network of
molecules to a network of cells and tissues, which can
justify the existence of special conducting system in
myocardium. So this can be generdized as an
emergent property of smooth muscle. Pacemaker
properties of the smooth muscle is well preserved
but is now regulated by pacemaker system of cardiac
muscle. Even in smooth muscle the initiation of
pacemaker activity is due to the oscillations of
intracellular calcium that are being modulated by
external conditions. It is our endeavor to elucidate
how function is translated into structure through the
alteration of the genetic program.

CONCLUSION
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Pacemaker in mammalian heart is the phase shift
transformation of the smooth muscle through cardiac

muscle during the evolutionary process. In the course
of development of highly evolved forms of
organisms, the metabolic necessities of the complex
tissues and organs demanded continuous supply of
nutrients and gases for sustenance of life. Hence, the
smooth muscle underwent structural and functional
adaptations to develop into cardiac muscle which
further acquired autonomy at the expense of losing
the contractility to form pacemaker tissue. This aptly
describes the proverb "Necessity is the mother of
invention".
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