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Introduction :

The adult stage after completion of development, and before aging sets in, is considered
to be a more or less stable period in the life-span of an animal. A point worthy of mention is
that even during this period, there is physiologic hyp(itrophy of the myocardium. This could
be associated with changes in the frequency and function of the channels and receptors
at the level of sarcolemma (SL.) and sarcoplasmic reticulum (SR), leading to variation in

O

myocardial function .

The extracellular milieu also has a significant influence on the function of the

.

cardiomyocytes and in turn the cardiac performance. Calcium (Ca) is the major ion controlling

R ——

cardiac contractility. The importance of magnesium (Mg) as an ion influencing myocardial
performance is a recent finding. The incidence of cardiovascular diseases is high in regions
with sofwtmwater,and tissue Mg-levels are low. As Kerala is a region with soft water, assessment
of functional response of cardiomyocytes to suboptimal levels of extracellular Mg* (IMg*],)
gains importance. The type and degree of inotropic response to variation in [Mg®], is

U—

envisaged to be age dependent , if the capacity to regulate intracellular Ca** ([Ca*]) during
stress varies with age.

This scientific inquiry has been conducted with the following objectives:

1) Set up an expgimental mggfl to assess myocardial mechanics

2) Delineate age-related variation in cardiomyocyte mechanics

3) Assess the mechanical response to variation in [Mg*1],

RS

4) ldentify the SL and SR - ion channels that could be influenced by Mg-insufﬁciency using ion-

channel modulators.



Experimental design :

Isolated cardiac myocytes formed the experimental model for recording the

different age groups - 2 -,6 -and 12 - months; belonging to Sprague-Dawley strains were used.

P

Inotropic response was quantified as % change in cell length using a video based edge

[N e e it
—— -

S

detection device. The contribution of the channels affecting cardiac inotropy in response to

the variables under consideration was assessed using ion-channel modulators. Intracellular

diastolic cation levels were measured spectrofluorimetrically using ion - sensitive fluorochromes.
i —— . F— e ———

Methodology :
Difficulties in the isolation of viable cardiac myocytes from adult heart has restricted
its use as an experimental model. Modifications to existing methods were introduced to

optimise the yield. The crucial stages in the isolation procedure were found to be the initial
S b

step of calcium depletion for isolation of relaxed myocytes and the final stage of calcium

e
[RSN

repletion for isolation of calcium tolerant Mg_ellsv. Inclusion of EGTA and taurine in the

e et i
- g

perfusate for Ca®"depletion, and of trypsin in the medium durig&%a”wepletion has led to four

fold increase in cell yield.

Briefly , the method consisted of retrograde perfusion of the isolated hear

— e

with  HEPES modified , Ca-free Kreb's Ringer Hensleit (KRH) buffer containing EGTA

R

and taurine to relax the cells, followed by perfusion with Ca-free buffer containing

collagenase for the dissolution of the extracellular matrix to dissociate the cells. To the cells

e — o

so dissociated , Ca* was introduced step by step to isolate Ca-tolerant cells. The cells were

—

plated in Medium-199 supplemented with 4% fetal bovine serum and incubated for 2 hours in ¢

e

humidified atmosphere with 95% air and 5% CO, at 37°C, before any experimental manipulation.

Xi



To elicit contractions the cells were field stimulatgq at 0.5 Hz using bipolar

constant current pulses. The extent of contraction measured as a function of change in cell

length was monitored by an edge detection device connected to a video camera and outpu

diastolic cell length . The inotropic response to a variable was characterised as the change

frorﬁ the baseline value .
Statistical analyses : The data are presented as mean + SEM values for each set. Each

experimental observation was based on 10 - 20 cells from atleast 3 separate adult ventriculal

[A—

myocyte preparations . Difference in selected means were evaluated via unpairec

Student's t-test or Scheff's test with a significant difference said to exist at p < 0.05. The grour

means were first compared by ANOVA and if a difference was found then the experimenta

means between two groups were compared .

Results :

Good yield of viable cells could be obtained from animals of all the 3 age groups.

increase in sarcomere length. Contractile amplitude normalised to cell length was also found tc

P -

incfégggwith age. As ng: is the mijgrwion governing mechanical performance, the cells
| were exposed to vario‘us ion-channel 'modulators which direétly or indirectly affects Ca?
transients . [Mg*], was maintained at 0.8 mM. The negative inotropic response
antagonists of Ca - influx and efflux channels increased with age. Negative inotropic effec
- with verapamil, the L-type channel antagonist was 20-24% in 2 and 6 month old myocytes an

56% in 12 month old myocytes. The response to T-type channel antagonist NiCl, and Na-C:

exchange antagonist MnCl, were not significanly different from the base line in 2 month ol

Xii



myocytes, while 20-25% reduction with NiCl, and 50-60% reduction with MnCl, were observed in
6 and 12 month old cardiomyocytes. Age related variation in SR-functional capacity as assessed
with ryanodine (50-60% reduction) and caffeine (20-45% increase) was not significant , but its
functional contribution to myocyte contractility was significanf (p<0.05). Na,K-ATPase activity
varied with age, the increase in inotropy being 10% at 2 months, 30% at 12 months and 80% in
6 month old cardiomyocytes, with the inhibitory cardiac glycoside ouabain. Diastolic [Ca*], -
level was found to be elevated with ouabain and caffeine in all ages, while a reduction was

observed with MnCl,, verapamil and ryanodine .

Inotropic response to variation in [Mg?*],: The contractile response to variation in
- [Mg#*], was assessed by exposing the myocardial cells to different levels of [Mg*],, ranging
from 1.8 mM to nominaily Mg-free conditions. The mechanical response to variation in [Mg®'],
was found to follow the same pattern in the 3 age groups. A positive inotropy at 0.48 mM
compared to the amplitude at 0.8 mM Mg* (30-50% - p<0.05) and a reduction in inotropy
f (15-25%) in nominally Mg-free conditions were observed. At 0.48 mM [Mg®'],, an increase in
diastolic Ca*-level and decrease in [Na*]-level was observed suggesting the possibility of Na
- dependent Ca - transport, leading to pésitive inotropy at 0.48 mM [Mgz*]o.Variations
observed in contractility at the lower levels of Mg were found to be reversible on changing tc

Mg-sufficient medium .
In animal experiments conducted in our lgboratory, serum Mg-levels of animals on Mg-

sufficient and Mg-deficient diet were found to be 0.88 and 0.45 mM respectively.

Effect of extracellular Mg* on the response to ion-channel modulators : Inotropic
response of the myocytes at 0.48 mM concentration of [Mg*], in the presence of ion

channel modulators was assessed and compared with the positive inotropy observed at

Xiii



0.48 mM [Mg?], . Decrease in [Mg*], was found to be associated with relatively enhanced
effect of the antagonists. The extent of reduction in the SL-L-type channel activity with
verapamil was found to be in the range of 60-65% in the 3 age groups. As in sufficient Mg
(0.8 mM) , age dependent alteration was observed with NiCl, , the SL-T-type channel
blocker , but the negative response was significantly higher at 0.48 mM [Mg*], (30-60%
reduction . p<0.05) . The response to Na-Ca exchanger blocker was found to vary with
[Mg*], depending upon age (p<0.05). Complete cessation of contractility was observed
in ‘myocytes from 2 month old rats and ~55% reduction in 6 and 12 month old myocytes.
Inhibition of Na,K-ATF;ase with the cardiac glycoside ouabain induced a negative inotropic
response in 2 month old (20% reduction) compared to the contractile amplitude at 0.48
mM ; no significant change in 6 month old animais and positive inotropy in the 12 month
old . This suggests that the positive inotropic response expected on treatment with cardiac
glycosides may not be effected in the younger age groups , if the extrécellular Mg-levels are
low. The expected positive inotropic response to caffeine was also not observed , when the
[Mg*lo was low, and the negative effect of ryanodine Was higher (65-70%), without
significant variation between different ages. Intracellular diastolic levels of Ca was found
to be lower in the presence of caffeine, ryanodine and MnCl, The value remained
- unaffected with ouabain . Reduction in [Ca*]-level with NiCl, was noticed in 12 month old
myocytes. As the diastolic Ca* levels are not directly related to inotropic variation, Ca*
transients may be responsible for the variable response.
These observations suggest that the function of ion-channels and receptors and
their response to channel modulators and inotropic agents can be significantly affected by the

level of extracellular Mg, depending on the age of the animal.

Xiv



Conclusion :

An experimental model has been standardised, which can be used for studying
cardiomyocyte mechanics. The experimental data suggest that significant differences exist, in
the sensitivity of the cardiomyocytes to alterations in extracellular Mg?* and to inotropic
agents, depending o}n the age of the adult animal. The study has also shown that the
negative inotropig effects of Ca-channel antagonists are accentuated and the positive
inotropic effects of cardiac glycosides and caffeine are attenuated at suboptimal levels of
[Mg*],. The extent of response was found to vary with age.

The inotropic ‘effects may be due to Ca*-transients effected by variaﬁon in the

distribution and/or function of SL-ion channels.

XV



CHAPTER -1

INTRODUCTION
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The contractile function of the heart is regulated by intrinsic factors and extrinsic
variables . Age is one of the factors that can influence cardiac function . Ontogenic
differences in cardiac contractiie performance have been documented from

observations on developmental stages such as fetal , newborn and adult. The other

developmental stages are marked by the morphological and physiological changes
leading to maturity and then gradually slowing down to the fully grown adult. The
adQlt phase is considered a more or less stable phase in the life spa.n of an
individual . The functional capacity is said to be at its peak at this stage (Srivastava
and Snehlata, 1993 ). 1t is infact a period of slow transition from maturation to aging
, the latter being the result of progressive accumulation of changes , which beyond
a threshold manifests as the complications. accompanying senescence .

In the mature adult, age associated variation in cardiac contractility and
morphological characteristics have been recorded ( Qi and Rouleau , 1997 ; Walsh
and Dorn, 1998 ) . A point worthy of mention is that the heart is continuously
enlazg}iﬂg_g in size during the life span due to{hbxgg_nr_t_u[ophy (Walsh and Dorn, 1998 ) .
Physiological hypertrophy of the adult myocardium being  the result of cellular
hypertrophy , can be associated with changes in the localisation and function of the
membrane channels and receptors of the cardiac myocyte . Such changes can be
accompanied by profound modifications in excitation - contraction coupling . The
response to changes in cytosolic composition and extracellular components can also
vary . |

The maintenance of normal cardiac function is dependent mainly on

thecontrol and modulation of Ca* . The cytosolic Ca* -levels and Ca* - transients

JE—

vary in response to physiological changes and in pathological conditions . Many of
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the pharmacological interventions used in the treatment of cardiovascular diseases
exert their effects on Ca* - regulation by modulating the mechanisms controlling the
intracellular Ca®" - transients at the level of the sarcolemma and / or sarcoplasmic
reticulum . Calcium homeostasis in cardiac myocytes results from the integrated
functioning of trans-sarcolemmal Ca® - influx and efﬂdx pathways, modulated by
membrane potential and from intracellular Ca? - uptake and release caused
predominantly by the sarcoplasmic reticulum . Alterations in these processes
accorﬁpany physiological remodelling . It can also occur in different disease states
as well as in pharmacological interventions . Changes in systolic and diastolic [Ca*],
cause significant alterations in the contractile function of the cardiac myocyté.

In addition to K* and Na* that are known to affect Ca® - homeostasis , an ion
that has gained importance in recent times is Mg* . Magnesium acts as a cofactor

Jo———

in phosphorylation reactions and also as a Ca® -ion channel blocker, both of which

—— T

.......

Mg® is found to have a protective effect ( Jyng and Falck , 1995 ) and
hypomagnesemia has been identified as the cause for the prevalance of
cardiovascular disorders in regions with soft water ( Durlach et al, 1989 ). Studies
on the effect of lower levels of extracellular Mg?# on cardiac function are
comparatively less  compared to reports -on the protective effects of Mg -—
supplementation .

Investigation  of the effects of Mg - deficiency on cardiac function gains
importance because of the presence of soft water in Kerala . Though water Mg -
content upto 10 mg/L is common in many places ( WHO , 1984 ), the Central

Ground Water Board , Trivandrum observed that the Mg - content of potable water of

Kerala is less than 5 mg/L in most of the regions ( Personal communication ). In

b

Voo™,
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a survey conducted in the region, serum and red cell Mg* was found to be low,
significantly in children from the low socio - economic group ( Nair et al, 1995 ).
Drinking water being an important source Mg?* , dietary insufficiencies can be

compensated in- regions with hard water, but can lead to subclinical deficiency in

AN

regions with soft water . In vivo studies have established that dietary deficiency of )

7

)

Mg leads to hypomagnesemia without change in the Mg - content of the cardiac&

~

tissue ( Chang and Bloom , 1985 ; Kumar et al, 1996 ) . In addition to dietary )

deficiency , hypomagnesemia can ensue pharmacological interventions , in
pathological conditions , alcoholism , pregnancy and stress ( Durlach et al, 1993 ;
Seelig, 1994 ).

The contents of the extracellular space have a direct participation in cardiac
function . Hence , variation in the concentration of Mg® in the extracellular milieu
can have a significant influence on cardiomyocyte contractility . Thirty six percent of
the cell circumference at its widest part is within 200 nm of capillary ( Frank and
Langer , 1974 ) . This close proximity to capillaries emphasizes the fact that ih
vascularly perfused ventricular muscle , the cell has rapid access to the vascular
contents . Hypomagnesemia can therefore have a direct influence .on cardiac
function.

This scientific inquiry has been taken up-with the view of obtaining a better

understanding of the contractile function of the heart, choosing from among the

innumerable  variables that regulate cardiac function , the influence of the age of

~— /\ /

mature adults and the effect of variation in extracellular Mg®* on cardiomyocyte

mechanics .
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It has been hypothesised that : Cardiac contractility can be affected in}
response to decrease in extracellular Mgzj and, the inotropic response oL>
the myocardium to suboptimal levels of Mg* can be dependent on age.

The hypothesis is based on the assumption that there is an age dependent
variation in cardiac mechanics associated with changes in the function and
localisation of the ion - channels that influence Ca* - transients .

It has also been assumed that all the processes responsible for the
exchange of ions with the environment and for excitation - contraction coupling are
preserved at the level of individual cardiomyocytes , making the isolated
cardiomyocytes a good experimental model for measurement of cardiac mechanics .

Due to practical difficulties in procuring human tissue with the required
specifications , the use of animal tissue is imperative . In spite of significant
interspecies differences , it seems likely that the age dependent changes involving
the regulation of contractiie function may exist in all mammals and the basic
mechanism modulating cardiac Contractility may be conserved during evolution . Rat
is a commonly used experimental animal . Size of rat cardiomyocyte being very '
close to that of man compared to rabbit and guinea pig, the use of rats as the
experimental species seems justifiable .

This study has been designed with the following«objeétives:

(i) Set up the adult rat myocardial cell culture as an experimental model for_

assessment of cardiac mechanics

(i) Delinéate the age related variation in cardiomyocyte mechanics using cells
isolated from adult animals of different age groups |

(iiiy Record the variation in cardiomyocyte mechanics in relation to change in

concentration of extracellular Mg
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(iv) Assess the influence of [Mg®l on the mechanical response following exposure
to sarcolemmal and sarcoplasmic reticular ion channel modulators .
Magnesium being a weak Ca® - channel blocker , it is presumed that the ,

_J

mechanical response to Ca* - channel blockers can vary in Mg - insufficiency .

As with all experimental studies , experimental design of this study is also
subject to certain limitations . The use of ion - channel modulators for identification
of the ion channels that vary with age and those that are influenced by Mg -
insufficiency , suffers a drawback . Most of the channel specific modulators cross
react with other ion - channels . Antagonists with minimum crbss- reaction have been
chosen for the study . Another fact is that, when one of the channels is blocked |,
the other channels show a compensatory response . So the mechanical variation
observed in response to an antagonist cannot be regarded as the consequence of
blocking the channel , but a large fraction would be the contribution of the channel
of interest with minor contribution from related channels . This is also true of
pharmacological interventions used in the treatment of cardiovascular diseases that
exert their effects by modulating the function of the ion - channels . Therefore in vitro
assessment of the inotropic changes to specific channel modulating ageni is useful
as it helps to interpret the sensitivity of cardiac -contractile function to the inotropic
agent in response to intrinsic or extrinsic variables .

In an attempt to correlate the mechanical variation with changes in
intracellular free Ca? , the diastolic levels of Ca* was assessed with the help of
Ca® - sensitive fluorochromes , the fluorescence intensity being measured by the
fluorescence - ratio méthod , using a dual wavelength excitation spectrofluorometer ..

Basal Ca* -level is important because the response to additional [Ca®] is related to
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the calmodulin kinase |l already activated and is reflected in the mechanical
response . A better pred’ictor of the role of intracellular Ca®** would be the Ca* -(/"L
transients , where the level of both systolic and diastolic [Ca®']; are measured . Thisw}
has not been feasible due to lack of facilities . As the correlation of mechanical

variation with change in intracellular calcium was not part of the objectives of this

study , it can be taken up as a future project.

Single cell studies cannot réplace whole heart experiments and in vivo
studies. The advantage of the system is tha{,they help to distinguish between
inherent contractile properties that are intact at every level of organisation and
those that are a consequence of the complex geometry of the heart, the
connective tissue and the neuro-humoral factors . The chemical messages in the~
environment are sensed and translated into meaningful physiological action by the
cardiac myocytes . In spite of difficulties in defining the absolute level of myocardial
contraction , the cardiomyocyte modely helps to document the changes in
contractility and inotropic changes can be regarded as the ‘response to the variable
under investigation , eifher physiological , pharmacological or pathological . Nevertheless
the use of the isolated cardiomyocyte model for assessment of the mechanical
function is advantageous , as the inotropic changes in the heart are mediated

through mechanisms intrinsic to the cardiac cell .



DEFINITION OF TERMS

Action potential : A change in the electrical potential of an active cell or tissue.
Arrhythmia : Loss of rhythm , denoting especially an irregularity of the heart beat .

Acidosis : A state characterised by relative decrease of alkali in body fluids , in

relation to acid content due to accumulation of acid metabolites , so that pH is
decreased .

Ca - tolerant myocytes : Isolated cardiac myocytes that remain viable and functional
in medium containing calcium .

Cardiomyocyte mechanics : Study‘ of motion and force of cardiomyocyte
contraction.

Diastole : Normal post systolic dilatation of the heart cavities during which they fill
with the blood .

Depolarisation : The abolition or disappearance of a difference in eiectncai charge
between inside and outside of the cell wall

Excitation - contraction coupling : The transiation of the bioelectrical events at the
surface of the cell to mechanical events . '

Exchanger : Proteins that promote . the movement of one type of ion into or out
of the cell in exchange for another ion .

Homeostasis : Physiologic arrangements which serve to restore the normal state ,
once it has been disturbed .

lon - channels : Structures on the membrane , which when activated permit the
passage of ions into or out of the cell.

Inotropy : Influencing the contractility of muscular tissue . Negative inotropy ie.,

weakening of muscular action and positive inotropy ie., strengthening of muscular
action .

Polarisation : Development of potential differences between inside and outside of
the cell wall in living tissues .

Pumps : Proteins that actively transport ions across the membrane against a

concentration gradient , driven by hydrolysis of ATP by the membrane bound
enzyme ATPase.
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Receptor: Molecular structure within the celllor on the cell surface characterised by

selective binding of a specific substance and accompanied by specific physiologic
changes in the cell.

Resting Membrane potential : Difference in the density of electrical charge at two
sides of the sarcolemma in a resting cell, in which inner surfacedthe cell membrane
is negative relative to the fluid outside .

Sarcolemma : The membrane that surrounds a muscle cell .

Sarcoplasmic reticulum : Net work of tubules surrounding the myofibrils . They are
responsible for regulation of [Ca*], inside the heart cell .

Sarcomere : The fundamental structural and functional unit of contraction , delineated
by Z-bands and made up of thick and® thin filaments .

Systole : Contraction of the heart, especially of the ventricles by which the blood is

driven through the aorta and pulmonary artery to traverse the systemic and
pulmonary circulations .

Voltage gated channels : lon channels that are gated by alterations in membrane
potential .
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ABBREVIATIONS

ATP : Adenosine tri phosphate

ATPase : Adenosine tri phosphatase

BSA : Bovine serum albumin

Ca : Calcium

[Ca®]; : Intracellular calcium ion concentration

[Ca®"], : Extracellular calcium ion concentration

CICR: Calcium induced calcium release

- EGTA : Ethylene glycol - bis ( B - amino ethyl ether) N,N,N’,N’ - tetra acetic acid .
FBS : Fetal bovine serum |

HEPES : N-2 - Hydroxy ethyl piperazine - N - 2 ethane sulphonic acid
K : potassium

[K™]; : intracellular potassium ion concentration

KRB : Kreb’s Ringer Buffer

Mg : Magnesium

[Mg®7]; : Intracellular magnesium ion concentration

[Mg®],: Extracellular magnesium ion concentration

MnCl, : Manganese chloride

Na : Sodium

[Na']; : Intracellular sodium idn concentration

Na- pump : Sodium pump

Na - Ca exchanger : Sodium - calcium exchanger

Na,K - ATPase : Sodium, potassium adenosine tri phosphatase
NiCl, : Nickel chloride |

PBFI : Potassium salt of benzofural isothiocynate



SL : Sarcolemma

SR : Sarcoplasmic reticulum

SEM : Standard error of mean

SBFI : Sodium salt of benzofural isothiocynate
T - tubules : Transverse tubules

Tn : Troponin

Tm : Tropomyosin
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Thé history of cardiac and circulatory physiology can be traced back to the
second century A.D ( Williams and Dry , 1948 ) . It was Galen (200 AD) who first
gathered and catalogued concepts regarding cardiac function and suggested that the
heart set the blood in motion. The basis of modern concepts of circulation was laid
down by Harvey (1578 — 1657), who described that the pumping action of the heart was
responsible for the circulation of blood. Harvey began a series of direct experimental
observations of circulatory dynamics both in animal and human cadavers; and his
theories were published in 1628 in ‘De Motu Cordis’. Harvey’'s description of the
_circulation of blood was the single most revolutionary and significant advance in the
history of medical science and majority of his principles are still rele'vant and accepted
. By suggesting that “the blood is driven around a circuit with an increasing sort of
movement, as an activity or function of the heart which it carries out by virtue of its
own pulsation” , Harvey not only was describing circulation , but was also drawing
attention to the heart's ability to provide the mechanical force necessary to sustain the
f;circulatory flow. Subsequent discoveries by Richard Lower and Stephen Hales further
advanced the discipline ~ of hemodynamics. It was Carl Ludwig , who in the middle of
19" century established ° experimental cardiac physiology ° by the development of
kymograph pressure recording device . This primitive technology evolved over the next
50 years into more precise recording systems. Ludwig and his students ; Adolph Fick,
Julius Cohnheim , Henry Bowditch and Otto Frank eétablished most of the important
_principles  of contemporary cardiac  physiology ; including length —dependancy of

myocardial function . Contemporaneously with the work of Ludwig school ; Francois —
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Frank and Mary from France, and several other workers from Britain and US made
significant contributions to measure changes in ventricular volume indirectly .

It was on this back ground , Ernest Starling began his experiments at University
college, London in the early 1900’s ( Starling , 1918 ). Working with an isolated
mammalian heart - lung preparation, he showed that the heart adapts to increasing
arterial pressure by a compensatory rise in filling pressure which then tends to
maintain cardiac output. He stated thatv the law of the heart is same as the law of
muscular tissue in general , and that the energy of contraction however measured is a
function of the length of the muscular fibore . He had also stated that chemical
changes occuring in a muscle as a result of excitation affect surfaces arranged
longitudi'nally in the muscle.

A better und.erstanding of the mechanical properties of the heart was attained
by the description of the ultrastructure of the muscle cells and the ° sliding filament
hypothesis’ of muscle contraction put forward by Huxley & Hanson in 1950's based
on the structure - function relationship ( Huxley and Hanson , 1954 ) . Frank had
established another important principle that the ventricular muscle could contract
isovo‘lumically without any change in the heart volume ( Frank, 1958 ).

The introduction of the patch - clamp technique and the discovery of ion
specific fluorescent indicators in the last decade has provided an understanding of the
molecular basis of excitation & contraction . The ion-channels play a particularly
prominent role in the cardiovascular system. The ion channels in a nodal cell enable
it to pace whereas those in a myocyte enable it to contract. In addition to

mediating ion fluxes across cell membranes , ion channels are the primary receptors of
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a variety of clinically important drugs including antiarrhythmic agents and calcium (Ca)
channel antagonists.

The technological advances made recently have shown that the heart cannot
be considered as a mechanical pump albne .It is also a sensitive organ responding
to the metabolic needs of the body during rest and exercise , health and disease by

carefully regulating the rate and force of contraction.

. The Heart - Anatomical and Physiological Overview :

The mammalian heart is a compact organ consisting of four main chambers ;
the right and left atria, and right and left \)entricles. The left and right sides of the
heart pump blood to the systemic aﬁd pulmonary circuits of the vascular system.
Venous blood enters the right atrium through the superior and inferior venacavae ,
passes into the right ventricle via the tricuspid orifice and is then pumped -through the
pulmonary arteries to the lungs where gaseous exchange occurs. This oxygenated
"blood returns to the left atrium via the pulmonary veins , and passes to the left
ventricle through the mitral orifice, for distribution through out the body by the aorta
and its branches . All these functions are based on the contractile activity of the
cardiac wall.

The wall of the heart consists of three layers ; an inner layer — the
endocardium , a middle layer — the myocardium and an outer layer — the epicardium. The
hearf also has a fibrous skeleton which serves as support and firm anchorage for the

origin and insertion of the atrial and ventricular musculature as well as the valvular

tissue. The endocardium is the inner lining of atrial and ventricular cavities and covers
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all the structures that project into the lumen of the chambers. The endocardial lining is
continuous with the endothelium of the blood vessels entering and leaving the heart.
These endothelial cells rest on a thin subendothelial |ayef of delicate connective tissue
. The underlying myocardium is composed largely of cardiac muscle cells. They
comprise more than 70% of the volume of the heart wéll, but make up less than 30%
of the total cell number. The epicardium covers the heart externally and constitutes a
layer of mesothelial cells supported by a thin layer of contractile tissue.

Thé heart muscle tissue possesses a system of specialised cells, whose function
is to co ordinate the heart beat by regulating the contraction of atria and ventricles.
Contraction of the atria is followed by contraction of ventricles. The initiating impulse
begins in the cells of sino-atri‘al node, passes through the atrium to the atrio-ventricular
node, and is collected by the atrio-ventricular bundle, which branches and passes
into the ventricular tissue via the Purkinje fibres and transitional cells. All areas of the
specialised conduction system of the heart as well as the cardiac muscle cells are

capable of spontaneous discharge (Canale et al, 1986).

Thus , the three major properties of cardiac muscle are ;
a) automaticity - the 'ability to initiate an electrical impulse,
b) conductivity - the ability to conduct or propagate the electrical impulse ,
c) contractility - the ability to do the mechanical function of cont‘raction.
Functionally , the heart constitutes “two different 'systems ; the conduction

system and the working myocardium. The latter constitutes the major mass of fhe
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heart. Heart works as a homogeneous unit benefitting from the heterogeneity of its
different parts or subunits (Zimmer, 1994).

During its functional performance as a pump, the heart regulates its output
according to the changing requirements of the organism . The force and rate of
contraction influences the cardiac output. Though the pacemaker cells are responsible
for regulating the heart rate and the working myocardial cells for maintaining the force
of contraction; modulation of these functional parameters are brought about by changes
in the biochemical environment , changes in the number and localisation of carrier

systems that mediate the ion —fluxes and changes in the receptor - effector systems .

Cardiac muscle : Cardiac muscle is made up of cross — striated fibres , quasi —
cylindrical in shape which bifurcate and connect with adjacent fibres to form a 3-
dimensional network. _Each fibre is a linear unit composed of several cardiac
musclecells joined end- to-end or end-to-side by specialised junctional complexes
called intercalated discs (Sommer , 1982). In certain places the apposed membranes
“are fused across the disc atthe so called tight - junctions . It has been suggested that
these junctions are regions of low electrical resistance through which current can pass
from one cell to another, thus permitting the muscle to contract as a single unit
(Kelman, 1977). Each myofibre is composed of a group of myocytes held together by
the surrounding collagen weave. Eventhough made up of distinct myofibres , myocardium
is functionally }aA syncytium.

Most of the muscular tissue of the heart is made up of the working

myocardial cells with contractile capacity. The rest consists of pacemaker and
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conducting tissue which are concerned with the generation and propagation of
electrical activity.

The contractile muscle cells (cardiomyocytes) account for more than half of the
heart's weight. The myocytes are roughly cylindrical in shape. Those inthe atrium are
smaller being less than 10pm in diameter and about 20um in length . Ventricular
muscle cells are larger measuring up to 10-25 pm in diameter and 50 — 100 pm in'
length as seen in rat heart (Opie, 1991a ). Under the light microscope both atrial and
ventricular myocytes show cross — striations and are branched . Except for variation in
size , the other features of the muscle cells from different species of mammals are
bomparable. Harding et al (1990) compared the cell lengths and sarcomere lengths of
individual cardiomyocytes isolated from hearts of different species. Among them
cardiomyocytes from rat heart showed more similarity with human cardiomyocytes.

Moody et al (1990) have observed that lengths of isolated cardiomyocytes and

sarcomere ‘are similar in man and rat.

Cardiomyocyte - ( ultrastructure) : Individual cardiac muscle cells are bound by a
complex cell membrane the sarcolemma (SL). Sarcolemma invaginates at intervals to
form an extensive tubular network, the T — tubules. It extends the extracellular space
into the interior of the cell. Coupled to it interiorly is the sarcoplasmic reticulum (SR),
which forms a cylindrical mesh of anastamosing tubules. The nucleus contains almost
all of the cell's genetic information . Its ploidy level varies from species to species.
Beneath the SL and surrounded by SR — tubules , are the myofibrils . Interspersed

between the myofibrils and immediately beneath the SL are many mitochondria.
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Innumerable different molecules and assemblies such as the channels and
receptors are characteristic of the SL — membrane . The heart cell membrane has the
ability to maintain a vast gradient of ions between intracellular and extracellular
environments through carefully regulated channels , pumps or exchangers . It also has
the ability to respond to the wave of depolarisation by the opening and closing of
highly specific ion — channels . The consequence of this ion flux is the critical triggering
of the contractile apparatus (McNutt, 1975) .

The other striking feature of cardiomyocytes is the SR which is a completely
internal reticulum of membraneous tubules. In muscle it plays a major role in
| regulating the concentration of calcium in the sarcoplasm and hence the contractility of
the cell . The SR forms a ‘cylindrical * mesh of anastamosing tubules intimately
surrounding the myofibrils , acting as a link in the coupling of electrical depolarisation
of the cell membrane and mechanical contraction of the muscle proteins. Sarcoplasmic
reticulum acts as a Ca - storage organelle . The sequential release and accumulation ,
of calcium ions (Ca*) by SR triggers contraction and relaxation of myofibrils. The,/\
myoplasmic Ca? determines the degree of interaction between the regulatory proteins
of the contractie machinery and thereby the force of contraction. Evidence suggests
that Ca — binding protein calsequestrin found largely in the SR, plays a major role in
sequestering Ca* during relaxation (Jorgensen et al, 1988).

The nucleus of myocyte is usually cigar - shaped and fusiform and is oriented
along the long axis of the cell. Its location is usually central , although it may
occasionally be eccentric in position and close to SL. Myocytes with more than one

nucleus are a common finding in the adult animals, and their presence appears to be |
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age related (Bishop & Drummond , 1979) . The nuclear chromatin is usually dispersed
with scattered clumping . Under the electron microscope , nucleus is seen to be
surrounded by a nuclear envelope consiéting of two membranes separated by narrow
perinuclear cisterna. The nuclear envelope is interrupted by nuclear pores and is
continuous with SR. The cytoplasmic side of the nuclear envelope may be associated
with ribosomes . The perinuclear region at each pole often cohtain prominent golgi
complex , glycogen granules , lipid droplets , Iysosomés and with advancing age deposits
of lipofuscin granules.

Cardiac muscle cells contain more mitochondria compared to other cell types.

 ~Mitochondria are the energy producers of the cell. Located beneath the SL, they are

wedged in between the myofibrils. Thus the major source of energy supply is close to
the main site of energy use. Much of the mitochondrial machinery is involved in the
production of adenosine tri phosphate (ATP), which the cells need for survival and
proper functioning. Besides generation of ATP , cardiac mitochondria have another
important role -the assimilation of Ca*. This Ca — uptake helps to maintain the level
of Ca? in the cytosol and prevent Ca — overload.

The contractile proteins are regularly arranged in a way which gives the
myocardial cell its typical striated appearance under the microscope. The basic
contractile unit is the myofibre which is approximately 0.5 um in diameter and consists
of interdigitating filaments of the proteins actin and myosin.

Electron microscopic studies reveal the presence of a series of light and dark
bands . The dark anisotropic band (A — band) is formed of thick filaments of myosin

and light isotropic band (I —band) is formed of thinner filaments of actin. In the centre
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of each light band there is a thick dark line, the Z —line . The functional  unit of
myofibrils is the sarcomere which is defined as the area between two adjacent Z -
lines. The length of the sarcomere determines the degree of overlap between actin
and myosin and is inversely related to the state of contraction of the myocyte (Katz,
1992a ). The contractile apparatus can be differentiated into the thick and thin
filaments.

. The thick filament, myosin is a large molecule . Its filamentous tail maintains
the structural rigidity of thick fif:'ment , and the globular head performs the biological
activities . It has two important biological activities ; the ATPase activity (the ability to
hydrolyze the terminal PO, of ATP thereby releasing the chemical energy of the
nucleotide ) and the ability to bind actin (the interaction with the thin filaments ).

The thin filament , actin is much smaller than myosin and it is = globular .
Aétivation of myosin ATPase and the physicochemical interaction with myosin are
the two important properties of actin. These properties allow the two proteins actin and
myosin to liberate chemical energy from ATP and undergo physicochemical changes
during the process of contraction . Tropomyosin (Tm) and troponin (Tn) —complex are
the two regulatory protéins. Tropomyosin is a relatively inflexible elongated molecule
that regulates interaction between actin and myosin. Along with troponin, tropomyosin
mediates the regulation of muscular contraction. Tropomyosin binds to actin in the thin
flament and adds structural rigidity to the thin filament. The Troponin — complex is
made up of three discrete proteins. Troponin — | , together with tropomyosin regulates
the interaction between actin and myosin. The most important regulatory effect being

inhibition of actin — myosin binding. Troponin — T binds the troponin — complex to
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tropomyosin . Troponin — C contains the Ca - binding sites that regulate the muscular
contraction . The signél for muscular contraction is initiated by an increase in cytosolic
Ca? . The three troponin — components interacf in a co operative manner with each
other, with tropomyosin and with actin and myosin (Katz, 1983 ) to regulate the force
and rate of contraction and relaxation.

Contractile elements in mammalian cardiac muscle is estimated to make up 50
- 70% of the cell volume and are arranged és a more or less continuous mass
(Canale et al, 1986) . Mechanical function of the cardiomyocytes , ‘contractility’ is
effected by excitation - contraction (E-C) coupling. The primary factor responsible for the
initiation and also variation in cdntractility is the concentration of activator Ca® . It was
Ringer (1883) who showed the requirement of Ca for normal contractile activity. His
work led to the modern concept that Ca? —fluxes into and out of the myocardial cell
and its intracellular regulation explain most aspects of the contractile behaviour of the
heart. Cytosolic - Ca** regulates contractility by indirectly controlling the interaction
between myosin heads with actin filaments , which in turn is regulated by Tn-C and
Ca® binding .

Entry of Ca into the myocardial cell is controlled by the electrical state of the
cell . Sarcolemmal — depolarisation plays a major role in Ca —influx. Thus electrical

excitation triggers the mechanical function of contractility.

Electrical excitation : Under physiological conditions, the interior of the myocardial
cell is electrically negative with respect to the surrounding extracellular fluid. The

transmembrane electrical potential difference depends on the differences in ionic
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composition between the intracellular and extracellular fluids and the differential
permeability of the cell membrane to various ions.

The processes that signal the myocardium to contract begin when an action
— potential depolarises the SL. The electrical 'impulse for this is generated in the sino —
atfia| node, conducted through the atria, atrioventricular node , His — bundle and its
branches and finally réaches the ventricles. As the wave of electrical excitation arrives
, it initiates depolarisation and the flow of current opens the voltage activated gates of
the sodium (Na) — channel to allow the rapid entry of Na®-ions which constitute the
rapid upstroke or ‘phase —0'. As the Na-current fades away, and the cell loses its
polarity, the Ca — channel which is activated by a less negative voltage , opens . Frbm
the peak of depolarisation the overshoot is lost (phase — 1). Inflow of Ca* -ions and
outflow of K* -ions forms the the ‘phase —2’, the action potential plateau. By this time
the K — current starts to flow again into the cell causing repolarisation (phase —3). This -
rectifying current helps to terminate the action — potential plateau. Finally the resting

(Fig: 1)
potential (phase —4) is regained .hThe shape of the action potential is determined by

the current flowing across the SL

The SL calcium channels which respond to the changes in voltage . The
voltage activated mechanisms brings the first inward Ca — current . The second inward
Ca - current is slower and lasts longer . The small amount of Ca that enters the
myocardial cell , triggers the release of much larger amount of Ca - ions from SR —
stores. This initiates contraction of the cell ( Barry & Bridge ,1993 ). Release of Ca* -

ions from SR induces contraction and uptake of Ca* -ions by the SR causes relaxation
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FIGURE - 2.1
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Ruegg ,1990) . The Ca —flux links the wave of electrical excitation to contraction by the

process of E—C coupling .

Myocardial contraction : The essential components of the heart's contractile
- machinery are those proteins concerned with contraction (actin and myosin) and those
which are regulatory (Tn and Tm).

A comprehensive dynamic model of E - C coupling for a single cardiac cell
can be extended to the myocardium as a whole. This model is used to simulate
the basic mechanical characteristics of the cardiac muscle and the inotropic and
lusitropic changes associated with variation in extracellular environment .

The physical nature of actin — myosin interaction was proposed as early as 1954
by Huxley @ and Hanson , popularly known as the sliding — filament hypothesis of
muscular contraction . According to this hypothesis, actin and myosin filaments are
linked by chemical bonds and activation of the contractile proteins produces forces
which cause the thick and thin filaments to slide past one another, thus decreasing the
inter — Z — distance and causes the shortening of the muscle. The attached heads of
the thick filaments pull the thin filaments a very small distance towards the centre of
the sarcomere , before detaching and reattaching to repeat the cross — bridge
cycle.Cross - bridge cycle is better explained by fhe Eisenberg — Greene model (1980).
It proposes that the myosin heads go through an oar-like motion from the 90°
configuration to a 45° angle . The simplest model to explain these changes was
proposed by Eisenberg and Hill in 1985. According to their proposal the myosin head

alternates between two major configurations. When ATP is bound to the head , there is
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a weak binding conformation and when inorganic phosphate is released there is a
‘strong binding confofmation. The model depends on different types of binding between
actin and myosin in résponse to the molecular configurations of the myosin head and
the ATP hydrolysis - resynthesis cycle.

The stages of the contractﬂ‘ity involves two important cross — bridge states ,
namely actin — attached and actin — detached states. It is the attached state that is
force generating. The rate at which cross‘— bridges attach and detach ‘in the cyclic
manner may be quite different under various conditions./

~ Brenner inb 1988 proposed that the cross bridge cycling rate is dependent on
two rate constants,the_‘f-cohstant‘controlling the rate at which cross bridges enter
the attached state and the ‘ g - constant * controlling the rate of cross bridge
detachment . According to Brenner it is predominantly the cross bridge attachment
constant that is affected by Ca® . Thué any increase in free Ca® - ion concentration in
the myoplasm would enhance the Ca* - occupancy of the Tn-C, which in turn would
increase the probability of cross bridge attachment. The first effect of Ca* -ions would
be to increase the probability of cross bridge attachment . This effect of Ca® is
because , the rate constént of force (or pressure) increase is maintained proportionally
to the sum of the rate constants (f +g ) (Brenner , 1988).

The first effect of Ca —ions is to increase steady — state force development.
Additionally , indices of contractility, such} as the rafe of pressure change in the intact
heart (dp/dt) also would be altered by Ca* (Ruegg, 1990).

Landsberg and Sideman (1994) has presented a dynamic model describing the

mechanical regulation of cardiac muscle by coupling Ca - kinetics with cross — bridge
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cycling. Their study described the regulation of mechanical activity in the intact cardiac
muscle , the effects of free calcium — transients and the mechanical constraints ; and
emphasized the central role of Tn—complex in regulating muscle éctivity. Their model
includes two feed back mechanisms: a positive feed back or co operativity , in which
the cycling cross — bridges affect the affinity of Tn for Ca and a negative mechanical
feed back, where the filament — sliding velocity affects cross — bridge cycling . |
Summarizing the process of excitation - contraction coupling ( Figure - 2.2 ) ; it comprises ,
1) Arrival of the wave of depolarisation to ventricular myocardial cells,

2) Entry of Na® through the fést inward Na* — channels into the cell reducing - the
negative potential ,

3) Entry of Ca* through the voltage gated Caz*—channéls into the cell,

4) Ca?* - triggered Ca* - release from SR through the SR - Ca® - release channel,

5) Activation of contractile proteins , following Ca* - binding to Tn—-C,

6) Removal of Ca?*, predominantly by SR—Ca—-ATPase and to a lesser extent by
SL Na - Caexchanger and SL Ca- ATPase,

7) Repolarisation and attainment of resting state .

Thus Ca* is found to be an essential factor for myocardial contractile
function. In. most instancés myocardial contractility is regulated by changing Ca —fluxes
across the SL and it is modulated by either alteration in the number of Ca — channels
or the extent of channel opening in response to SL — depolarisation. The extent of
channel opening is influenced by in trinsic and extrinsic factors .

Besides physiological regulators of contractility , pathological factors can also

influence myocardial mechanics .
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FIGURE - 2.2
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Regulators of myocardial contractility

Myocardial contractile function is regulated by physiological factors that influence

membrane — ion — transport , adrenergic and cholinergic systems , neuro transmifters , etc.
Besides these , pathological factors , pharmacological agents , toxic substances from
external environment, etc can also modulate myocardial contractility.
Membrane transport systems : Contractile functipn of the cardiomyocyte is known to
be regulated by both intra and extra cellular ionic concentration. The inflow and
outflow of ions are mediated by some type of carrier such as ch‘annels , exchangers or
pumps located on the SL - membrane.

The past decade has witnessed tremendous advancement in the knowledge of
the. structure and function of membrane channels in cardiac cells. Techr;ical
‘ advances inclkuding studies on isolated cardiomyocytes , voltage — clamp recordings and
rholecular biological techniques have contributed tremendously to this progress.
Characterisation of the nature of cardiac ion — fluxes has allowed ~a detailed
examination of the origin of vthe cardiac  action — potential and the relation between
cardiac membrane potential and contractile function. The movement of ions s

facilitated by carriers or proteins in the membrane , mainly the channels , pumps and

exchangers.

Channels : Channels may be held closed in the absence of an effector molecule or at
a particular membrane potential, and in such a state there is no ion — transport . A

gated channel can be held open or closed by a chemical or at a specific voltage. The
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latter are called the voltage - gated channels , which are functional at a specific
voltage .

lon — channels are classified broadly by the principal ion they carry — Na*, K",
Ca® ,Mg* or CI" and the mechanism by which they are opened or closed . Changes in
the membrane voltage or concentrations of intracellular ions and molecules such as
ATP regulate the opening and closing of ion — channels (Laniado et al, 1990).

Guarding each channel there are two or more gates that control its opening.
lons can pass through the channel only when both the gates are opened . Movement
of ions across the voltage gated - channels depend upon the voltage and time after
the onset of depolarisation . So they are considered to be voltage gated and time
dependent. In fact only a small percentage of the potentially active channels are
functional at any one time . It is called the ‘probability of channel opening’. The
~reason for this is that channels are not simply opened or closed. Open state is the
last of a sequence of many molecular states, varying from fully closed to fully opened
conﬁgdrations. The voltage signal is passed along each of these configurations and
the channel is functional only when it reaches the fully opened state. Besides, there
are selectivity filters which determine the type of the ion to pass through any
particular channel (Colquhoun and Hawkes , 1982) . In addition to voltage — gated
channels there are ligand operated channels. Ligands bind to cell — membrane at
receptor sites and they convey the signal to the channel gaté via G - proteins or by
some other yet unidentified signal ( ligand gated -G-protein dependent or ligand gated
G-indepéndent channels ) . The third category responds to mechanical stretch

(mechanoreceptors).
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The resting potential of ~-90 mV in the myocardium is largely the result of
unequal distribution of K—ions across the SL. As the wave of depolarisation reaches
the ventricular myocardial cell, the potential falls. When it reaches -70 to -60 mV,
the threshold of.activation of Na — channels , there is rapid inward Na - current. At the
resting membrane potential in the case of Na and Ca — channels , the éctivation gate
is shut and the inactivation gate is open. With the fall of the resting membrane
potential during depolarisation of the myocardium , first the activation gate of the Na -
channel opens , followed by that of Ca - channel;in response to specific voltages . At
this stage both activation and inéctivation gates are open and the inward flow of Na
and Ca -ions through their respective .channels produces Na and Ca inward currents.
As depolarisation continues and higher voltage is reached , the inactivation gate is
closed so that the currents are switched off in the order Na first and then Ca.

Besides the time and voltage factors , another inactivation signal is an increase
in intracellular level of calcium, which is essential to avoid harmful effects of Ca -
overload (Lee et al, 1985).

There are two major sub populations of Ca — channels relevant to
cardiovascular system ; L—chénnels and T -—channels. ‘L’ or long lasting channels open
at a less negative voltage, —35 to -25 mV and accounts for the later phase of Ca-
influx , while ‘T’ or transient channels opens at a more negative voltage -60 to -50
mV . They have short bursts of activity and account for the early phase of Ca —influx
( Nilius et al, 1985)

It is generally accepted that under normal physiological conditions ‘two

transmembrane inward currents ; the fast influx of Na and the subsequent slow
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inward Ca - flux operate during excitation of the mammalian myocardial cell. There is
also the evidence of a preferentially Mg — carrying transport system besides these two
in the excited cell membrane. This was inferred by Spah and Fleckenstein (1979) by
increasing the extracellular K* concentration to depolarising values , so that both Na
and Ca channels remain in the resting state and the cell does not contract. But the
myocardial cell still exhibited contractility and the action — potential was propagated . It
appeared to be exclusively carried out by a slow channel. This slow channel was
found to be responsible for the non specific transfer of Mg — ions. Under normal
conditions when the resting membrane potential is high and extracellular Na*, K*, Ca®
and Mg?® concentrations are within the physiological range , the contribution of this ‘Mg
- channel’ to the electrogenesis of action — potential is negligible and its role may be in
metabolic processes.

‘The routes of Mg—ehtry and exit remains controversial . Romani et al(1993)
‘proposed that there is a slow vinward Mg — leak which gets balanced by an equivalent
efflux to maintain Mg — homeostasis . Handy et al (1996) later suggested that Mg -
uptake occurs in exchange for intracellular Na* by reversal of Na — Mg antiporter ,
which is regarded as a mechanism foruMg-—extrusion. Mg leaves the Mg - loaded cell
primarily through this Na — dependent mechanism. In addition to this , physiologic
conditions such as hormonal stimulation was also found to result in Mg — extrusion (
Romani et al, 1993 ). B - adrenergic stimulation Has also been reported to produce Mg

—efflux , which is mediated through a rise in the cytosolic cAMP —level ( Romani et al,

1993 ).
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The resting membrane potential is regained by the potassium — currents. K —
channels are beth voltage gated and ~|igand operated. The major voltage - gated ’K—
currents are the back ground outward K- current and delayed rectifier K — current. The
first one flows more strongly during the resting diastolic phase of cardiac cycle,
contributing more to resting membrane potential. While the second K - current has
rectification properties, it is also outward in direction but induced after the oﬁset of
depolarisation at a specific voltage. Early transient K — current contributing to very
early  repolarization is considered as the third  voltage — gated K — current
(Heidbuchel et al, 1990 ).

There are other K- currents that flow in response to definite molecular stimuli
for example , when certain effector molecules bind to receptors called ligands. They are

of two types; those that need G - proteins and others that are non — G — gated . An

- example of ligand operated G — dependent K — channel is that operated by

acetylcholine (Ach) the parasympathetic messenger. It plays a major role in pacemaker
cells and is absent in ventricular cells. Another example is the adenosine sensitive
channel which is similar to Ach_—sensitive channels and requires ATP breakdown
product , adenosine. In these K — channels , the G - protein ﬁregulates the gating
mechanism directly. Another K — current, which is ATP — sensitive responds to its ligand

ATP and is G —independent. The increase in ATP levels lead to closing of this channel

(Ho et al,1993).

Exchangers : To keep the system of ions under homeostatic control , there are also

regulators called exchangers, which are under feed - back control .
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Once the wave of depolarisation has left, there will be a gain of Na" and
Ca? -ions and a loss of K'-ions. With time, these ionic imbalances will gradually
build up. The cytosolic Ca —level should be guarded within strict limits to avoid Ca -
overload. The chief mode of exit of Ca —ions from cardiac cell is by' Na — Ca
exchanger, which bring in‘ Na —ions as Ca —ions leave. Usually three Na* - ions are
exchanged for one Ca* -ion . Its activity depends on ion — concentration as well as
membrane potential. At rest, when the cell is normally polarised , the Na® -ions flow
inward along their electrochemical gradient and the Ca* -ions flow outward against the
electrochemical gradient. The exchanger responds to relatively small increases in the
internal Ca — concentration ( Leblanc and Hume , 1990).

The exchanger is electrogenic and is sensitive to the prevailing membrane
potential. During depolarization , membrane potential is such that the Na - Ca
exchanger operates to allow inward flow of Ca* - ions , contributing to the action —
potential plateau and increasing the action — potential duration. During repolarisation Ca*
-ions flow out in exchange for the Na’-ion.

Another exchanger , Na* - H* exchanger transports protons out of the cell after

vigorous working of the heart inorder to reduce acidosis. Counter transport of Na®-ions

into the cell takes place simultaneously.

Pumps : Consequent to the counter transport of Ca* through Na — Ca exchanger , there
is a Na’ - influx and the intracellular Na* - level rises . The Na‘'— ions that have
accumulated in the cell must be returned to the extracellular space, to prevent Na*

overload , which could lead to absorption of water by osmosis. This is corrected by
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Na — K pump , which is an active transport system. It extrudes Na" out of the cell and
permits entry of K* into the cell, against the electrochemical gradient. It is also called
Na, K — ATPase, as it is activated by internal Na" or external K* and uses energy in
the form of ATP complexed with Mg. wOne ATP molecule is used for each transport
cycle. For three Na-ions exported, only two K—ions enter the cell as a result of
which the cell will be negatively charged ( Skou, 1990 ).

Other active transport sytems which redUire ATP are energy utilising Ca -
pumps in SR and SL—mémbranes which extrude Ca —ions accumulated in the cytosol
along with the Na— Ca exchanger inorder to avoid Ca - overload ( Sasaki et al, 1992 ).

Calcium- ions that enter during the plateau phase of action potential is not
sufficient for tension - development. Thus it was speculated that there may be an
intemél source of Ca® , and consequently led to the discovery of Ca - induced Ca -

release from SR (Fabiato , 1983). Moravec and Bond ( 1991 ) are of the opinioh that not
N all the Ca® within the SR is released with each beat and that the SR Ca*-re lease
can be graded by the amount of trigger - Ca®* entering the cell . Calcium spontaneously
released from SR may induce adjacent SR to release Ca* , thereby propagating a
“‘wave’ of increasing [Ca®], resulting in contraction (Berlin et a], 1989) . The Ca* that is
released from SR initiates contraction by binding to the contréctile proteiﬁs. Decline in
the myoplasmic Ca* - level occurs by the reuptake of Ca* into the SR and also by
extrusion of CaZ from the myoplasm through Na-C.a exchanger and SL Ca - pump
(Barry and Bridge, 1993). SR — membrane contains a Ca* - specific ATPase which.
transports Ca® from sarcoplasm into the vesicles of SR with high velocity and affinity.

Transition from systole to diastole is mediated by Ca — accumulating activity of this SR
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Ca - ATPase (Barry and Bridge , 1993). These pumps are switched on by a membrane
protein called phospholamban, which requires a PO, group for its maximal activity ( Fuijii
et al, 1987 ). Phospholamban when unphosphorylated , binds and inhibits the activity of
SR - Ca - ATPase. On phosphorylation by cAMP - dependent protein kinase, inhibitory
effect of phospholarhban will be removed ( Sasaki et al , 1992) , resulting in Ca -
transport into the SR . Dephosphorylation of phospholamban occurs via type - |
phosphatase (Steenaart et al , 1992). After uptake by SR - Ca - ATPase, Ca®* is bound
to calsequestrin which is located primarily in the SR. Calsequestrin is the méjor Ca* -
binding protein in cardiac muscle . Binding and release of Ca®* by calsequestrin is
important in E - C coupling (Barry and Bridge , 1993) . Thus Ca - uptake and Ca - release
mechanisms located in the SR - membrane regulates myoplasmic Ca - concentration ,

and in turn myocardial contractility.

Ad-renergic and cholinergic systems : The contractile activity of myocyte is also
inﬂuénced by the autonomic nervous system. The extent of channel opening is
influenced by B - adrenergic stimulation and by changes in the configuration of the
‘action — potential by adrenergic and cholinergic stimulation (Winegrad , 1984). Both
adrenergic and cholinergic discharge involves a system of cellular signals starting with
binding of the primary messenger to the receptors on the SL, and the production éfa
second messenger. The second messenger acts through a series of intracellular
signals to increase cytosolic Ca-—levels . The resulting rise in intracellular Ca -

concentration results in a positive inotropic effect.
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There are receptors for various adrenergic agonists on the SL. Occupancy of

the P - receptor by a primary messenger like epinephrine stimulates the reaction

between the G — protein and GTP. GTP stimulates the adenylate cyclase into activity

which converts ATP to cAMP, the second messenger. cAMP in turn activates protein
kinases , which phosphorylates certain crucial ce|.|u|ar proteins to alter their propérties.
For example , a subunit of SR Ca - channel is phosphorylated to enhance the
uptake of Ca by the SR ( Gasser et al, 1988)’.

o - adrenergic system also modulates intracellular Ca® , though its actioh is
mainly on vascular smooth muscle cells. Stimulation of o - receptor leads to hydrolysis
of phosphatidyl inositol with formation of two intracellular messengers namely [P,
which stimulates release of Ca* from SR and protein kinase - C which phosphorylates
some of the contractile proteins (Berridge and lIrvine , 1989).

The parasympathetic nervous system decreases the force of contraction and
heart - rate , by decreasing the rate of release of norepinephrine  from terminal neurons
by the process of neuromodulation ; and also by stimulating an enzyme which breaks

down GTP, so that the crucial step in the activation of adenylate cyclase is inhibited.

It acts through the muscarinic receptor system with acetyl choline (Ach ) as the

extracellular first messenger , and G - protein system as the intracellular signalling
system (Flemming and Watanabe , 1988) . Acetyl choline the mediator of
parasympathetic system influences cells of atria and sino atrial and atrio ventricﬁlar
node. In ventricular myocardium they have less physiological significance. Ach produces
the ‘pacemaker activity as the resting potential is increased due to slowing of the rate

of closure of Ach — sensitive K — channels. In the pacemaker cells the diastolic
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depolarization will be slow. Only at extremely high .concentrations Ach reduces
acceleration of repolarization in His — Purkinje system and ventricular myocardium.
Norepinephrine released from sympathetic nerve terminals in all regions of the heart,
and epinephrine which is released into the blood stream along with norepinephrine
from adrenal glands enhances contractility , accelerates conduction , increases heart rate
and shortens the action — potential duration. The general mechanism by which these

effects could be mediated is by cAMP — protein kinase system (Katz, 1992b ).

Intracellular calcium cycling mechanisms : Calcium signals modulate a large number
of reactions in heart cells, most importantly the contraction and relaxation of myofibrils.
The signalling function demands a very low ( uM or sub pM ) concentration of ionic
Ca** inside the cells . Heart cells are normally bathed in fluids whe-re the ionic
concentration  of Ca® reaches the mM range. The extracellular pool is the source of
Ca® , that crosses the plasma membrane to initiate the contractile events. This is a
carefully regulated phenomenon . SL Ca - transport mechanisms are the only means
available for the extracellular Ca* to gain access to the intracellular myoplasm . Heart
“cells modulate their Ca — sensitive processes by mobilising the Ca* present in the
cells (Carafoli , 1985).

In cardiomyocytes the major Ca—transporfing systems are in the SL, SR and
mitochondria. The multiplicity of transporting systems emphasizes the importance of a
messenger functioning for maintaining the concentration of Ca* in heart cells. Ca must

be controlled vigorously and the efficiency of control is based on concerted operation
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of transport mechanisms located on the membranes responding to difference in the Ca

— concentration in the surrounding space.

Impon;tant Ca* - transporters that control the intracellular Ca — homeostasis in heart cells
are ;

1) Voltage — dependent Ca — channels in the SL ,‘

2) Na-Ca antiporter at the SL,

3) Ca ,} Mg - dependent Ca—pump at the SL,

4) Mitochondrial Ca — uniporter ,

5) SR Ca -release channel and SR Ca, Mg-ATPase or Ca-pump.

Voltage dependent Ca - influx channels, as mentioned earlier are the major influx

- channels . The Ca — channel mediated Ca — influx is increased by f - adrenergic

activation by increasing the duration of channel opening by the cAMP - directed
phosphorylation of a protein component at the inner side of the membrane (Reuter,

1.983).Sarcoplasmic reticulum is the structure on which the heart cells depend for the

'regulation of Ca** in the ambient surrounding the myofibrilsCa - induced Ca - release

(CICR ) from SR during systole satisfies the demand for Ca®* during contraction.
Transition from systole to diastole involves Ca — accumulating activity of Ca — pump

located in the SR (Chamberlain et al, 1983). Thus SR has a prominent role in Ca -

regulation during contraction/relaxation cycle .

The importance of mitochondria in Ca — homeostasis is in its role as a long—

term Ca — buffer which makes it possible to accumulate large amounts of Ca* .
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Enzymatic activities in the mitochondrial matrix are also regulated by Ca* . Activity} of
pyruvate dehydrogenase , isocitrate dehydrogenase , o - keto glutarate dehydrogenase ,
etc are modulated by Ca. Functioning of respiratory chain and in turn production of
ATP are under the control of Ca* ( McCormack and Denton, 1984 ). The dynamic
balance of Ca between mitoé:hdnd'ria and sarcoplasm (myoplasm) is the result of the
operation of an electrophoretic pathway , which is used exclusively for the uptake of
Ca* and it is a Na' triggered route. This constitutes the ‘ mitochondrial Ca — cycle’
(Carafoli , 1985);

In order to prevent calcification of the cell, 2. x5 Cain the myoplasm has to
be kept sufficiently low . Considerable amount of Ca is sequestered by the SR. Two
SL — systems involved in removing Ca from the myoplasm are Ca - ATPase and Na -
Ca exchange mechanism. Ca — ATPase or Ca-pump is a high affinity , low capacity
system expelling Ca®* with the same efficiency through out the entire functional cycle
of the heart cells (Caroni and Carafoli, 1980). Na - Ca exchanger is electrogenic and
it§ activity is dependent on ionic concentration and membrane potential . At rest when

the cell is normally polarized , the Na* - ions flow into the cell along their

electrochemical gradient , and the Ca* ions flow outward against an electrochemical

gradient . The exchanger responds to relatively small increases in the [Ca®], . During
depolarisation the membrane potential is such that the exchange system could operate

to allow the inward flow of Ca® -ions, thus contributing to action potential plateau and

increases the action potential duration .



2'\

Other endogeneous Ca — modifiers are calmodulin , cAMP , cytosolic pH etc. Ca
—jons are also seen ‘bound to Tn - C, parvalbumin or calsequestrin (Snowdone et al,
1985).

All these elements function concomitantly and influence each other , thus
" controlling the. cytosolic concentration of Ca, which in turn is responsible for the
initiation and regulation of contractility.

In addition to the basic regulatory mechanisms , myocardial contractility and the
ion - transients can be affected in pathologic conditions ; consequent to pharmacologic

interventions and also due to physiological variations .

Pharmacological agents influencing myocardial contractility :

Pharmacological interventions can influence myocardial contractility . Positive
~ inotropic agents such as digitalis compounds, P - receptor agonists , etc can mediate
their effects by increasing either intracellular calcium concentration or the sensitivity of
the myofilaments for calcium. Elevation of intracellular calcium concentrations can be
achieved by several mechanisms : Most importantly B - receptor mediated cAMP
’increasi_ng agents increase trans sarcolemmal Ca - influx via the L -type Ca - channel
and diastolic Ca - reuptake of ‘the SR via phosphorylation of phospholamban and .
decrease the sensitivity of the myQﬁlaments for calcium . Agents that increase cAMP
by coupling to the stimulatory G - protein include agonists of B - receptors ( eg:
adrenaline , noradrenaline , dobutamine )v. Other cAMP increasing agents include direct
activators of the adenyl cyclase ( eg: forskolin ), and inhibitors of the phosphodiesterase

Il that hydrolyze cAMP ( eg: mirinone ). The positive inotropic effect of these agents is
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in contrast to cAMP - independent agents , accomplished by shortening of the
contraction and relaxation time. An increase in intracellular calcium can also be

achieved directly by Ca - channel agonists . It has been shown experimentally that

“elevation of extracellular Ca - concentrations increase Ca - influx through the L -type Ca

' _channel . Higher intracellular Na levels enhance Na' - efflux and Ca* -influx via the

Na -Ca exchanger. This can be mediated by inhibitors of the Na, K- ATPase (digitalis
glycosides ) or by agents that prolong the open states of the Na - channel (eg : DPI
201-106 , BDF 9148 ) ( Mittmann et al , 1998).

The mechanism of action of a - receptor agonists or of endothelin and
angiotensin " Il (at the atrium ), which mediate their positive inotropic effects via an
activation of the phospholipase C, is unclear in human myocardium .It has been
questioned whether they increase intracellular calcium concentrations sufficiently . It has
also been proposed that an increase in action potential duration , inositol triphosphate
content , diacyl glycerol, pH or in the sensitivity of the myofilaments to Ca®* may play a
role ( Terzic etal, 1993} .

. Negative inotropic agents like Ca - antagonists , f - recéptor antagonists , etc can
depress myocardial contragjity . Antagonists to voltage - operated Ca - chanhels are
effective  antihypertensive and ‘antianginal agents , but they depress myocardial
contractility ( Sarsero et al, 1998 ) . The Ca - antagonists are a class of drugs which
block the inward movement of calcium into cells through * slow channels’ from
extracellular sites. By inhibiting phase - 0 depolarisation in cardiac pacemaker cells and
phase - 2 plateau in myocardium , and by depressing Ca - ion flux in smooth muscle

cells of blood vessels , these agents exert profound effects on the cardiovascular
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system . These agents induce sinus node depression , impaired atrio - ventricular
conduction , depressed myocardial contractility and peripheral vasodilatation . Verapamil
is the most potent inhibitor of cardiac conduction and contractility . Diltiazem also
'behaves similarly . Nifedepine is the most potent vasodilator . Significant
| pharmacodynamic effects were obtained by combination therapy with Ca - antagonists ,
especially with verapamil and B - blockers ( Pearigen and Benowitz, 1998 ). Verapamil ,
diltiazem and nifedepine act by blocking Ca - flux through L - type channels . T - channel
currents are also i‘nvolved in vasoconstriction and cardiac pacemaker activity . T -
channel blockers ( eg: mibefradil ) lowers blood pressure in hypertensive patients and
dilates coronary arteries in patients with angina, without triggering a reflex activation
of pressor systems. The noteworthy point is that heart rate decreases rather than
increase in response to this new Ca - antagonist . Another important feature of it is the
lack of negative inotropic effect (Hermsmayer, 1998 ). B - blockers have been employed
with increasing success in congestive heart failure. Reduction in heart rate may also
'play a major role in the therapeutic efficacy of P - blockade (Just, 1996) . In
hypertensive patients with left ventricular hypertrophy , the pure p - blocker propanolol
was more effective in regressing_ left ventricular hyperterophy ( Szlach ic et a/,1990 ). B
- adrenergic blocking agents act by inhibiting the interaction between B - agonists and
the P - adrenergic receptor , so that the stimulation of adenylate cyclase reduces with
consequent decrease in the formation of cCAMP . The consequence is that the slow

inward Ca - current is inhibited with resultant negative inotropy of the myocardium .
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Pathological factors modulating myocardial contractility

Pathologic conditions such as cardiac arrhythmias , ischemia and reperfusion
‘injury : cardiémyopathy , congestive heart failure and myocardial infarction affect
contractility of the myocardium (Mittmann et al, 1998).

Arrhythmias are common in heart failure and is considered as a marker of the
disorder rather than a predictor of sudden cardiac death (Mitamura, 1996 ; Ponikowski
et al , 1996) . The thrée major mechanisms for the development of ventricular
arrhythmias are ; the development of automaticity , reentry circuits and abnormalities of
repolarization . Arrhythmias may be primary or secondary . Primary arrhythmias are
those occuring as a result of an electrophysiological disturbance . They are not
associated with significant changes in hemodynamic function.. In contrast , when a
disease process causes a hemodynamic abnormality , it initiates electrical disturbances
leading to arrhythmia . It is referred to as secondary arrhythmias. Depressed conduction
due to atrio ventricular nodal block results in slowing. of the conduction of the impulse,
and the consequent block between atria and ventricles leads to ventricular asystole .
This condition resulting in decrease in the rate of ventricular beating is called
bradycardia . Extreme bradycardia causes the blood pressure to fall. Tachycardias
(increase in the rate of ventricular beating) can arise from a number of mechanisms
which cause premature systoles. These include both accelerated pacemaker
depolarisations and the va‘rious phases of Ca — reentry mechanisms ( Katz, 1992c ). Ca
—overload can also Iéad to sustained contracture . Excess Ca - cycling in and out of

the SR may explain certain arrhythmias ( Opie,1991b ).
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Acute myocardial infarction is the acute or sudden development of a localized
or cichmscribed area of myocardial necrosis due to severe ischemia from inadequate
blood flow and/or oxygenation. After an infarction myocardial ischemia develops and
the myocardium is at risk for further necrosis ( Chiche , 1974 ). Myocardial ischemia
occurs when the reduction of coronary flow is so severe that the supply of oxygen
to the myocardium is inadequate in relation to the O,-demands of the tissue.
It is initially reversible . Prolonged ischemia causes irreversible changes , with the
development of cell death and necrosis or myocardial infarction . The two major -
mechanisms of ischemia - reperfusion injury are formation of free radicals and Ca-(;
overload . Both induce membrane damage and impaired contractility (Opie , 1989) . |
Observations of different workers provide substantial evidence that cytosolic calcium is
increased during ischemia (Lee et al , 1987 : Kihara et al, 1989 ; Steenbergen et al,
1990 ; Marban et al, 1990) . The consequence of a rise in Ca - level is increased
depolarization and ischemic contracture . In addition to this Ca®* may not return rapidly
to the static diastolic. level at the end of relaxation phase . This results in contractile
dysfunction . A compensatory cytosolic Ca - overload via SR Ca - release channel during
“ischemia in rat has been reported and SR inhibitory agents like ryanodine is found to
prevent such arrhythmias (Thandroyen et al, 1988 ; Mubagawa et al , 1997) . There are
reports indicating the beneficial effect of Ca - antagonists inhibiting trans SL - Ca- influx
preventing Ca - overload, during ischemia (Finelli et al, 1993). Yoshimo (1991) reported
. that preserving the activity of Na,K - ATPase prior to ischemia may be beneficial in
preventing ischemia induced injury . This observation suggests that Na’ - rises due to

impaired Na,K - pump function and Na - Ca exchanger mediated Ca - overload ensues .
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Myocardial failure may also occur following primary myocardial disease for
example , card.iomyopathy. In cardiomyopathy , for a given end - diastolic volume the
tension generation is inadequate. In primary cardiomyopathy the causative factor is
's‘eldom known . In  hypertrophic cardiomyopathy , the muscle cells may undergo
" excessive growth in size , which is associated with high systolic ejection and diastolic
dysfunction . This may be due to the small size of the left ventricular cavity . In
familial hypertrophic cardiomyopathy , mutations in genes encoding myofibrillar proteins
leads to functional defect iﬁ the sarcomere (Bonne et al,“1998). Dilated cardiomyopathy
develops wheﬁiver a large mass of myocardium is damaged as in myocarditis ,in
severe coronary artery disease or after a large myocardial infarct . In dilated
cardiomyopathy , the initial event is myocardial failure with poor pressure generation
marked by an decrease in wall stress . lLoss of myofibril organization is a common
feature of chronic dil>ated cardiomyopathy (Sussman et al, 1998) . Myocarditis is
thought to be commonly caused by various viruses and accumulating evidence links
viral myocarditis with the eventual development of dilated cardiomyopathy . Cytokines
are being increasingly recognized as an important factor in the pathogenesis and
pathophysiolqu of myocarditis and cardiomyopathy . Elevated levels of cytokines have
been reported in heart failure and various cytokines have been found to inhibit
myocardial contractility invitro and invivo ( Matsumori , 1997 ). Excess Ca-entry in
myocarditis and dilated cardiomyopathy is reported to occur as a result of activation

of Ca® permeable cationic channels by the autoantibodies ( Tominaga et al, 1993 ).
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An important concept in cardiac pathology is that of Ca — overload, first
emphasized by Fleckenstein (1971). Cytosolic Ca — overload can occur in response to
myocardial ischemia , reperfusion and excess catecholamine stimulation.

Ischemia induced acidosis can lead to cardiac reperfusion injury , including

 arrhythmias and stunning . An accelerated Na"-H" exchange on reperfusion might be

arrhythmogenic . Secondary efflux of Na*i in exchange for Ca*, is the reason ( Dennis

et al, 1990 ). Acidosis has been known to depress myocardial contractility for more

than 100 years (Gaskell ,1880) and is an important factor to be considered because

acidosis is a major consequence of myocardial ischemia and may contribute to the
ischemic decline in force. The _situation is potentially complicated by the fact that
changing pH can modify virtually every cellular system involved in Ca - regulation and
force development.lncrease in intracellular [H*] could increase diastolic [Ca®*] by
competing with Ca - ions for intracellular Ca- binding sites (Bers and Ellis, 1982 ) . But

acidosis decreases the myofilament Ca - sensitivity and decreases the force regulation (

‘Blanchard and Solaro, 1984 ).

- Physiological determinants of myocardial contractility :

Physiological determinants of myocardial contractility include exercise and rest,
stress , age of the animal, extracellular iohic levels , etc . The influence of age and
extracellular Mg have beern reviewed in detail as these are the variables taken up
for the study .

During exercise the cardiac output must increase manyfold , hence either stroke

volume or heart rate or both must increase . The major adaptation to exercise
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—'generally is increased heart rate . The expected increase in end - diastolic volume as a
result of the increased venous return may in part be annulled by increased contractility
brought about by increased adrenergic discharge , which in turn allows the heart to

increase the  stroke volume without any change in the diastolic fibre length

i (Iskandrian et al , 1983 ) . Force - frequency effects of the intact left ventricle are

markedly enhanced by exercise . Exercise increases the efficiency of conversion of
metabolic energy to external work by the left ventricle resulting in increased
production of mechanical energy and enhanced contractility ( Nozawa et al, 1994 ;
Mima et al, 1998 ). The plasma norepinephrine concentration has been reported to be
increased during moderate and severe exercise above resting values (Peronnet etal,
1981) . Cardiac inotropic function during exercise is suggested to be largely ‘[51 -
adrenoreceptor mediated with little or no P2 - adrenoreceptor involvement ( Nyako -
: A_domfeh , 1991). Verapamil impairs left ventricular function during exercise in
hypertensive patients ( Ashmore et al, 1990 ) indicating the probable involvement of SL
-L -type Ca - channel in. enhancing Ca - influx during exercise . After exercise the initial
rate and maximal capacity of Ca - uptake of isolated SR were reported to be
'siginificantly depressed ( Byrd et al , 1989 ) . This depression was paralleled by
decreased activity of Ca -ATPasé.

Myocardial contractility is influenced by various kinds of stress . Wall stress has
been used as one of the parameters determining myocardial mechanics . Wall stress is
an essential determinant of myocardial O, - consumption and is also an important
determinant of the myocardial contractiie state and diastolic function and it also

regulates electrical properties (Sugushita et al, 1994 ). If wall stress deviates from the
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_normal range , inspite of compensatory mechanisms , severe cardiac damage
OCCUrs .

Certain cardiovascular diseases are associated with free radical  generation .
Free radicals are highly reactive chemical species with unpaired electrons in their
~outer orbital. Superoxide anion , hydroxyl radical , H,O, , etc are included in this
category. Free radicals are found 'to have a role in arrhythmias ( Opie , 1991c ). Free
radicals can induce peroxidation of poly unsaturated lipids of the membrane . Membrane
damage due to lipid peroxidation, leads to increased membrane permeability . Owen et
al (1990) stressed the point that free radical induced membrane damage can lead to
Ca —overload . This may lead to abnormal contractile function (Vandeplassche et al,
1990) .

Emotional stress is a potent source of catecholamine discharge . It can lead to
- enhanced activity of the adrenergic system especially with increase in circulating
ebinephrine , so that P - adrenergic activity is enhanced . The increased pJ - adrenergic
discharge also leads to a series of events that enhance myocardial O, - uptake ,

tachycardia , increased contractility and increased cardiac output ( Ruddel et al, 1988 ).

Influence of age on myocafdial contractility : Aging is associated with selective
changes in the cardiovascular system . Independent of diseases , age - associated
changes in cardiovascular function result , consequent to anatomical , biochemical and
haemodynamic remodelling without pathological consequence. Growth of the vertebrate
heart during embryonic and fetal life is characterised by hyperplasia of myocardial

cells. Shortly after birth , myocardial cells lose the capability of division and further



e e

2-39

growth of the heart is due to cardiomyocyte - hypertrophy and nonmuscle cell -
hyperplasia . This process which is referred to as hypertrophic growth results in 30 - 40

fold increase in volume of individual myocardial cells during normal postnatal growth

'and maturation . The transition from hyperplasic to hypertrophic growth is associated

with the formation of binucleated myocardial cells , as a result of karyokinesis without
cytokinesis . The molecular mechanism of this transition is uncertain. The response of
the heart to increased metabolic demands or to an increased work load depends on
the age of the animal . In addition to cellular enlargement, structural remodelling of the
myocardial cells , including alterations in the relative proportions of cellular organelles
and in the ultrastructure of individual organelles are reported to occur during
physiological hypertrophy of the adult heart ( Oparil et al, 1984 ). The expansion of the
ventricular myocardium during maturation shows a remarkable degree of well balanced
compensatory response , as the capillary microvasculature , parenchymal cells and
subcellular components of myocytes also grow in proportion to the increase in cardiac
mass . While in induced cardiac hypertrophy , the capillary luminal volume and surface ;
and mitochondrial to myofibrillar volume ratio are affected . This indicates that
physiological hypertrophy varies from pathological hypertrophy where an inadequate
growth adaptation of the component structures responsible for tissue oxygenation occur
and the hypertrophied myocardium may exhibit structural abnormalities that can be
expected to increase its vulnerability to diseases (Anversa et al , 1986 ). Several
physiological , functional and biochemical modifications  occur progressively in the
myocardium during the course of life . Cardiovascular system is the first functionally

regulated organ system, recognised in the vertebrate ontogeny. From a straight tubular
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heart to a complex four chambered pump is a rapid transformation and occurs early in
the mammalian life ( Artman ef al , 1996 ). Ontogenic differences have been observed in
cardiac contractile performance (Kato etal , 1996 ).

Morphometric changes include basically an increase in cardiac mass which
may be due to hypertrophic or hyperplasic growth of myocytes or a combination of
both the processes (Rakussan , 1993). This characteristic chain of developments is
probably common to all mammalian hearts . First‘ hyperplasia takes place ; which is then
replaced by hypertrophy ( Claycomb , 1992 ) . It is not clear when or why the
proliferation stops.

Cardiac development can be divided into three phases . First phase comprises
the entire embryonic and fetal period until birth with growth -by the proliferation of
myocytes (hyperplasia). The second phase is of short duration and occurs during early
postnatal life , when the myocytes become bigger , concomittent with cell proliferation.
Soon after that the cells cease to divide and the myocytes grow by hypertrophy
(vander Hoff et al, 1997). As the cardiomyocytes terminally withdraw from the cell —
cycle , genes which encode proteins characteristic of the mature muscle cell will be

activated ( vander Hoff et al, 1997 ) .

. A large number of genes are newly
transcribed during terminal differentiation including those that encode the sarcomeric
proteins , the specialised channels and receptors and the muscle’s metabolic enzymes .
Rakussan (1993) proposed that in rat heart the ‘cut — off pdint has been somewhere

between third and sixth week of postnatal life . Li and his coworkers (1996) also
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'suppor'[ed this rapid transition of cardiomyocytes from hyperplasia to hypertrophy
during postnatal development.

Canale et al (1986 ) revealed that measurements of isolated rat
‘cardiomyocytes exhibited increase in both width and length during postnatal growth
 the average cell being 15.7 X 88.2 um at 60 days and 21.5 X 110.3 um at 250 days.
The postnatal changes of the rat heart cells has been worked out in detail. According
to a study conducted by David et al (1979),seVeral structural changes take place in
the rat heart. They have examined the myocadium of male Wistar rats at birth and at
ages 1,2,3,4,5,6,7,14,21days and 1,2,3,4,5,6 months. Their observations
can be summarised as follows : volume density of myofibrils significantly decreased
from 0.52 at birth to 0.33 on fifth day, increased again and reached a peak in the
third month . Then it remained at 0.55. The proportion of sarcoplasm decreased
continually from 0.327 at birth to 0.018 in the sixth month . The volume density of
mitochondria rose from 0.16 at birth to 0.18 - 0.20 on the seventh day.

Aging is . associated with’ variation in myocardial performance as observed
in senescent animals ( Muscari et al,1992) . The adult stage , after completion of
development and before aging sets in is considered as a more or less stable period
in the life span of an animal. Even during this period , there is physiological
hypertrophy of myocardium ( Walsh and Dorn ,1998 ) . Lakatta (1990 ) has pointed out
that the heart wall thickness increases modestly due to an increase iﬁ myocyte size . It
could be associated with changes in structure and function and distribution of channels

and receptors at the level of SL and SR leading to variation in myocardial function .
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Mechanical response of cardiomyocytes to physiological disturbance or pharmacological
interventions can therefore vary with age .

According to Canale et al (1986) , T —tubules in the SL develop postnatally
and is initially confined to the periphery of the cell, but later localised varicosities
appear , which usually form a coupling with SR. They comprise 27 —36% of the total
SL — area. Profiles of SR are too infrequent in new bornrats. Even on the tenth day
of age, cells rarely show SR — network . Intercalated discs which joins the cells end —to
-end also show marked changes during development . Immature discs are short,
usually less than 1-2 um wide. Further development which is presumably related to
mechanical function is associated with complexity of interdigitation and appearance of
end —to — end junctions.

The subcellular mechanisms responsible for developmental changes in action
potential configuration and excitation - contraction coupling have been elucidated recently
. This task was made more difficult by significant age and species differences in
pérdiac electrophysiolbogy . Mature myocytes utilize Ca* - entry via SL - voltage
gated Ca-channels to trigger Ca-induced Ca-release (CICR) from SR, while in
neonatal rat SL - mediated Ca - entry is more prominent than intracellular Ca - cycling .

The ontogeny of cardiac Ca - channels is highly species dependent . In chick
heart a progressive decrease in Ca® -influx via lc,, during early development was
noted ( Wetzel and Klitzner, 1996 ). In similar studies in rat heart , Ca - current density
in cultured neonatal myocytes was much greater than in isolated adult myocytes (
Cohen and Lederer, 1988 ) . But, during aging the magnitude of L - type C‘a-channel

current increased significantly in parallel with cell enlargement, eventhough |.,, density
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remained unaltered ( Zhou et al, 1998 ). In contrast, Ca - channel expression in rabbit

‘heart was found to increase with development ( Osaka and Joyner , 1991). T - type Ca

. _channels were reported to be present in 91% of adult rabbit heart cells but were

evident only in 39% of neonatal cells ; voltage gated Ca - current amplitude , current
| density and T -type Ca -channel prevalance - all increase with maturation ( Wetzel et al
,1991 ). T-type Ca - currents have béen reported to have a rather unclear prominence in
mature and immature chick heart ( Tohse et él, 1992 ) , while in rat heart 60%
decrease in e, density was observed on maturation from 4 1/2 weeks to 14 weeks of
age (Xu and Best, 1992 ). Reverse Na-Ca exchange activity has been described in
mature myocardium also , but it serves as an important Ca - influx channel in immature
myocardium (Frank et al, 1992 ) . Stead‘y state mMRNA levels of the SL Na - Ca
exchanger peak near birth in developing rabbit and rat hearts (Boerth et al, 1994) . In
chick heart the exchanger density .in adult was only one half of the level than that
at 10 days of life ; and in rabbit heart, a decrease in Na - Ca exchange activity from
}the‘ late fetal and neonatal period to adulthood was noted Q(Wetzel and Klitzner, 1996 )
. Significantly greater cardiac Na - Ca exchanger expression was reported in newborn
rabbit hearts compared with adults ( Haddock et al, 1998 ). Hanson et al (1993) have
reported that Na, K- ATPase activity and ouabain binding is higher in adult compared
to neonate and in contrast Na - Ca exchange activity remained the same in the two
age groups . Earlier studies also had revealed that in congestive heart failure patients |,
sarcolemmal Na,K - ATPase which act as digitalis receptors were fewer in young
patients than in the adult ( Legato, 1979 ). While Kennedy et al (1996 ) observed that in

rats aging is associated with a decline in the Na’- pump capacity of the myocardium,
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Abete et al (1996 ) are of the opinion that Na - Ca exchange activity is not modified by
the aging process , while an age related reduction in Na,K - ATPase activity was
observed . Ellingsen et al (1994) has reported the down regulation of Na, K- pump in
~rat myocardial hypertrophy , and in his opinion reduction in the activity may not be
’due to reduced synthesis of pump protein , but can., be ascribed to increased cell
volume and increased ~content of other cell proteins such as contractile proteins .
ijeldsen and Gron (1990) also ascribed the age dependent change in myocardial
Na K - ATPase concentration to variation in the ratio between the amount of the -
enzyme and muscle mass .

From studies on the right ventricular papillary muscle isolated from senescent
rat ventricle, Wei et al (1984) have concluded that the prolonged and greater extent
of depolarization compared to the young may be related to the prolonged contractile
 duration and may also be a determinant of the peak force developed in response to
excitation under the same conditions . Abete et al (1992 ) evaluated the effects of
Platelet Activating Factor (PAF) on contractile characteristics of adult and senescent rat
hearts . Their data suggested that age influences the effect of PAF on contractile
parameters , coronary flow and conduction arrhythmias by acting on receptors whose
function is unaffected by age .

The ontbgeny of Na - channel has not been extensively studied . But in
neonatal rabbit , rat and mouse heart ; their voltage dependence is similar to that in
adult preparations . A direct comparison of neonétal and adult rat myocytes has
suggested that voltage - dependence of steady - state inactivation and the time constant

of inactivation - both shift towards more negative potentials with development (Xu et al,
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1991 ). Depression of Na - channel activity due to aging process was reported in
ventricular myocytes ( Wu et al, 1997 ) . K - currents have been described in mature as
well as immature cardiac myocytes . Similar to Ca - currents the ontogeny of these
- channels is also species - specific . In rabbit heart increase in the inward rectifier K-
 current between neonatal and adult myocytes was associated with more . negative
resting membrane botentfal and an increased sensitivity of the resting membrane
vpotential to extracellular K* concentration ; this devélopmental increase in I, has also
been reported in chick and rat heart (Josephson and Sperelakis , 1990 ; Huynh et al,
1992 ; Wahler , 1992). Transient outward K-current has been described in adult
myocytes but not in neonatal myocytes in canine myocardium (Varro etal, 1993 ),
while this current was not found in adult guinea pig myocytes. ATP - sensitive and Ach
_-sensitive K - channels were also found to exhibit single channel conductance and
“channel density with development (Wetzel and Klitzner , 1996). Overall there appears to be
a general increase in K - conductance with devel_opment ( Wahler et al, 1994 ; Wang
et al ,1996).

Maturation of the heart is associated with dramatic changes in the structure
and function of the SR . The content of SR is low and the SR is less organized in
the immmaturé heart ( Nassar et al, 1987 ). Expression of SL voltage gated Ca -
channels and SR Ca - release channels is reported to be coordinately regulated during
maturation of the rabbit heart (Brilliantes et al, 1994 ) . Developmental changes in SR
Ca - transport have been .studied in SR vesicles . Ca - uptake , activity of the Ca - pump ,
number of Ca - pumps and efficiency of the Ca - pump were found to be slower in

vesicles from immature hearts compared with that measured in vesicles from mature
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heart in rabbits , guinea pigs and sheep ; and the content of Ca - pump mMRNA
paralleled the increase in pump protein in adult rabbits . Thus transcriptional and / or

~ post - transcriptional regulation of the Ca - pump gene was supposed to be the factor

~ contributing to age related changes in SR Ca - transport ( Mahouny , 1996 ) . Age

associated slowing of cardiac relaxation was assumed to be dueTdiminished Ca -
‘'sequestering activity of SR . Western blot analysis showed no significant age related
difference in the relative amounts of ryanodine receptor sensitive (RyR) Ca - release
channel , Ca - storage protein calsequestrin , Ca - pumping ATPase and Ca - ATPase
regulatory‘protein phospholamban in SR . On the other hand , relative amount of
calmodulin dependent protein kinase .(CaM kinase ) was ~ 50% lower in aged heart.
CaM kinase mediated phosphorylation of RyR Ca-releése channel , Ca - ATPase and
phospholamban were also reduced (~25 - 40%) in the aged heart. Ca - uptake was also
significantly reduced with aging . These findings ivndicate that changes in the intrinsic
functional properties of SR contributed to maturational changes in myocardial SR
fuhction ( Xu and Narayanan , 1998 ; Tanaka et al, 1998 ). Thus the processes
responsible for regulating [Ca*] within the myocytes either directly or indirectly were
subjected to important changes in structure and function during maturation of the
mammalian heart . These changes result in developmental differences in \myocardial
functional performance (Vornanen, 1996 ).

Cardiac mitochondrial phosphorylation system of aged rats was fourld to be
poorly sensitive to variations in external free calcium(Guarineri et al,1993).

The autonomic nervous system also has an important role in the regulation of

cardiac function. B - adrenergic and muscarinic cholinergic agonists in the mature heart



2-47

influence the I, activ-ity . Studies in rabbit heart have demonstrated a decreased
responsiveness of I, to P - adrenergic receptor stimulation with isoproterenol in
neonatal myocytes as compared to adult cardiac muscle cells ( Osaka and Joyner ,
~1992) . Similarly , Charpentier et al (1996 ) reported that response to isoproterenol the
p - receptor agonist is higher in adult dogs compared to young ones . Age associated
, reduction in cardiac B-1 and P-2 adrenergic responses without changes in inhibitory G-
proteins or receptor kinase was reported by Xiao et al (1998 ) and Ferrara et al
(1997) . Prominent inhibifory effects of muscarinic agonists in neonatal rabbit myocytes
(Osaka et al, 1993 ) suggest a negative influence of these receptors on Ca - currents
in immature myocardium . Su et al (1995 ) demonstrated that the negative chronotropic
and inotropic responses of the heart to cholinergic muscarinic receptor stimulation are
_ sfrongly enhanced with aging in the rat model .

In otherwise healthy individuals , the effectiveness of f - adrenergic modulation
of cardiovascular performance has been found to decline with age ( Xiao and Lakatta,
1992).

Age dependent variation in contractile characteristics of the adult myocardium
has not received as much attention as the changes associated with developmental
maturation and aging . Limited number of studies have been carried out in the adult
rats between the ages 2 months and 1 year. The heart weight and body weight was
found to increase with age, but the heart weight to body weight ratio decreased from
3.2 in 2 month old rats to 2.6 in 12 month old rats, where as the ratio increased in
spontaneously hypertensive rats ( Tschudi and Luscher, 1995 ). Age related decrease in

cardiac tolerance to oxidative stress has been observed . H,O, infusion resulted in a
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significantly larger increase in end diastolic pressure in hearts of 6 and 12 month old
rats than 3 months ( Abete et al, 1999) . In addition , developed pressure decreased
~and incidence of arrhythmias showed a higher score . Biochemical changes were also
observed with increase in age following maturation . A profound reduction was
observed in the percent of V, myosin isoenzyme from 75% at 2 months to 50% at 8
“months and 14% in the 24 month old rats, paralleled by a decline in- Ca* - myosin
ATPase ( Effron et al, 1987 ). Talesara and Arora (1994) , have obséwed age related
decrease in succinic dehydrogenase and myofibrillar ATPase in heart muscle.
Endocardi.al endothelium has been shown to modulate the performance of the adjacent
myocardium ( Qi and Rouleau , 1997 ) . Myocardial contractile characteristics were found
to vary in rats of different age groups: 7 - weeks , 4 - months and 9 - months . At a low
‘extracellular calcium concentration ( 0.7 mM ), total tension , maximum rate of tension
developm;ant (+ dT / dt ), time to peak tension and time to half tension decline from
maximum tension were increased with increasing age . Increasing the extracellular
célcium concentration eliminated age - related differences in total tension and time to
half tension decline, but did not affect time to peak tension and caused +dT/dt to
increase to greater levels in 7 week old myocardium . Endocardial endothelium removal
had a greater effect on contractile indices in young rats . Increasing extracellular
calcium concentration eliminated endocardial endothelium mediated changes in
contractile indices , regardless of age . These observations indicate that the contractile
effects of endocardial endothelium are both age- and calcium - dependent , with

responsiveness to endocardial endothelium decreasing with age ( Qi and Rouleau ,

1997) .
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Influence of extracellular ionic composition on myocardial contractility :
Myocardium needs a suitable biochemical environment in order to contract, in addition
to an adequate supply of oxygen and nutrients . Blood plasma contains (in mM): Na’
; 160 , K - 10, C‘a2+ -2,Mg* -1andCl - 100 . The free ion -'concentration of these
‘elements are kept constant in the circulatory fluid and the extracellular milieu of the
cardiomyocyte . Even small deviations from normal levels in man are recognized as
symptoms of malnutrition or disease ( da Slva and Williams , 1991 ) . Elevation or
reduction in the plasma levels of these ions causes disturbances in cardiac rhythm as
is reflected by the abnormalities in the action potential of the myocardial cells .
_Prolonéation of the action potential results in reduced amplitude of contraction and
reduction in -the duration of action potential leads to rise in the amplitude of
contraction. For example hyperkalemia or hypocalcemia has been associated with
shortening of the amplitude of action potential , while hypokalemia or hypercalcemia
prélongs the action potential (Katz, 1992d ).

Many of the cardiac diseases were found to be associated with hyponatremia,
hypokalemia and / or hypomagnesemia ( Schwinger and Erdmann , 1992 ) . Electrolyte
disturbances can affect Ca - transport mechanisms and in turn cardiac mechanical
function . Applying recirculation fraction of activator Ca (RF), as an index of myocardial
contractility and myocardial force - interval relationships , RF under the influence of Na’,

and Ca*, were calculated . Hyponatremia was found to increase the RF . Similarly,

increasing [Ca*], also was found to enhance RF (Morner and Wohlfart, 1992 ). Low
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 extracellular K and high extracellular Na* increased the heart rate and restored the
ability to pace (Kerns et al,1996) , thereby reversing the chronotropic toxicity of p -
“ plockers like propanolol . Lowering [Na'], is , theoretically expected to slow electrical
‘_conduction velocity leading to increase in cardiac contractility via suppression of Na -
Ca exchange mech‘anism , thereby increasing the [Ca®],. But it has been observed
‘that, in patients with ‘water intoxication syndrome’ , negative inotropism was caused by
low éerum Na - concentration (Yanagi et al , 1998). Myocarcial ischemia and early
pérfusion is associated with heterogeneity in [K'], and electrophysiologic changes which
in turn may. play an important role in the genesis of arrhythmias ( Hariman et al, 1993)
. Extracellular K* exerts beneficial effects on the frequency dependent force generation
in  human myocardium ( Schwinger et al, 1997 ). The ion activates Na , K - ATPase and
changes the membrane potential , thereby influencing the mode of action of Na - Ca
'exchanger to produce an inotropic effect . Magnesium and potassium deficiencies play
an important role in the development of cardiac arrhythmias (Schwinger and Erdmann,
1992).

Last two vdecades were associated with the acquisition of a greater
understanding of cations in cardiac physiology . The major discoveries have centered on
Ca*, K" and Na', but relatively little attention has been paid to the importance of
Mg* . Lack of suitable techniques for measurement of Mg has been one of the
reasons .

Role of Mg* ivn cardiac physiology : Magnesium (Mg) is an important element both in

health and disease. Approximately half of the total Mg in the body is present in the
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soft tissue and the other half in bone. Less than 1% of the total body Mg is present

s
[N

in blood. Majority of the experlmental information comes from determination of Mg in

serum and red blood cells (Elin, 1988). At present we have little information abocut

equlllibrlum - state_of Mg within the body pools. Mg -ions are pivotal ln the transfer

storage and utilization of energy. Mg regulates and catalyzes around 300 enzyme

,systems in  mammals . The lntracellular level of free Mg* regulates intermediary
‘metabolism, DNA and RNA synthesis and maintenance of cell structure and cell growth.
Mg has numerous physiological roles among which the important ones are control of
neuronal 'activity , cardiac excitability , neuromuscular transmission , muscular contraction ,

vasomotor tone , blood pressure and peripheral blood flow. M’g modulates and controls

Ca’ entry and release (Altura and Altura , 1996) . The Mg—-content of adult human

k'body is 21 —728 gm or ~2000mEq (Wacker and Pansr 1968) It is the fourtn Mmost

abundant cation in the body and its intracellular level gives it the second pcsition
Apart from the half of body Mg—cdntent in bone , the rest is equally distrbutec
beétween muscular and non muscular soft tlssues. Of the non - osteous tlssues ; liver
and striated muscle have the highest concentrations - ~15to 20 mEq/ kg. |

The average daily requirement of Mg for a normal human adult is in the

order 25 mEq. The largest source is nuts green vegetables etc . Drinking water is a

h

very important source of Mg . lntake of 0.30-0.35 mEq/kg of body weight per day is

required to maintain the proper Mg—balance in normal human beings ( Jones et al,

1967 ) , and 12-18 % of Mg can be derived from water ( Seelig , 1980 ). Hence , the

PUEE——

level of Mg in the dnnklng water can have a significant influence on the intake of

Mg, espeClally when dletary lntake from other sources is low .
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The physiological roles for Mg* - ions in cardiac and vascular muscle are

limited to regulation of contractile protems SR - membrane transport of Ca - jons , co

© factor in ATPase actlvmes and metabohc regulation of energy dependent cytoplasmic

and mitochondrial pathways . Small changes in free external [Mg®] or cytoplasmic Mg*
could exert signiﬁcant effects on cardiac or vascular smooth muscle contractility (Altura
and Altura, 1985 ). Dietary , metabolic or drug - induced changes in Mg? - levels appear
to p]ay important roles in the etiology of cardiac and vascular disorders.

It has been observed quite early that the content of Mg in mammalian
ventncular musc‘le is very hlgh Polimeni and Page (1973) determined the total Mg —

content in rat ventricle as 47.3 + 0.2 mM / kg of cell water and Polimeni (1973 )
reported that, Mg — content of rat ventricular muscle is 43.4+ 0.4 mM / kg dry wt .-

Lack of suitable methods for quantitation of Mg had been the major obstacle
in the past. Discovery of sensitive analytical and- chemrical methods like nuclear
‘magnetic resonance spectroscopy (NMR) , atomic absorption spectrometry (AAS) and
fluorescent spectrofluorimetric methods made possible the accurate determination of
tissue and cellular Mg — content .

A better understanding of Mg — metabolism requires the knowledge about the
state of Mg ie. | free or bound , because free Mg onlx MIS physiologically active.
Accurate determination of free Mg - concentration was a challenge and various
methods have been developed . Use of metavllochrome dyes is one method.
Metallochrome dyes selectively binds Mg, resulting in a change in the absorbance of

the dye. Exchrome blue had been found to be a successful dye to detect free Mg

(Casillas et al, 1981) . lon selective micro electrodes can also be used for determining




permeant probes are also found to be .-

2-

the Mg - concentration (Blatter , 1986) . Mg - Isotepes have been used as biologic tracei

in following the absorption , distribution in the body and the excretion of this ic

(Aikawa ef al , 1960 ; Romani et a/, 1993} , but Mg has a very short half life (~Z

hrs) and is notreadily available (White and Hartzell , 1989) . NMR employs isotopes fik

3'p and ®Mg (Elin, 1988 ; London , 1991 ). Ultrafiltration / equillibrium dialysis helps

separating ’free and complex Mg - fractions . Fluorescent indicators and their ce

7 reliable in measuring the cytosolic fre
Mg - concentrations ( Murphy ef a/, 1989).
According to Polimeni and Page (1973) approximately 12% of cardiac Mg

seen in mitochondria and 23% inthe myofibrils. A large portion of the intracellular M

-

'is complexed with ATP , ADP and AMP . Still smaller amount is bound to enzyme

coenzyme complexes.

In the cardiac muscle , Mg®* influences tension development (Shine , 1979). M

' has ‘been found to impart negative inotropic effect in mammalian ventricular musc

(Hall et al, 1990) . This effectis due to competitive antagonism against Ca , probably
SL — binding sites. Bara et al, (1993) have reported that Mg plays an important role
a large number of cellular processes by acting as a co-factor in enzymatic reactior

and transmembrane ion movements. According to them [Mg®], influences variot

processes in the cellular ion - transport through SL - K - channels , Na - channels , Na , K

pump and Na - Ca exchanger . Intracellular Mg blocks the outward current by interferir
with the passage of K—ions and induces rectification of the channel current — voltac
relationship , and acts as a fast blocker of Na - channels.[Mg*], increases the K

channel permeability and Na- transport at high concentrations by acting on Na
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pump. Both intracellular and extracellular Mg stimulate the Na , K — pump at high
concentrations and inhibit at low concentrations . The activity of the Na - Ca antiporter is
“inhibited by extracellular Mg. The inhibition by Mg is competetive with Ca ( Bara et al,
- 1993).

| The abbve mentioned observations indicate that variation of extracellular Mg
‘concentration can alter the functioning of most of the SL ion channels . Digitalis
induced arrhythmias is also found to be more frequent in Mg - deficiency ( Singh et al,
1975).

Patch>—clamp studies showed that Mg —ion acts on both Land T —type Ca-
channels and Mg has been dubbed “nature’s calcium antagonist” (Millane and Camm ,
1992). Schwinger et al (1997) are of the opinion that Mg reduces the intracellular Ca -
vavailability through several mechanisms ; such as its inhibitvory action on SL ,Na - Ca
exChanger etc . Howarth and Levi (1998) demonstrated in rabbit myocytes that free
[Mg®]; might partially inhibit thé activity of the Na - Ca exchanger or might limit the
ability to trigger Ca - release . It 'Was suggested that SR Ca - pumps are influenced by
Mg® and it inhibits SR Ca — release channel ( Meissner and Henderson , 1987 ;
Schwinger et al ,1997) . Fabiato and Fabiato (1975) noticed that CICR from SR occurs
at higher intracellular Ca — concentration, in the presence of high Mg - concentration.
Their opinion was that increase in free intracellular Mg — concentration could enhance
the capacity and rate of binding of Ca** by SR. While Meissner and Henderson (1987)
reported that Ca — release from cardiac SR is modulated by [ Mg*]. This channel is

inhibited by mM concentrations of Mg* .
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Reduction in Ca* -inward current in the presence of Mg® is mediated by

its competition with Ca* binding sites of the SL. This competetion is facilitated by the

~ smaller ioniuc radius of Mg® (0.6A°), than that of Ca* (0.95A° ) (da Salva et al,

1991) . Enzyme reactions that are known to be catalyzed by ATP require Mg as a
cofactor. Magnesium acts as an activator . Magnesium is divalent and does not form
intermediates like transitional metals . Perhaps this quality enables it to act as a bridge
between a large number of chermical reactions . The effect of Mg - chelation in such

reactioné helps to lower the free energy of activation eg: Na, K - ATPase , Ca* -

' ATPase etc (Aikawa, 1989 ).

Magnesium also has a prominent role in tension - development in myofibres |
by influencing the activity of contractile proteins . Potter and Gergely (1975) reported
that out of the 6 cation binding sites of troponin ; two are Mg* - specific, two are
Ca® - specific and the remaining two sites can bind either Mg* or Ca* . Calcium
specific sites have low affinity for Ca® , and Ca* has high affinity for Mg- Ca
competetive sites . If [Mg*], is higher Ca - Mg sites would be occupied by Mg?¥, as
during relaxation . Then Ca - binding will be only at low affinity Ca - specific sites. If
[Mg*], is less, Ca** can bind to both high affinity Ca-Mg sites and low affinity Ca -
specific sites , in which case tension development will be stronger . Binding of TnC with
Ca® displaces Tm from Tn - complex which otherwise blocks the cross - bridge
formation between actin and myosin . Thus tension development in muscle fibres can
be strongly influenced by Ca* /Mg* ratio. Schwinger et al (1997) noticed that Mg*
reduces Ca - binding to Tn - C. Significance of Mg* - affinity in cardiac TnC - Ca®

excha‘nge was also specified by Wang et al, (1998).
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The actin and myosin filaments of cardiac muscle attach through cross -
bridges . The myosin heads contain myofibrillar ATPase activity. Mg ATP is the
“substrate for this enzyme and by hydrolyzing MgATP , energy for cross - bridge
" attachment is obtained . At low [Ca*] (10® to 10° M) interaction of MgATP with
myofibrillar ~ ATPase of myosin takes place, leading to cross - bridge interaction.
Increasing [Mg*], from 1 mM to 10 mM and decreasing from 1 mMto 0.4 mM, both
depress the ATPase activity. Substrate inhibiton may be the reason for the observed
decrease at higher [Mg?¥], . Thus there is ah optimum [Mg*], at which Ca - binding to
myofibrils is maximum (Shine , 1979).

Metabolic and functional responses to [Mg*], in perfused rat heart revealed
that elevation of [Mg*],, dose dependently reduced the contractile function ( Headrick et
al , 1998 ) . By regulating Ca-transport and also by influencing contractile protein

interaction Mg* affects cardiac contractility.

Magnesium homeostasis : Intracellular free [Mg®] is critical to cardiac cell function , as it
regulates many processes . The concentration of total Mg* in cardiac ventricular
mybcytes ranges between 17 and 11 mM and most of the cellular Mg* is present as
a complex with ATP , bound to cytosolic proteins or internalised within intracellular
structures . Only a small fraction of total Mg* is ‘free’ within the cell (Romani et al,
1995) . The values of cytosolic free Mg* present in cardiac ventricular myocytes under
physiological conditions shows variability depending upon the techniques used to
measure it . Although the basal value of serum Mg* broadly ranges between 0.75-1.5

mM ( Lauler, 1989), it is unanimously accepted that the free [Mg®], does not change at
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all , or if it changes only minimally from the usual 1 mM (Romani et al, 1995). A large

redistribution of total Mg® to or from cellular compartments has been identified and

. characterised in perfused rat heart and in isolated cardiac ventricular myocytes (Romani

et al , 1993) . Their observations suggests that the amount of Mg* transported across
the cell membrane is large but changes in the cytosolic free Mg* - content were
negligible . The final conclusion made by them was that Mg* distributes among
intracellular organelles. In contrast to this, Handy et al (1996) are of the opinion that
most of the changes in [Mg®], appear to arise from variation in Mg -transport
across the SL , rather.than from alterations in intracellular Mg - buffering or Mg -
sequestering capacity of sub cellular organelles.

Very ‘little knowledge had been acquired regarding cellular mechanisms that
regulate intracellular Mg. Eventhough Romani et al (1993) argued that animal cells are
well protected from Mg - influx down the electrochemical gradient by the low
permeability of cell membrane , they also pointed out the possibility of a slow inward
- Mg - leak which must be balanced by an eq‘f!valent efflux to maintain Mg - homeostasis.
Earlier in 1979 , Spah and Fleckenstein had reported the existence of a third
transmembrane transport system besides the fast Na and slow Ca - channels , which
preferentially carries an inflow of Mg?* - ions. Magnesium uptake also occurs in
éxchange for Na*, by reversal of Na- Mg antiporter (Handy et al, 1996) , which is
regarded as the mechanism of Mg - extrusion. |

Certain conditions such as hormonal stimulation were found to induce Mg -

extrusion . Romani et al (1993) observed that addition of norepinephrine or isoproterenol

like B - adrenergic agonists elicits large Mg - efflux from rat heart.
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Mechanisms that control [Mg®], are different in Mg - depleted and Mg - loaded

conditions. Handy et al (1996) suggested a decrease in [Mg*], below normal in cells

~ kept in Mg - free medium. But loss of membrane integrity or cell death was not

reported. - On reperfusion with basic medium cells recover their normal [Mg*] . In their

opinion this recovery is due to reversal of Na-Mg exchange activity .

Magnesium as a therapeutic agent : Intravenous Mg supplementation to treat ventricular
arrhythmia associated with digoxin toxicity was practised as early as 1935 by Zwillinger
(Millane and Camm, 1992) . Since then there have been numerous gése reports of the
efficacy of Mg in both supraventricular and ventricular tachycardia . Since the
Cardiac  Arrhythmia Suppression trial conducted in US ( Denes et al, 1991 ), the
benefits of this safe and cheap “natural “ drug was more readily appreciated and the
use of Mg as an antiarrhythmic agent became popular (Woods et al, 1992). According
to them, administration of 5-10 mM MgSO, over a few minutes will reduce digoxin
associated arrhythmia and terminate m‘any sustained ventricular tachycardias . Mg -
therapy by oral physiological administration and also through Mg - infusions was
reported by Durlach et al (1994). When given at physiological doses, therapy with Mg,
corrects the alterations in cellular function resulting from Mg - deficiency , where as at
higher dosages which induces hypermagnesemia, Mg possesses pharmacological effects
such as inhibition of Ca - influx , which may alter the electrophysiological properties of
Heart cells . A ubiquitous Ca - channel blockade mechanism is the main and well

established way of action of Mg at pharmacological levels ( Weiss and Lasserre ,
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1994). This suggests that in humans in addition to its physiological role , Mg can also

acts as a pharmacological agent.

Effects of magnesium - insufficiency on cardiac contractility : In a classic description
of Mg - deficiency, Whang and Welt (1963) described cerebral irritability with muscle
tetany and ataxia in dogs . Rapidly progressive hypomagnesemia was associated with
severe hypokalemia that was resistant to treatment with K - supplementation .
Histologically there was calcification of the myocardium with pathological arterial
fibrinoid changes . A progressive cardiomyopathy was seen with a rise in intracellular
calcium and mitochondrial calcium deposition ( Heggtveit, 1965 ).

Severa~l experimental observations suggest that subclinical hypomagnesemia can
be due to either chronic dietary deficiency , pharmacological interventions or consequent
to pathologic situations ( Khalil , 1999) . In human cardiac transplant reci:pients receiving
cyclosporin , Mg - deficiency was observed and this myocardial Mg - depletion was
associated with Ca - overload . In postmortem studies of ischemic heart diseases ,
myocardial Mg - content was upto 20% lower and Ca - content upto 6 times higher
thén in non - ischemic controls (Johnson et al, 1979 ). Reduced levels of Mg in se'rum
or red blood cells correlated with the occur:ence of hypertension (Dyckner and Wester,
1983).

Alteration in Mg - concentration could lead to increased permeability of the cell
membrane . Mg - deficiency can also increase the membrane fluidity . Both types of
changes could be caused by looser packing among the molecules in the bilayer

(Heaton et al , 1984 ; Heaton and Rayssiguier, 1987 ).
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Increased intracellular Na and Ca - levels were found to be associated with
hypomagnesemia . Cardiotoxicity of Mg - deficiency is augmented by inhibition of Na,K-
ATPase , which leads to Na - accumulation . High level of intracellular Na* potentiates
reversal of Na - Ca exchange resulting in an increased intracellular Ca - level (Bloom
1988) . It must be emphasized that the degree of Ca -accumulation can be high

enough to cause morphologically obvious cardiac myocyte calcification usually

associated with cell death .

Hypermagnesemia : Clinically significant states of Mg - excess are rare . The mos
common cause of hypermagnesemia is renal failure . There is evidence that total body
stores of Mg ére increased ih chronic renal failure ( Cantigulia et al, 1972 ). In contrast
to the planned therapeutic hypermagnesemia , elevated serum levels can occur wher
Mg - containing drugs usually antacids and cathartics are ingested chronically by
individuals with renal insufficiency (Mordes and Wacker , 1978 ) , and  extreme
hypermagnesemia has toxic effects on the heart that are primarily confined tc
arrhythmias and conduction disturbances . In acute extreme hypermagnesemia it is the
neﬁromuscular blocking action of Mg, resulting in respiratory muscle paralysis tha
causes death .Mg - containing medications in patients with significant renal disease

should be avoided , otherwise close monitoring is necessary.

‘Reduced tolerance to stress in magnesium insufficiency : Seelig (1994) has pointec
out that stress conditions if associated with Mg - deficiency paradoxically increases the

risk of cardiovascular damage including arrhythmias . Gunther (1991 ) suggestec



2-61

that in Mg - deficiency , intracellular Ca and Fe - contents were increased and more
catecholamines was released , particularly when Mg - deficient animals are additionally
stressed. Cyran et al (1992) suggested that capacity of immature myocardium to
»‘regulate intracellular Ca* is diminished during stress . Kramer et al (1997) demonstrated
that progressive development of cardiovascular lesion formation due to Mg - deficiency
amplified myocardial vulnerability to toxic agents and induced stress conditions including
ischemia . Ising et al (1981) observed that chronic exposure to noise stress can
enhance fhe chance of cardiac hypertrophy in Mg - deficient rats. Cardiotoxicity to
calcium was higher in Mg - deficient rats , cardiac output was low and supplementation
of cadmium to Mg - deficiencient diet was also alleviated myocardial necrosis and Ca -

overload , compéred to hearts of rats on Mg - sufficient diet ( Nishiyama et al, 1990 ).

Age related changes in Mg - homeostasis : Biological aging is associated with changes
that affect the functional capacity of the heart. Tonitou et al (1987) conducted a study
which underscores the high prevalance of Mg - deficiency in an unselected elderly
population . Even in the absence of disease conditions , low concentrations of the
catibn was noticed in the aged . Reduction in the dietary intake and decreased intestinal
absorption may explain atleast in part this deficiency (Seelig, 1981). Aging constitutes
a risk factor for Mg - deficit . Primary Mg - deficit originates from two etiological
mechanisms : deficiency and depletion . It may be due to nutritional insufficiency , which
is more pronounced in institutionalized than in free living aging groups ( Durlach
et al, 1993 ) . Magnesium deficit rhay participate in the clinical pattern of aging :

mainly neuromuscular , cardiovascular and renal symptomatologies , as reported by



2-62

Durlach et al (1998). Villano et al (1997) reported that as age progresses,
several alterations in electrolyte balance occur including modifications of Mg -
homeostasis . These changes can be induced by reduced Mg - intake , reduced
ihtestinal absorption and increased renal excretion of the ion . The age associated
changes in‘ Mg - metabolism can lead to a fall in intracellular concentration of the ion .
Hypomagnesemia is now known to be a common problem with potentially dangerous
heart rhythm abnormaliti.es . Elderly personsi are reported to be at greater risk for
hypomagnesemia . Since hypertension and other cardiovascular disorders become more
common with ‘aging , many elderly persons take diuretics . The tendency to absorb Mg*
from food become less due to diuretic treatment ( Harward heart letters, 1991 ). If their
diet tends to bé low in Mg - content , then the Mg - intake will be significantly less .

The influence of [Mg*] on the basal or stimulated activity of adenylate cyclase
from the hearts of young (1 month old) and aged (24 month old) rats has
been investigated invitro ( Pignatti et al, 1993 ) . The basal activity of cardiac
adenylate cyclase , and its responsiveness to stimulatory or inhibitory effects , declined
with age , probably due to alterations at the catalytic moeity of the transduction system
. Pignatti et al (1993 ) suggested that aging leads to a higher requirement for Mg* at
the allosteric site on the catalytic moeity , whose occupancy is essential for the full
expression of stimulated activity . Gunther (1991 ) is of the opinion that severe chronic
Mg - deficiency , particularly when combined with stress , may increase the formation of
oxygen free radicals and aging .

Durlach in 1989 reported that in developed countries , the recommended

dietary amounts of magnesium have been set at 6 mg/ kg / day . The magnesium
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requirements for optimal health in the adult population depend on constitutional

conditioning factors . They may intervene at every stage of Mg - metabolism : absorption ,

circulation , storage and excretion . Among the multiple interactions , it is important to

emphasize that the maintenance of a Ca/ Mg ratio close to 2 in the intake is
necessary . According to Durlach , magnesium - deficit and stress reinforce each other
in a pathogenic vicious circle . Further studies are necessary to assess the accurate

place of Mg - deficit in normal physiology and physiopathology of aging .



CHAPTER - 111

DESIGN OF THE STUDY
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The inotropic variation in myocardial response has been investigated using
the isolated cell - culture model .

Ventricular cardiac myocytes were isolated from adult male Sprague Dawley
strains of rats of three different age groups. The mechanical response has been
recorded as a function of change in cell length by optical methods . Experiments
were designed in keeping with the objectives of the enquiry .

The main objective of this study was to assess the age - related variation in
functional response of cardiomyocytes to sub optimal levels of extracellular

magnesium ([Mg*],).
The following is the methodology employed for the study ;

Setting up of experimental model of isolatéd cardiac muscle cells to assess
myocardial mechanics : The procedure for isolation and culture of cardiomyocytes
from adult rat had to be established in’the laboratory. This required modification of
"the existing procedures to obtain satisfactory yield of viable cells for experimental

studies.

Morphometric and mechanical characteristics of cardiomyocytes isolated from
the adult animals of three different agé groups :'The age - dependent
differences in cell geometry and contractle amplitude were recorded by
~optical methods . A video based edge detection device was used to measure the

cardiomyocyte mechanics non - invasively.
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Inotropic response to varying levels of [Mg*], : Changes in extracellular milieu
can lead to variations in contractility . As the response to Mg - insufficiency may vary
with age , the cardiomyocyte mechanics were recorded separately for the three
different age groups . In an attempt to correlate the variation in contractility with
changes in ion concentration , the cytosolic levels of the ions Ca* , Mg, Na® and

K* were measured spectrofluorimetrically using their respective fluorescent probes .

Inotropic reponse to ion - channel modulators : Variation in contractility
associated with age or level of [Mg*], may be consequent to variation in the
distribution or function of ion - channels that modulate Ca - flux . The influence of
intrinsic changes (age - related ) and extrinsic factors ( extraceliular Mg - concentration )
on the function of channels was assessed by recording the inotropic response

consequent to exposure to channel specific antagonists .



MATERIALS

Chemicals and their source :

HEPES modified Medium - 199 , Taurine , HEPES, Collagenase type - |, Trypsin , EGTA
, Ryanodine , Caffeine , Manganese chloride , Ouabain , Verapamil, Caffeine , Acetoxy
meth)‘/l esters of fura - 2, Mag fura - 2 , SBFI , PBFIl and Fetal Bovine Serum were
purchased from Sigma chemical vcor.npany , St.Louis , USA. Ca , Mg - free Medium -
199 was purchased from HiMedia, India .

Sodium chloride , Potassium chloride , Sodium dihydrogen phosphate |,
Magnesium chloride , Glucose , Cadmium chloride , Potassium dihydrogen phosphate ,
Fatty acid frée fraction V BSA , Nickel chloride , Sodium dodecyl sulphate , Sodium
hydroxide , Concentrated HCI, HNO, and Ether were obtained from Sisco Research
Laboratories , India. |

Heparin , Gentamycih and penicillin- were purchased from Gland Pharma Ltd,

India. Culture dishes were purchased' from Nunc, Denmark .

Instruments used :

CO, Incubator (Forma scientific , UK) , High speed refrigerated centrifuge
(Hitachi , Japan) , Weighing balance (Sartorius , Germany) , pH meter (Elico , India) ,
Spectrofluorometer (Shimadzu , Japan), Cell length monitor (HVS Image Analysing ,
Svrray , UK), Inverted microscope with phase contrast optics ( Diaphot TMD , Nikon ,
| Japan ), High resolution CCD camera (Nikon, JVC - TK - 1280E , Japan). Strip chart

recorder (L & T Gould electronics , Mysore ), VCR , TV
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METHODOLOGY

Isolation and culture of cardiomyocytes :

Cardiac myocytes were isolated following the technical details available from
published papers (Young, 1976 ; Berg et al, 1989 ; Bouron et al, 1992 ; Harding
et al, 1990 ). As the cell yield was not satisfactory various modifications to the
existing methods were carried out with the objective of maximizing the vyield of
viable Ca - tolerant myocytes.

Sprague Dawley strains of male rats belonging to three different age
groups ; 2 - months , 6 - months , 12 - months were used as the source of ceils.
Devel‘:pmentél maturation is' complete at 1 month of age ( Siebrits and Barnes ,
1989) , and symptoms of senescence appear only by 15 - 17 months of age
(Quigley et al, 1990 ). So the span of 2 months to 1 year is regarded as mature
adults . To avoid the variation due to sex only male animals were taken up for the

study . -

Isolation of the heart : The rats were subjected to deep ether anesthesia and
the heart was quickly excised through a thoracic incision and placed in Kreb's
Ringer buffer containing 1 mM calcium and heparin (25 U/ ml). HEPES modified
Kreb’s Ringer buffer (KRH) of the following composition was used (in mM) : NaCl -
117 ,KCl - 5.7 , NaHCO; - 4.4 , NaH,PO, - 1.5, MgCl, - 1.7, HEPES - 21.1 and Glucose
-11.7 . The pH was adjusted to 7.4. All the steps were carried out at 37°C and

the solutions continuously gassed with 100% oxygen.
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Isolation of myocytes :The chunk method and perfusion method are the two

‘methods commonly employed for isolation of myocytes . Both the methods were

tried out.

Chunk method : The procedure followed by Harding et al (1990) was adopted. The
isolated heart was rinsed in KRH with 1 mM Ca. The ventricular portion was
chopped into 2 -3 mm® chunks with scalpel blades and incubated in Ca - free
buffer with 0.05% w /v collagenase type -1 and 0.1% w /v BSA (fraction V fatty
acid free ) for 30 minutes. The suspension was decanted out leaving behind
chunks of undigested tissue. The supernatant was discarded , as it usually contains
damaged cells from the cut surface and red blood cells. The chunks were
reincubated ~in the same buffer containing 1% BSA and collagenase (1mg/ml) for
45 minutes with intermittent shaking. At the end of 45 minutes , the suspension
was strained through 300 pml gauze , to remove undigested tissue bits and
centrifuged at 20 g for 2 minutes. Cells were resuspended in the same medium with
1% BSA and Ca - concentration was increased gradually to 0.5 mM . The

centrifugation was repéated and the cells were pelleted.

Langendorff - perfusion method :

Langendorff had devised in 1895 the isolated heart system for experimental
studies , which is still widely used. In the Langendorff heart system, the perfusion
fluid is provided to the heart through the aorta, as a result of which the valves
separating the aorta and the left ventricle , the aortic valves will be closed and the
perfusion fluid by retrograde perfusion is forced along the arteries running along

the surface of the heart, the coronary arteries . Thus the perfusion fluid enters into
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the myocardium through the coronary arteries énd then leaves by the coronary
veins to drop out through the bottom . The provision of adequate oxygen is critical .
Equally important is the maintenance of the correct ionic and pH conditions of the
perfusion fluid - a condition not adequately met until 1932, when Kreb's and
Hensleit described in detail the ionic composition of the mammalian blood . Their
bicarbonate buffer system resembles that of human blood in ionic composition and
is now considered as a standard for heart perfusion system . Most established
vertebrate cells tolerate osmolality in the range 260 - 320 mOsm / kg (Waymouth ,
1970) .
For isolation of myocytes the principle of Berg et al (1989 ) was adopted .
A photograph of the setup used for the perfusion of heart is given in Figure-3.1.
Isolated heart was placed in KRH buffer containing 1 mM CaCl, and heparin (25 IU
/ ml). Then the heart was cannulated via the aorta and perfused retrogradely with
the same solution at a flow rate of 10 ml/ minute for 5 minutes , inorder to flush
out the blood and to ensure proper perfusion. Calcium free buffer containing
0.1mM EGTA and 20 mM taurine was perfused subsequently for 5 minutes inorder
to relax the myocardium by depletion of calcium . This was followed by perfusion
with Ca free , EGTA and taurine free buffer for 5 minutes , the main purpose being,
to wash out the EGTA as it may damage the heart cells . The same Ca-free
solution containing 0.06%(w/v) collagenase type -1 and 0.1% (w/v) fatty acid free
fraction V BSA was perfused by recirculation for 25-30 minutes . By this time , the
heart became flaccid losing its toughness because of the dissolution of the
extracellular matrix . The ventricular portion was minced and incubated in the buffer
with 0.05% collagenase (type - 1) and 0.8% BSA for 10 minutes with gentle trituration .

The cell suspension was strained through 300pm gauze to remove undissociated
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pieces of tissue. The suspension was centrifuged at 20g for 2 minutes at room

temperature. Centrifugation at 20g for 2 minutes selectivély isolated the healthy

myocardial cells separating them from nonmyocardial cells. Cells so isolated were
resuspended in the Ca-free buffer containing 0005% (w/v) trypsin and 1% BSA.

Calcium concentration was steadily increased to 0.5mM in 10 steps at 5 minute

intervals. The centrifugation was repeated and the cells were plated into

polystyrene dishes in Medium 199 (Sigma) containing 1 mM Ca, 0.8 mM Mg , 20mM

NaHCO,, 5 mM HEPES and gentamycin (50pg/ml) supplemented with 4% Fetal

Bovine Serum (Sigma). Cultures were incubated for 2 hours in a humidified

atmosphere (99% humidity) with 5% CO, at 37°C.The culture dishes were preplated

overnight with serum containing medium to promote cell adhesion.

Cell count and cell viabﬁity of the isolated cells were recorded and this
served as an index for comparison of cell yields by the different methods. A cell
was considered viable and healthy if it had the following features ;

a) rod shaped morphology with clearly visible cross striations,

b) quiescent wr-uen unstimulated or has spontaneous contractile waves at a rate of -
not more than one or two per minute and uniform response to electrical
stimulation.

c) absence of blebs and presence of well defined cell edges.

Dead and damaged cells usually have blebs and are hypercontracted .
Cardiomyocytes so isolated are suitable for physiological , biochemical or
pharmacological studies as the functional characteristics are well preserved despite

the fact that they have been physically uncoupled from their usual syncytial state.
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The two crucial stages being the initial perfusion for depletion of Ca®, and
the final step of isolation of Ca-tolerant myocytes; the effect of following
;- alternatives were assessed with the objective of improving the cell yield:
| Initial perfusion for relaxation of the myocardium
a) inclusion of 20 mM taurine along with 0.1 mM EGTA ;
b) inclusion of 0.1 mM EGTA in the perfusate ;
c) inclusion of 0.005 % (w/v) trypsin; |
d) inclusion of 25 uM calcium in the perfusate ;

e) use of nominally Ca-free buffer.

" The last ftwo alternatives are popularly used by the other workers .
Il Enhancgment of calcium for isolation of Ca-tolerant myocytes
ka) inclusion of 0.005 % (w/v) trypsin ;
b) inclusion of 0.5 mM EGTA;
¢) inclusion of 0.005 % trypsin with 0.5 mM EGTA;
; d) calcium free Kreb's Yinger buffer - as commonly used.
Measurement of cell geometry :

The cell geometry of myocytes was meaéured on a calibrated video
screen. The culture dish containiﬁg relaxed cardiomyocytes were placed on the
incubated stage of an inverted phase contrast - microscope. Measurements

_ were made by video imaging the cells with the help of a high resolution CCD
;

camera attached to the microscope. The video screen was calibrated using a stage
micrometer . Cell length and sarcomere length were measured. For determination of
sarcomere length , the span of atleast 10 consecutive sarcomeres was measured

and the mean was taken as the sarcomere length .
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Measurement of cardiomyocyte mechanics :

Myocardial contractility is a parameter extremely difficult to define . However
, it is possible to record the change in contractility in response to a variable . A
variety of optical techniques have been developed to measure length changes
during the contractile cycle of cardiac myocytes. These methods can be used to
assess both the whole cell and sarcomere shortening dynamics , to evaluate the
“contractility” of myocytes in response to various inotropic or electrophysiological
alterations (Delbridge and Roos , 1997) . Based on this principle , the contractile
amplitude of cardiomyocytes were measured f?jthe method of Harding et al (1988 );
where the force of contraction is computed as a function of change in cell length .

Healthy myocytes adheré to the culture surface within 1-2 hours of
plating . The cells were incubated in fresh , O, equilibrated medium containing
1 mM calcium . Figures 3.2(a) and 3.2(b) show the set up used for recording the
contractile amplitude . The dish with myocytes was mounted on the stage of an
inverted microscope and maintained at 37°C using a stage incubator . The cells
were viewed with phase contrast opﬁcs . To elicit contractions , cells were field
stimulated at 0.5 Hz using bipolar constant current pulses. Stimuli were delivered
to cells via platinum electrodes positioned 1 cm apart. The cells were preincubated
for a minimum of 3 minutes before recording the contractions. A video digitizer
edge detection device (SP144) supplied by HVS Image Analyzing (Kingston ,
Surray) was connected between the camera and the video monitor. The image was
sent by the video camera to the edge detector . The image was transmitted from
the edge detector to the television screen through the video cassette recorder. The

camera was rotated so that the selected cell was aligned with its long axis vertical
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to the screen . The magnification was so adjusted that the cell occupied 50-90 %
of the height of the video screen.

A rectangulaf window of adjustible height and width projected by the cell
length monitor was superimposed over the selected cell. A variable control sets a
cut-off grey level. Tones lighter than this ‘appears as white and dark as black. The
grey level cut off was adjusted so that the cell edge appeared white on a black
background ( Figure - 3.3 ).

SP144 digitizes and displays 512 of the possible 625 lines generated , by
the camera scan. Cell length is the primary‘measurement which is got by counting
all the lines between the top and bottom of the cell. The extent of contraction as
given by the ie‘ngth is output to a strip chart recqrder every 20 ms.

The vic;eo screen was calibrated using a stage micrometer . The cell length
was recorded and the extent of shortening was calculated as percent of cell
length. The extent of shortening was determined from a mean of atleast 20

consecutive contractions.

-Measurement of intracellular ionic levels :

The four important cations having a regulatory role in cardiomyocyte
contractility are Ca* , Na*, K*, Mg* .In an attempt to correlate the mechanical
changes with the variation in ion concentration , the cytosolic levels of the ions
were measured by dual - excitation fluorescent method , using ion sensitive cell
permeant fluorescent probes . The ratio of the fluorescence intensity elicited at two
different wavelengths was determined and taken as the measure of the cytoplasmic

level of the ions . The ratiometric method has the advantage that the measurements
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are not influenced greatly by changes in dye concentration or cell volume . The ionic
levels were measured at different levels of [Mg*], .

After exposing the cells to the desired treatment along with electrical
stimulation the cells were incubated fn KRH buffer of the same composition , along
with the acetoxy methyl ester of the respective fluorescent probes for 60 minutes
at room temperature . Loaded cells were then washed with the same buffer without
the probe by mild centrifugation at 20g for 2 minutes to remove extracellular and
bound dye. The bellet was then suspended in KRH buffer with normal levels of ion
under study and placed into quartz cuvette . The fluorescence was measured in
the spectrofluorometer at the - emission and . - excitation wavelengths
given in the Table - 3.1.

The f]uorescent probes alter the excitation spectrum on binding with the
cation , but not its emission spectrum. The fluorescence intensity at the péak of the
emission spectrum was measured by switching back and forth between the two
excitation wavelengths specific to the probe .

Intracellular ~ fluorescence measurements were recorded using a dual
wavelength spectrofluorometer . Changes in the 330/360 for Na* and K* and 340 /
380 for Ca** and Mg* were considered representative of changes in the

intracellular ion - concentration .

Influence of extracellular Mg - concentration on cardiomyocyte contractility :
After stabilisation in the standard culture conditions the cardiomyocytes
were exposed to the following levels of [Mg*], : (in mM) 1.8,1.4,0.8,0.64,0.48,

0.32,0.16 , and nominally Mg free conditions. Cardiomyocytes isolated from the 3
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age groups were exposed to different levels of Mg for atleast 10 minutes and

inotropic response to variation in [Mg?], was recorded .

Inotropic response to Ca - channel modulators :

lon channel antagonists aré commonly used to assess the functional
alteration of different channels to varying physiological and experimental conditions .
The influence of age and variation in [Mg*], on inotropic response were assessed
in‘the' presence of selected ion channel modulators .

Cardiomyocytes possess specific pathways for Ca-transport across the SL
and SR. Changes in fhe distribution or function of the channels can affect the
contractile fuhction.The impact of individual channels can be assessed using
competitive channel modulators .

For this purpose , cells that stabilized in culture 'were exposed to the
channel antagonists specified in the Table - 3.2 for 15 minutes and the contractile
amplitude was recorded . The change from the base line value was calculated . The
contractile amplitude in the Mg - sufficient medium was recorded and taken as the
basal value .

Only those cells that attained a steady state contraction was used . The
change in contractile. response induced by the antagonist was taken as the
contribution of the channel to the inotropy of the myocyte .

The inotropic response to the antagonist was recorded in the presence of
sufficient Mg (0.8 mM) and at suboptimal level ( 0.48 mM ) in all the three age

groups.
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Statistical analyses:

The data are presented as mean ( + SEM ) values for each set. Each
experimental observation was based on 10 - 20 cells from atleast 3 separate adult
ventricular myocyte preparations . Difference in selected means were evaluated via
unpaired Student's t-test or Scheff's test with a significant difference said to exist
with p< 0.05. The group means were first compared by ANOVA and if a difference was

found , then pairs of experimental means were compared .
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FIGURE - 3.1

SET UP OF LANGENDORFF - PERFUSION SYSTEM

(1) Isolated rat heart (2)Incubator
(3) Perfusion pump (4) perfusate

(5)Oxygen
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FIGURE - 3.2

SET UP USED FOR RECORDING CONTRACTILE AMPLITUDE

(1) Phase contrast microscope (2) Incubator (3) Stimulator
(&) Video camera (6) Cell length monitor (6) Video casette recorder
(7) Video screen (8) Strip chart recorder




FIGURE - 3.3

' CARDIOMYOCYTE WITH THE WINDOW SUPERIMPOSED
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TABLE - 3.1
lon sensitive fluorochromes for spectrofluorimetric measurement of intracellular ion
‘ levels :
lon Fluorescent = Concentra- Excitation Excitation Emission References
sensitivity probe tion (pM) )1 M )
ca* Fura -2 340 380 510 Cobbold
and Rink,
1987
Lattanzio
Mg** Mag fura -2 340 380 505 and
. Bartschat ,
1991
Na* SBFI 330 360 505 Minta and
Tsien,
1989
K PBFI 330 360 505 Jezek et al |

1990




TABLE - 3.2
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lon channel modulators - their specificity and concentrations used :

Channe! Modulator Concentration References
specificity
SL-L-typeCa- Verapamil 1uM Tada etal, 1982 ;
channel Yang et al, 1996
SL-T-type Ca- NiCl, 40 uM Hagiwara et al, 1988;
channel Marban and
O'Rourke , 1995
Na - Ca exchanger MnCl, 0.2 mM Coetzee and Opie ,
1992
Na, K- ATPase Ouabain 0.3 mM Kennedy et al, 1986
SR Ca-release Ryanodine 1uM Seguchi et al, 1986;
channel Su and Chang, 1993
SR Ca - pump Caffeine 10 mM O’Neill and Eisner,

1990




CHAPTER - IV

ANALYSIS OF DATA
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RESULTS

The experimental results are presented under the following headings :

| . Cardiomyocyte culture and measurement of heart muscle cell mechanics

Il . Age dependent variation in cardiomyocyte mechanics

. Mechanical response of cardiomyoctes to variation in [Mg* ],

IV . Influence of suboptimal levels of extracellular Mg®* on the functional response

of cardiomyocytes to ion - channel modulators in the different age groups

| . Cardiomyocyte culture and measurement of heart - muscle cell mechanics :

Cardiac myocytes from adult rat heart were isolated following protocols
available in ‘!iterature . The two methods widely used are chunk method and
perfusion method . The chunk method was tried out first (Hardingetal , 1990 ).
The cell yield was found to be very low (< 10% of viable cells ). So Langendorff
enzymatic perfusion method ( Berg et al, 1989 ) was adopted . Cells were isolated
following standard procedures as reported in literature , but the yield was not
satisfactory . Certain modifications were introduced to optimise the’ cell yield.

Adult male rats of the Sprague - Dawley strain were uséd for isolating
ventricular myocardial cells . Six month old rats were used for the standardisation of
the technique . Large variations in cell yield and viability were observed depending
on the composition of the medium used during the initial perfusion for Ca - depletion
and relaxation of the myocardium . Incorporation of 0.1 mM EGTA in the perfusate
was found to be beneficial compared to trypsin containing buffer or the buffer
alone . The presence of taurine in association with EGTA led to further improvement

in yield . The modification resulted in more than seven fold increase in cell yield at
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this stagé of the isolation ‘procedure (11 .92 £0.77 X 10° cells / heart) ( Table - 4.1 ).
Inclusion of calcium in the perfusate , levels as low as 25 uM damaged the cells
considerably. |

During the final step of reintroduction of Ca* , trypsin in the medium was
fouhd to have a significant effect on cell viability . With the inclusion of 0.005%
trypsin in- the medium , the yield of viable cells was two and a half times more
‘than that in the absence of trypsin (Table -4.2) . Cell viability and adhesion were
found to be affected \with higher concentrations (0.1 % ) of trypsin.

Therefore , the optimum method for cell isolation is one where Ca - depletion
i; carried out with EGTA (0.1 mM) and taurine (20 mM) includgd in the perfusate
, followed by collagenase digestion for cell dissociation ; and Ca - tolerant cells are
isolated with frypsin (0.005% ) included in the medium at the time of Ca -
repletion . The cell yield with the mbdiﬁcations introduced was comparftively higher
than the reported values ( Table -4.3) |

The cells so isolated had rod shaped morphology (Figure -4.1) with clearly
visible cross striations and no large blebs or areas of hypercontracture (Figure -4.2
); and were characterised by the absence of spontaneous contractions when
unstimulated in Ca - containing medium . The variation in viability observed with the
use of Ca - chelators highlights the importance of the maintenance of Ca* -
homeostasis , both in extracellular and intracellular milieu .

The contractiie parameters were measured using a video based
edge detection device . Figure - 4.3 shows a typical recording of the contractile
measurements . Contractile amplitude was found to be 4.44 £ 0.12 % . These cells

displayed steady contraction amplitude and diastolic cell length at basal stimulation .



4-4

The extent of cell contraction was measured as percentage change in diastolic cell
length .

The Ca - tolerant cells were viable even after 10 hours of incubation in the
culture medium .

The same procedure could be adopted for isolation of cells from 2 month

and 12 month old rats .

Il . Age dependent variation in cardiomyocyte mechanics :

Adult rats of three different age groups were used for the experimental
studies : 2 months , 6 months and 12 months . Their body weight and heart weight
was found to increase with age ( Table - 4.4 ), but the heart weight / body weight
ratio showed a decreasing trend . The increase in body weight is ~ 190 % at 12

months compared to 2 months , while the increase in the heart weight is ~100 % .

Age dependent variation in cell geometry :

The cell geometry of isolated cardiomyocytes from three age groups were
found to be significantly different ( Table - 4.4 ). Cell length and sarcomere length
increased with age . Increase in cell length (49 % ) was associated with an increase
in sarcomere length (39%) at 12 months compared to 2 months .This age
dependent‘ variation in cell geometry can be associated with cellular remodelling

resulting in functional variation .

Age dependent variation in contractile amplitude :
Contractile amplitude normalized to cell length was found to increase

with age ( Figure -4.4) the value in 12 month old animals showed 25 % increase
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compared to that in the 2 month old . Differences in contractile performance
observed may be due to a number of factors . Basal level of intracellular [Ca®]
being an important  variable diastolic ~ Ca*, - level was  measured
spectroflagrimetrically . The [Ca®], - levels were not significantly different in the three
age groups . The experimental variationv is found to be high . Age associated
variation in contractile amplitude may be reléted to age - dependent variation in Ca*
- flux , rather than differences in the basal levels. This can be brought about by
differences in distribution or functioning of ion - channels . Age related variation in ion

channels was therefore assessed using selective modulators .

Age associated variation in the mechanical response to sarcolemmal and
sarcoplasmic reticular ion -channel modulators :
Cardiomyocytes were exposed to different channel modulators which

selectively inhibit a particular channel with minimum effect on other channels .

SL - L - type Ca - channel blocker (Verapamil - 1uM ) : Verapamil is an
antihypertensive and antiarrhythmic agent known to depress cardiac contractility by
blocking the voltage gated slow Ca - channel ( Tada et al, 1982 ; Yang et al
,1996).- A negative inotropic effect was observed with verapamil in the three age
groups (19.5% , 23.87% and 56.43% . reduction in contractiie amplitude in 2,6
and 12 months respectively ) . The response was found to vary significantly between
groups (F, p<0.05). The negative inotropic effect was significantly higher in 12
month old cardiomyocytes ( Figure - 4.5 ). Exposure to verapamil was associated with

a relative decrease in Ca*;-level in all the three age groups (Figure -4.5 )
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~SL-T- type Ca - channel blocker ( NiCl,- 40 uM ) : SL - T - type Ca - channel
function was examined by using NiCl, ( Hagiwara et al, 1988 ; Marban and
O'Rourke , 1995). Significant negative - inotropy was observed in 6 month and 12
month old rats (17.15% and 24.85% of reduction in contractie amplitude
respectively ) .The difference between groups was significant (F, p <0.05). In older
animals (12 month old ), a signifiéant reduction of diastolic Ca** was also observed
.In 2 month old cardiomyocytes diastolic Ca*;-level and contractile amplitude were
higher than the base line value , but the increase was not statistically significant (

Figure -4.6) .

SL Na - Ca exchanger blocker (MnCl,- 0.2 mM ) : MnCl, is accepted as a Na-Ca
exchanger blbcker ( Coetzee and Opie, 1992 ). As observed with T -type channel ,
no significant change was observed in 2 month old animals . The response was
different in older animals (F, P <0.05).In 6 and 12 month old cardiomyocytes ,
significant  negative inotropy was observed ( Figure - 4.7 ) . The reduction in
contractile amplitude was found to be 46.14 % and 57.54 % respectively in 6 and
12 month old cardiomyocytes . Diastolic Ca*; - level was found to decrease in all

-the three age groups irrespective of age ( Figure -4.7 ).

SL Na, K- ATPase inhibitor ( Ouabain - 0.3 mM ) : The cardiac inhibitory
glycoside ouabain that blocks the Na , K - pump'( Kennedy et al, 1986 ) produced
significant positive inotropy in cardiomyocytes of higher age groups ( 83. 51% and
32.91% increase in contractile amplitdde in 6 and 12 month old respectively ). The
inotropic response in 2 month old myocytes was lower than that in older animals

(F, P < 0.05-) Maximum contractile amplitude was observed in 6 month old
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cardiomyocytes ( Figure - 4.8 ). The diastolic Ca*, - level was found to be enhanced
compared to control in all the three age groups . The increase in diastolic- Ca™, -
level was inversely related to age, but the difference was not statistically significant
. Though the rise in basal calcium was maximum in 2 month old cardiomyocytes,

the inotropic response was comparatively less in this group ( Figure - 4.8 ).

SR Ca - release channel modulator ( Ryanodine - 1 uM ) : Ryanodine inhibits
release of Ca® from the SR (Seguchi et al, 1986 ; Su and Chang, 1993) . In the
presence of ryanodine , negative inotropy was induced in all the three age groups
. The reduction in contractile amplitude ( 39.84% , 32.49% and 49.89% respectively
at- 2,6 and 12 m;anths) was more pronounced in 12 month old cardiomyocytes ,
but the differénce was not statistically significant . Diastolic | Ca*, - level was low

and showed the same pattern as that of the mechanical function (Figure-4.9).

Effect of SR Ca - pump modulator (Caffeine - 10 mM ) : Caffeine is known to
prevent uptake of Ca®* by the SR , thereby increasing the basal Ca - level ( O'Neill
and Eisner , 1990 ) . Exposure to caffeine induced positive inotropy in all the three
age groups (45.86% , 24.53% and 21.39% increase in contractile amplitude at 2,6
and 12 months respectively ) . The increase in contractile amplitude and the diastolic
Ca*, was inversely related to age , but the difference was not statistically

significant ( Figure -4.10).

Observations and Inference :
1) Cell length and sarcomere length increases with age .

2) Contractile amplitude normalised to cell length shows age dependent increase .
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3) Response to voltage gated Ca - channel blockers ( both L-type and T - type
channel ) were more pronounced in older animals .

4) Older animals were found to be more sensitive to blockers of Na -Ca- exchanger
activity.

5) Response to Na’, K’ - ATPase inhibitor was found to be maximum in 6 month
old cardiomyocytes . |

6) The response to SR Ca - pump antagonist decreases with age and that to SR
Ca - release channel inhibitor increases with age , but the variation between

groups is not statistically significant .

Based on the observations , it is inferred that the contractie amplitude
increases with age . Age dependent variation suggests that the distribution / function
of Ca - influx channels increase with age . Inotropic response to ion channel

modulators depend on age.

lll . Mechanical response of cardiomyocytes to variation in [Mg*],:
The contractile response to variation in [Mg*], - levels were studied by
exposing the myocardial cells to different levels of [Mg*], from 1.8 mM to nominally

Mg - free conditions . Osmolality of the medium with various concentrations of Mg,

when assessed were in the range 265 -270 mOsm/kg , which falls within the

accepted range (260-320 mOsm/kg ) for cell -culture studies ( Waymouth ,

1970).

The mechanical response to different levels of [Mg*], was found to follow
the same pattern in the three age groups . A positive inotropy was observed with

decrease in [Mg*],, with a peak at 0.48 mM followed by reduction in inotropy
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with further decrease in Mg ( Figure - 4.11 ). The extent of increase in contractility
at 0.48 mM [Mg*], was of the order 2 months > 6 months > 12 months compared
to the amplitude in 0.8 mM [Mgz*]o.Thé extent of increase in contractile amplitude at
2 (50.31 %) and 6 ( 51.69 %) months was statistically significant when compared to
12 months ( 32.04 %) .
Variations observed in contractile amplitude with variation in [Mg*], were
' found to be reversible on changing back to Mg - sufficient medium .
| Variation in intracellular diastolic cation - levels followed the same pattern as
that of contractile amplitude . Positive inotropy was associated wfth enhanced Ca, -
’Ievel at 048 mM .The Ca-levels showed a decrease in nominally Mg - free
conditions (Tabie -4.5).Na, -level was maximum at 0.8 mM Mg . [Mg*], above and
below this vaiue was associated with decrease in [Na'];, but the variation was not
statistically significant ( Table - 4.6 ). Intracellular levels of Mg* and K*' were

unaffected by change in extracellular Mg (Tables-4.7 and 4.8).

Observations and Inference :
Extracellular Mg* level has a significant influence on contractile amplitude .
The amplitude increases with decrease in [Mg®],; the younger animals being more

sensitive to the change in Mg* .

IV . Influence of suboptimal levels‘ of [Mg*], on the functional response of
cardiomyocytes to ion channel modulators in the different age groups:

Serum Mg - levels of animals kept on Mg - sufficient diet was found to be
~0.8 mM and that on Mg - deficient diet was in the range of 0.4 -0.5 mM Mg

(Kumar et al, 1996 ) . So further experiments to assess the effect of suboptimal
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levels of [Mg®], on cardiac contractility were carried out at 0.48 mM [Mg*],, the
level at which maximum inotropic response was observed . The control was
maintained at 0.8 mM [ Mg®].As [Mg*], can influence intracellular Ca* - levels by
affecting Ca - flux , the effect of [Mg*], on the response to ion channel modulators
was examined . Due to age - dependent variation in the response to ion channel
modulators , the effect of [Mg*], was examined separately for the three different age

groups .

SL - L - type Ca - channel blocker ( Verapamil - 1 uM ) : Exposure to verapamil
induced significant reduction in contractile amplitude in the three age groups both
in. Mg - sufficient and Mg - deficient media ( Figure - 4.12 ) . The age related
difference in fhe negative inotropy observed in control conditions was neutralised to
some extent by Mg*, - reduction (F, p<0.05). The reduction in contractile amplitude
being 32.16% , 32.38% and 46.06% respectively at 2,6, 12 months compared to
the amplitude in 0.8 mM Mg. Intracellular diastolic Ca - level was decreased in the
presence of verapamil , but compared to control conditions (0.8 mM + verapamil ), no

change was observed ( Figure - 4.12) .

SL - T - type Ca - channel blocker ( NiCl,- 40 uM ) : SL - T - type channel blocker
NiCl, produced negative inotropy in the three agés in Mg - deficient conditions . Age
dependent variation was significant (F, p < 0.05). The response was greater than
that in Mg - sufficient medium . The effect was maximum in 12 month old
cardiomyocytes ( 48.61% of reduction compared to 0.8 mM Mg ) ( Figure - 4.13 ) .
Decrease in contractile amplitude was not associated with a corresponding decrease

in diastolic Ca*;.
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SL Na - Ca exchanger blocker ( MnCl,-0.2 mM ) : Variation in extracellular Mg had
a significant influence on the response to Na - Ca exchanger blocker MnCl,. The
response was age dependent (F,p <0.05). Cessation of contraction was observed
in 2 month old cardiomyocytes at 0.48 mM Mg*, , in the presence of MnCl, ( Figure
-4.14) . Contractile amplitude in the presence of MnCl, was slightly higher in Mg -
deficiéncy than in sufficient Mg in the 6 and 12 month old animals ( ~ 30 - 50%
reduction in contractile amplitude ), but the difference was not statistically
significant . In nominally Mg* - free medium , cessation of contraction was observed
in all the three age groups . Contractility regained the baéal values on changing

back to Mg - sufficient medium . Diastolic level of Ca*, was found to be less on

comparison with 0.48 mM [Mg?*],, while comparable to control conditions (0.8 mM Mg

+ MnCl,) (Figure - 4.14) .

SL Na, K- ATPase inhibitor(Ouabéin - 0.3 mM ) : Inhibition of the Na’ - pump with
cardiac glycoside ouabain induced negative inotropic response compared to the
amplitude at 0.48 mM Mg* in younger age groups . The response varied with age
(F,p<0.05).In 2 month old cardiomyocytes , Mg did not influence the inotropic
response to ouabain ( 16 - 18% of increase in contractile amplitude at 0.8 and 0.48
mM Mg ) ; but in the 6 month oId’ouabain induced an inotropic response ; the effect
was less than that in sufficient Mg (increase in contractile amplitude being 83.51% at
0.8 mM Mg and 59.58% at 0.48 mM Mg )and in 12 month old , the effect of
ouabain was more in Mg - insufficiency ( increase in contractile ‘amplitude from the
base line being 32.91% at 0.8 mM Mg and 47.93% at 0.48 mM Mg ) .Diastolic Ca*,

- levels were elevated in the presence of ouabain ( Figure -4.15).
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SR Ca - release channel inhibitor ( Ryanodine - 1uM ) : Extracellular Mg had no
effect when SR Ca.- release channel was blocked with ryanodine (40-50% of
reduction in the three age groups). The amplitude of contraction was comparable
at both levels of Mg . Diastolic Ca®,-levels were not affected by Mg - deficiency |,

though the levels were lower in older animals ( Figure -4.16) .

SR Ca - pump inhibitor ( Caffeine - 10 mM ) : The inotropic response to caffeine at
0.48 mM extracellular Mg was not to the same extent as in Mg - sufficient medium
especially in 2 and 12 month old animals ( 32.52 % , 29.71% and 10.61% of
increase in contractiie amplitude from the baseline at 0.48 mM Mg compared to
45.86 % |, 24(1-33 % and 2139 % at 0.8 mM Mgin 2,6 and 12 month old
cardiomyocytes respectively ) . In Mg - deficient fnedium , diastolic Ca*, - level also
showed a corresponding decrease,the levels being lower than the basal values .

The difference was not statistically significant ( Figure -4.17).

Observations and Inference :

1. The negative inotropic response to verapamil , the L - type channel blocker was
not significantly affected in Mg - deficiency and the response was comparable in

the three age groups.

2. Mg - deficiency augmented the negative inotropic effect of SL - T - type channel

anfagonist(NiCIz) , older animals being more sensitive to the blocker .

3. The response to Na - Ca exchanger blocker MnCl, was influenced by

extracellular Mg - concentration in 2 month old animals .
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4. The extent of positive iritropy with Na*, K' - ATPase inhibitor ouabain , in Mg -
deficiency was not as much as in sufficient Mg in 6 month old cardiomyocytes
5. The positive inotropic responsé to Ca-pump‘inhibitor was lower , the effect being
more pronounced in 2 and 12 month old cardiomyocytes ‘and ‘the negative
inotropic response to Ca - release inhibitor was accentuated in Mg - deficiency .
Extracellular Mg has a significant influence on the functional response to
ion-éhannel modulators . An interaction between age and Mg is observed to
" influence the response to T-type channel blocker , Na - Ca exchanger antagonist

and Na, K-ATPase inhibitor .



FIGURE - 4.1

PHASE CONTRAST MICROGRAPH OF ISOLATED
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FIGURE - 4.2

PHOTOMICROGRAPH OF A SINGLE VENTRICULAR MYOCYTE

Magnification (560X)
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FIGURE - 4.3

TYPICAL RECORDING OF THE CONTRACTILE AMPLITUDE OF

CARDIOMYOCYTES

EXTENT OF CELL SHORTENING




FIGURE - 4.4 417

Age dependent variation in contractile amplitude of
cardiomyocytes
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FIGURE - 4.5 4.18

Agé dependent variation in response to SL - L-type
Ca - channel antagonist ( Verapamil - 1 uM )
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Age dependent variation in response to SL-T-
type Ca - channel antagonist ( NiCl, - 40 uM)

4.19 .
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FIGURE 4.7
Age dependent variation in response to SL Na - Ca
exchanger antagonist (MnCl,- 0.2 mM )
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FIGURE 4.8

Age dependent variation in response to Na, K -

ATPase inhibitor ( Ouabain - 0.3 mM )
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FIGURE - 4.9
Age dependent variation in response to SR inhibitor
( Ryanodine - 1uM )
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FIGURE - 4.10
Age dependent variation inresponse to SR -Ca -
pump mhlbltor(Caffeme 10 mM)
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FIGURE - 4.11

EFFECT OF EXTRACELLULAR MAGNESIUM ON THE FUNCTIONAL RESPONSE
OF CARDIOMYOCYTES
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FIGURE - 4.12
Effect of extracellular Mg on the response to SL -
L -type Ca -channel antagonist ( Verapamil - 1 uM )
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FIGURE - 4.13 .
Effect of extracellular Mg on the response to SL -
T - type Ca - channel antagonist ( NiCl, - 40 uM)
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FIGURE -4.13 .
Effect of extracellular Mg on the response to SL -
T - type Ca - channel antagonist ( NiCl, - 40 uM)
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FIGURE - 4.14

- Ca exchanger blocker ( MnCl, -
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FIGURE - 4.15
Effect of extracellular Mg on the response to Na,K-
ATPase inhibitor (Ouabain - 0.3 mM)
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FIGURE - 4.16
Effect of extracellular Mg on the response to SR -

- Ca-release channel inhibitor ( Ryanodine - 1 uM )
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FIGURE - 4.17
Effect of extracellular Mg on response to SR -Ca -

pump inhibitor (Caffeine - 10 mM)
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TABLE - 4.1

Yield / heart of cells isolated in Ca - free medium with different types of
perfusates used for Ca - depletion

} #
Number of Composition of Cell count Cell viability Net Yield of
replicates perfusate (X 10%) (%) viable celis
(X 10°%)
3 KRH - buffer 466 +0.33 32.53 +1.59 1.52+0.16
( control )
3 - KRH + Trypsin 7.00+£0.58 427 +212 296+ 0.39
(0.005 %)
6 KRH + EGTA 12.13+1.53 71.57 +4.16 8.15+0.59
(0.1 mM)
3 KRH + EGTA 15.00 + 0.58 79.31+2.73 11.92 +0.77
(0.1 mM) +
Taurine
(20mM)

KRH - HEPES modified Kreb’s Ringer Henseleit Buffer .

# represents the cell yield before Ca - repletion .

Values are expressed as mean + SEM.
‘p <0.05 vcontrol, *p <0.01 v control .
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TABLE -4.2

Cell yield / heart with different types of media used during Ca - repletion

Composition of Number of Cell count Cell viability Net yield of
medium replicates (X 10°%) (%) viable cells
(X106)
KRH - Buffer 3.60+0.80 29.72 +4.26 1.60+0.18
( control )
KRH + EGTA 5.60+0.95 33.87 + 4.51 1.98 + 0.61
(0.1 mM)
KRH + EGTA |
(0.1mM) + 5.39 +0.82 56.87 + 4.41 2.98 +0.38
Trypsin.
(0.005 % )
KRH + Trypsin 5.65+1.07 73.06 + 3.81 4.23+0.96
(0.005% )
KRH + Trypsin 6.28 +1.80 66.94 +2.77 417 £1.16
(0.01%) :
KRH + Trypsin 5.26 + 0.36 66.22 +4.73 3.26 £0.22
(0.05%) '
KRH + Trypsin 6.66 + 0.66 63.69 + 5.60 4.21+0.59
(0.1%)

KRH - HEPES modified Kreb's Ringer Henseleit Buffer with 1% BSA .

Values are expressed as mean + SEM .

*p <0.01 v control .
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Cell yield as per the method
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TABLE -4.3

standardised in comparison with earlier
reports

Reference Cell count/gm Cell viability Net yield of viable
wet wt tissue cells ( X 10%)
(X10°)
Haworth et al 6.30 £ 1.50 67.50 % 425+1.01
(1980)
#
Lundgren ef aj 4-6 60-75% 3-4
(1984)
standardised 8.56 + 1.62 73.06 % 6.25+1.45
method

*Values represented as mean + SEM .

# -Values represented in range.

Haworth P A, Hunter D R, Berkoff H A The isolation of Ca2+ resistant myocytes j

adult rat J Mol . Cell . Cardiol .

Lundgren E L, Borg T, Mardh S
tolerant myocytes from adult rat hea

1980;12:715-723.

Isolation , characterisation and adhesion of Ca -
rt J.Mol. Cell. Cardiol . 1984 : 16 : 355 - 362.
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TABLE - 4.4

Cardiomyocyte geometry , contractile amplitude , heart weight and body
weight of male Sprague Dawley rats of different age groups .

Variable 2 months 6 months 12 months
. # - * * +

Heart weight ( mg) 381.0+11.4 5456 +23.9 766.6 +20.3
* * +

Body weight (g) 101.2+1.2 196.5+ 3.9 2943+6.2

| Ratio ( H.wt / B.wt ) 3.78+0.27 : 2.78 +0.11 2.61+0.06
a * , * 4

Cell length (uM) 86.4+34 116.4+55 1288+59
Sarcomere length * *+

(uM) ) 1.39+0.05 1.54 + 0.05 1.93+0.04

Values represent mean + SEM of 10-20 estimations .
*p<0.05v2 month old animals . +p <0.05 v 6 month old animals .

s )
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TABLE - 4.5

Effect of extracellular Mg on intracellular Ca - level .

[Mg**], in mM 2 months 6 months 12 months
(F340/F 380) (F340/F 380) (F340/F 380)

1.8 1.03 +0.08 1.04 +0.09 1.11 +£0.08

14 1.20+£0.10 1.08 +0.12 1.14+0.05

0.8 1.20+0.07 1.22 £ 0.06 1.18 £+ 0.03

0.48 1.30+0.09 1.33+0.10 1.24 + 0.03

0 0.78 +0.17 1.06 £0.13 0.92 +0.06

Values are expressed as mean + SEM of 3-8 preparations from each age group .
Ratio of fluorescence intensities at wave lengths 340 and 380 represent the
intracellular diastolic Ca - level .

* p<0.05 compared to 0.8 mM Mg.
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TABLE - 4.6

Effect of extracellular Mg on intracellular Na - level

[Mg*], in mM 2 months 6 months 12 months
(F330/F360) (F330/F360) (F330/F360)

g 1.8 1.33+£0.05 1.08 £ 0.04 1.13+0.03

1'4, 1.33+0.03 1.14+0.03 1.11+0.03

0.8 1.46 +0.07 1.25+0.07 1.25+0.03

0.48 1.38 +0.09 1.22 +0.03 1.11+0.05

A 0 1.23i0.17 1.08 =+ 0.04 1.02 +£0.06

Values are expressed as mean + SEM of 3 - 8 preparations .

Ratio of fluorescence intensities at excitation wavelengths 330 and 360 represents
intracellular diastolic Na - level .
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2 months

) IMg®], in mM 6 months 12 months
1.8 2.30+0.17 221+0.14 2.35+0.20

14 232+012 218 +0.15 232+025

0.8 2.34+0.18 2.23+0.23 2.32+0.28

0.48 237 +£0.22 211 +£0.17 235+£0.17

0 2214025 2.03+0.15 2.30+£0.24

Values are expressed as mean + SEM of 3 - 8 preparations .

Ratio of fluorescence intensities at two excitation wavelengths , 340 and 38C nm
represents the diastolic intracellular magnesium levels .
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TABLE - 4.8

Effect of extracellular Mg on intracellular K - level

[Mg®]o in mM 2 months 6 months 12 months

1.8 1.29+0.10 1.05+0.09 1.12+£0.09

1.4 1.30 +0.11 1.08 + 0.05 1.10+0.05

0.8 1.33+£0.12 1.10+£0.04 1.14 £ 0.09

0.48 1.34+0.14 1.11+0.07 1.13+0.07

0 1.33+0.13 1.12+0.04 1.11+0.11

Values are expressed as mean + SEM of 3-8 preparations .
Ratio of fluorescence intensities at two excitation wavelengths , 330 and 360 nm
represents the diastolic intracellular potassium levels.
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DISCUSSION

Ontogenic differences have been observed in cardiac performance (Kato et al
, 1996 ) and senescence has also been found to be associated with variation in
myocardial performance ( Muscari et al, 1992 ) . Age associated alteration of the
mature myocardium has received comparatively very little attention . Even during this

period , there is physiological hypertrophy of the myocardium ( Walsh and Dorn ,

1998) . This study was taken up based on the surmise that the age associated

increase in heart size can be accompanied by variation at the level of muscle cell,
which in turn could affect cardiac performance . Such an intrinsic variation with age
can also influence the response to physiological and pathological changes in the
extracellular mflieu .
~ Contractile performance of the mammalian heart is influenced by intrinsic and
extrinsic factors. Importance of Mg* as an ion influencing myocardial contractile
function has received much attention recently and Mg* is considered as
‘nature’s Ca - antagonist” ( Millane and 'Camm , 1992 ). Hypomagnesemia has been
correlated with the prevalance of cardiovascular diseases in soft water areas (
Durlach et al, 1989 ). Kerala being a region with soft water, this study on functional
response of the cardiac muscle cells to variation in extracellular [Mg*] was taken
up based on the assumption that ‘sensitivity to sub optimal levels of [Mg*], may be
dependent on age’.
Magnesium is the mineral ion of chlorophyll . Hence green vegetables are
an important source of magnesium . Drinking water is another important source of

Mg* and slight deficiencies in food is compensated by the Mg in water in hard
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water regions . An in\)erse correlation between water hardness and incidence of
cardiac fatalities have been reported and it has been shown that Mgz*‘ present in
hard water has a Cardioprotective effect ( Marier , 1978 ) . Following this finding
several studies have reinforced that Mg - content in water plays a very crucial role
in the prevention of cardiac ailments ( Rabenowitz et al , 1996 ; Yang et al, 1997 ;
Yang , 1998 ; Rabenowitz et al, 1999 ) . Hypomagnesemia has been observed in
regions with soft water (Durlach et al, 1989 ) and in a study condﬁcted in the
local population , serum and red cell Mg were found to be low in children from
the low socio - economic group ( Nair et al, 1995).

Considering these factors , assessment of functional response of
cardiomyocytes to sub optimal Ievels of [Mg*], gains importance . Cardiac mechanical
and electrophysiological performance depends critically on the functioning of the
cardiomyocytes . The chemical messages in the environment are sensed and
translated into meaningful  physiological actions by these cells . Cardiac myocytes
were therefore chosen as the model for assessmént of the funétional response of
the myocardium to variation in extracellular magnesium .

The experimental studies were carried out in cardiac myocytes from adult
male rats of Sprague - Dawley strain of different age groups - 2-, 6- and 12 -
months.

Isolated cardiac myocytes as the experimental model for assessment of
cardiac mechanics:

Isolated cardiomyocytes offers a viable preparation for the study of cardiac
mechanics , as all the processes responsible for the exchange of ions with the
environment and excitation - contraction coupling are believed to be preserved in

isolated myocytes ( Bishop and Drummond , 1979 ) . Though an excellent model ,
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difficulties in isolation and culture of viable cells has eluded the use of the model
for experimental studies .

Successful iéolation of viable cells is dependent on a delicate interplay of a
number of variables . In line with the observation of earlier workers ( Glick et al,
1974 , Haworth et al, 1980 ; Berg et al , 1989; Harding et al, 1990 ) , the enzymatic
perfusion method was found to be superior to chunk method .

Introduction of technical modifications to the existing protocols enabled
successful isolation of cardiomyocytes with improved yield of viable cells . Existing
methods when tried out did nof provide satisfactory yield of Ca - tolerant cells .
Various factors were found to influence the efficacy of cell - isolation . The two
crucial stages in the isolation procedure were found to be the first step of Ca -
depletion for’relaxation of the myocardium and the final step 6f Ca - repletion for
isolating Ca - tolerant myocytes .

Viable cells can be isolated only if the myocardium is totally relaxed . For
that tissue - Ca should be kept as low as poséible ( Glick et al ,1974 ). During the
initial Ca - depletion stage , depending upon the composition of the medium used, large
variations in the cell yield and viability was observed ( Table - 4.1 ) . Relaxation of the
myocardium is attained by perfusion of Ca* - free buffer . Incorporation of 0.1 mM
EGTA in association with 20 mM taurine in the perfusate had a positive effect on
cell yield ( Table - 4.1 ).This modification resulted in more than seven fold increase
in cell yield (p<0.05), at this stage of the isolation procedure . The beneficial
effect of taurine in the isolation procedure has been controversial . Lundgren et al
(1984 ) stated that taurine does not confer any specific advantage in cardiomyocyte
- isolation , thcugh it has been used in the isolation of ferret myocytes with success

(Bouron et al ,1992 ). Taurine is known to modulate the intracellular
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Ca? - accumulation and is expected to diminish the Ca - overload . Taurine retards
the accumulation of Ca® associated with defective SL . It has been demonstrated
that taurine increasés the affinity for Ca* of a Ca - binding site on SL, thus
‘bringing about a lowering of free Ca - level within the cell (Chovan et al, 1979). It
has also been reported that the protective effect of taurine is due to removal of Naf
from cells , which may help to resist the Ca* 3 overload caused by i>nﬂux of Ca*
through the Na - Ca exchanger ( Caroni et al, 1981 ). Taurine is also reported to -
possess antioxidant properties(Arnomé et al, 1988). The beneficial effect of taurine
in the isolation of cardiomyocytes could be due to any one of these factors or the

additive effect of two or more factors .

EGTiA‘ being a Ca - chelator , lowers the concentration of free Ca* in the
extracellular medium by sequestering Ca - ions released from the cells. EGTA also
modulates Na - Ca exchanger activity to avoid Ca - overload ( Trosper and Philipson ,

1984 ).

The use of low [Ca®] in the perfusion medium remains controversial .
Inclusion of 25 uM Ca,as per the procedure of earlier workers (Berg et al, 1989 )
was found to reduce the cell yield considerably , when compared to the use of Ca-

free medium .

The next crucial step in isolating cardiomyocytes is the stage of Ca-
repletion for isolation of Ca® - tolerant cells . Inclusion of trypsin  ( 0.005% w/v )
.during Ca - repletion was found to confer a significant beneficial effect. The yield
of viable cells was two and a half times ( p < 0.05) more than that in thé absence

of trypsin ( Table - 4.2 ) . Higher concentrations of trypsin (0.1 % ) helped to improve
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the yield , but cell viability and cell adhesion were affected . Bers ( 1993 ) reported
that trypsin can also modulate Na - Ca exchanger activity to prevent Ca - overload .
During enzymatic isolation of cardiac cells , removal of basement membrane , tearing
of cell membrane or disruption of gap - junction can occur as a result of perfusion

pressure . Most of them reseal rapidly , but some remain open . Such disruptions

promote Ca - influx . Haworth et al ( 1980 ) have shown that the gap - junctions of

Ca® - susceptible cells often retain shreds of junctional regions of cells which were
formerly contiguous . They suggested that thesé unseparated gap - junctions which
are exposed to external medium could be the site of Ca - entry which stimulate
spontaneous beating and promotes cell damage . The inclusion of trypsin was found
to prevent the damage . The most straightforward explanation suggested by them is
that trypsin removes the membrane shreds allowing gap-junctioﬁ channels in the
intact cells to close , which would prevent Ca - overload and spontaneous beating ,
thereby improving the vyield of viable cells . The commonly encountered Ca - paradox
in isolated cell- preparation can therefore be considerably diminished by the use of
trypsin .
Thus the two major modifications suggested to optimise the yield of viable
and functional cardiac myocytes are ;
1) Inclusion in the initial perfusate , the Ca - chelator EGTA and taurine an
aminoacid found in very high concentrations in the myocardium .
2) Introduction of trypsin, a Ca - binding agent in the medium at the time of Ca -
repletion for the isolation of Ca - tolerant myocytes .
Improvement of cell vyield , apart from -providing a larger sample for
experimental studies , ensures that the cells obtained are healthier . With the current

restrictions on the use of animals for experimental studies and the promotion of
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use of alternatives to animal experimentation ; the cell culture model offers the
facility for carrying out more number of experiments than would be possible on a
single animal. |
Different experimental models such as whole heart or intact muscle strips
can be used for measurement of cardiac mechanics . These models help to record
the contractile mechanics in relation to the connective tissue and other non
contractile cell types . The viscoelastic properties of connective tissue matrix along
with other non contractile cell types will be manifested in the force - length
response of the muscle and obscure the mechanical properties of contractile
machinery when muscle strips are used ( Parikh et al , 1993 ). The isolated cell
model is useful when the purpose of the experiment is to assess the age related
variation of myocardial cell mechanics and its sensitivity to externally induced stress
conditions , without the influence of other extrinsic factors .Obviously there is a
.difference in the contractile environment between an isolated cardiomyocyte freely
settled onfo a glass slide and a myocyte in the syncytium of the heart. In the
“heart , the cell normally experiences varying external load , where as the freely
isolated cell is not externally loaded . Despite this and many unknown and
undeterminable internal forces , there is remarkable consistency in data from
unloaded cell - contraction experiments , which suggests that qualitative assessments
can be reasonably made over Iimited ranges of contractility ( Delbridge and Roos ‘,
1997).
Traditionally , the contractile activity of striated muscle preparations has been
evaluated with respect to both isometric force development and‘ isotonic shortening

behaviour. Effective techniques for recording force development using isolated
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mammalian cardiac myocytes have also been devised. The relationship betwee
muscle length or sarcomere length and developed tension was explained by Alle
and Kentish ( 1985 )', and the cellular mechanisms such as Ca*" - sensitivity , whic
underlie the relation between muscle length and developed tension in muscle ha
also been reviewed . Fuchs and Wang (1996) are of the opinion that , both Ca*
sensitivity and Ca® - binding correlated more closely with change in interfilamer
spacing . This suggests that length dependent force generation in cardiac muscle |
based primarily on length dependent changes in the separation between myosin an
actin filaments .

A variety of optical techniques have been developed to measure length
dependent changes during contractiie cycle of mammalian cardiac myocytes no
invasively (> Delbridge and Roos , 1997 ), which include two general categories - thos
employing light diffraction techniques and those directly monitoring microscopic ce
images . These methods have been used with various detection and analysi
schemes to provide whole cell , sub-cellular and sarcomere indices of myocyt
contractile function . Like most methods , each approach has its inherent advantage
and limitations , but the overriding concern is the attainment of adequate spatial an

temporal resolution to assess the cell's function unambiguously . The light diffractio

~method employs monochromatic light-and a series of diffracted layer of lines ar

observed , whose spacing is inversely proportional to the striation pattern periodicit
as observed in an optical microscope . Diffraction patterns arise from the interferenc
of light scattered by the A-l band cross - striations ; and it provides an index ¢
average striation spacing of the muscle . This method can monitor sarcomer
dynamics from muscle preparations if the striations are relatively well ordered ( Roo

and Leung, 1987).
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Cell edge detection technique was developed to evaluate relative changes in
the contractile magnitude . Both single edge detection and double edge detection
techni‘ques have been used.In single edge detection ;the motion of one end of the
contracting myocyte has been measured by using a photodiode line array , either
directly coupled to the microscope or monitored from the video - generated image
(Rich etal, 1988 ). In the two edge detection imaging , the microscopic image of the
whole cell is focussed directly , and cell shortening can be measured with good
femporal resolution . A digital imaging technique of a quite different design , based
on the output of a 512 - element line scan camera has been developed by Harris
et al, (1987 ). In this system one complete scan of cell length occurs each
millisecond during a triggered contractile cycle and the camera output of successive
scans is digi’zised to consecutive horizontal lines of a video frame display . This is
then analysed to obtain cell length data. It is assumed that all these optical
monitoring approaches ultimately provide a measure of the same basic parameter -
the time course of myoﬁlameht overlap during contraction . The degree of
applicability 'depends on the s.peciﬁc ‘experimental goals and the methods being
utilised .

The video-based edge - detection system supplied by HVS Image Analysing
(UK) is a device that records the contractile amplitude as a function of change in
cell length . This double-edge detection system has been adopted for this study and
has been found to be suitable for assessment of the inherent variation in

cardiomyocyte mechanics and the response to variation in the extracellular milieu .

Age dependent'variation in cardiomyocyte mechanics :
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Even after attaining developmental maturity , the heart continﬁ&s to enlarge in
size . Hypertrophy takes the place of hyperplasia during postnatal growth of the
heart . In addition to cellular enlargement , structural remodelling of the myocardial
cells including alterations in the relative proportions of cellular organelles and also
in the ultrastructure of individual organelles occur during hypertrophy of the adult
heart ( Oparil et al, 1984 ). In the rat, the switch from cardiac myocyte hyperplasia
to hypertrophy occur between days 3 and 4 of postnatal development (Li et al,
1996) . Developmental maturation is compléted by 25 - 30 days ( Siebrits and
Barnes , 1989 ) and according to Liebowitz et al (1991 ) in male Sprague - Dawley
'strains of rats puberty is attained by the age of 42 - 49 days . Aging associated
changes are said to be initiated approximately at 18 months ( Adams and
Jones, 1982 ; Quigley et al, 1990 ; Zakaria et al, 1998 ). Hence animals between 2
and 12 months of age were considered suitable‘for the study . |

Very few reports are available on age associated changes in the mature
myocardium . Age dependent alteration in contractile characteristics and biochemical
features have been reported in rats between the age of 2 months and 12 months
(Bhatnagar et al, 1984 ; Qi and Rouleau , 1997). Cardiac tolearance to oxidative
stress was found to decrease with age (Abete et al, 1999 ). This study has shown
that age dependent alteration in cell geometry is associated with variation in

contractile amplitude and differential response to ion - channel modulators .

| Age dependent alteration in cell geometry :
Increase in heart weight accompanies enhanced body weight, but the heart
weight to body weight ratio shows a decreasing trend ( Table - 4.4 ). The increase

in body weight and heart weight was associated with increase in cell length and
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sarcomere length . The results indicate the occugence of physiological hypertrophy
as age advances . The heart weight to body weight ratio has been reported to
decrease with age in normotensive Fischer rats; the ratio being 3.2 at 3 months
and 2.6 at 18 months ( Tschudi and Luscher, 1998),which is comparable with our
observation ( Table -4.4). Enhancement of cell length associated with increase in
sarcomere length , suggests that the hypertrophy is at the level of the sarcomere .
This alteration in myocyte geometry can be associated with cellular remodelling

leading to variation in mechanical characteristics .

Age associated variation in contractile amplitude :

Contractile amplitude was found to increase with age ( Figure-4.4).As the
contractile amplitude is normalised to cell length, the increase in amplitude is not
related to the age dependent change in cell length . It is to be inferred that the
age associated functional variation is consequent to alteration in other intrinsic
factors . Differences in contractile performance could be due to physical factors and
activation factors ( Allen and Kentish |, 1985 ) . Physical factors which influence
contractility include changes in maximum number of actiVe cross - bridges , lateral
~spacing of thick and thin filaments and the restoring forces associated with
sarcomere geometry . There are certain activation factors which can also influence
contractility . They are the action - potentiai and underlying ionic currents , Ca* -
movements which may lead to very rapid rise and fall of myoplasmic Ca* -
concentration and binding of Ca* to troponin .

The amount of cytosolic Ca®* being an important variable , diastolic [Ca?] -
levels were determined . The level of [Ca®], was found to be comparable in

the three age groups ( Figure -4.4). This finding is supported by an earlier report,
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where the diastolic levels of cytoplasmic Ca* were comparable in myocytes from
Fischer 344 rats at 3 months, 8 months and 12 months of age ( Nitahara et al,
1998 ).
As the observed variation in contractie amplitude was not due to variation in
myoplasmic [Ca®], it may be due to other factors such as distribution or functional
capacity of ion - channels or differences in the sensitivity of myofibrillar proteins to
Ca* which can vary with sarcomere length .

Possibility of alteration in the structural and functional features of SL and
SR - membrane systems with cell enlargement was suggested by Gwathmey and
Morgan ( 1985 ) . Since membrane transport systems have a significant role in
regulating myoplasmic Ca* - concentration , the po}ssible role of SL and SR -
transfporting systems which directly or indirectly regulate Ca, - levels were examined

using selective channel antagonists .

Effect of age on sarcolemmal and sarcoplasmic reticular ion -channels :

The contribution of a channel to the mechanical function was inferred by
the conventional method of blocking the channel with a suitable blocker and
assessing the consequent mechanical response. The channel modulators were
selected in such a way that a particular blocker selectively blocks one particular
transport mechanism with little effect on other tranport systems . Ostadal et al (1993)
and Muscari et al ( 1992 ) have suggested that along with changes in the
expression of myosin isoforms , postnatal development and aging are associated with
alterations in the mechanisms controlling the intracellular Ca* - transport at the level
of SL and SR . The mammalian myocardium is known to depend on both

transsarcolemmal Ca® - influx and Ca* release from the SR . The relative
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contribution of the two mechanisms varies significantly during development. The SF
of the newborn rat is not fully developed and Ca* - release from. SR is thus muct
less expressed as Compared with the adult animals . The contractility of neonata
myocardium depends therefore to a large extent on the entryt»fCa2+ across the Sl
via the Ca* channels . During the course of development the ability of SR fc
accumulate Ca** increases and there is a progressive maturation of the Ca*
release from the SR ( Ostadal et al, 1993). In senescent animals contraction anc
relaxation times are prolonged . This in part is explained by an alteration ir
excitation - contraction coupling due to an increased duration of action potential due
to slower inactivati.on of SL-L -type Ca* -channels and prolonged Ca* - efflux vi

Na* - Ca* exchange , reduced biosynthesis of the Ca* - stimulated ATPase pump o

SR and prevalence of the V3 isoform of myosin with slow ATPase activity ( Muscar

et al,1992).
Age dependent variation in response to Ca - channel modulators have beer

observed in the mature adult life span , and the results are discussed below .

Effect of SL - L - type Ca - channel blocker ( Verapamil ) : Calcium influx througkt
the L - type Ca - channel in the cardiomyocytes is the initiating event in the
excitation - contraction coupling process . The L -type Ca - channel plays an integra
role in Ca,-transient mechanisms and in turn in the contrastile performance of the
cardiomyocyte .

| Verapamil , the voltage operated Ca - channel antagonist is a Very effective
antihypertensive and antianginal agent and depresses myocardial contractility by
blocking SL -L -type Ca - channel (Hess et al, 1984 ; Bell and McDermott , 1995)

.Negative inotropic effect to verapamil reflects the functional contribution of SL - L -
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tvpe Ca - channel to myocyte contractility in all the three age groups ( Figure -4.5).
The activity of this voltage activated Ca - channel is found to be maximum in 12
month old cardiomyvocytes , as denoted by the siagnificant depression (p <0.05) in
the contractile amplitude in the presence of verapamil ( Figure -4.5).

Diastolic Ca®* - levels were reduced in all the three age groups , without
significant variation between groups ( Figure -4.5) .

Zhou et al (1998 ), have reported that during aging the magnitude of L -
tyoe Ca - channel current is significantly increased , even when the lc.. density
remains unaltered . Increased sensitivity to verapamil in older animals may be the
brecedence of the aging process . It is inferred that the contribution of the L -tvpe

channel in myocardial performance increases as a function of age.

Effect of SL - T - tvpe Ca - channel blocker (NiCl,) : T -type Ca - channels are
activated at relatively negative trans-membrane potentials aﬁd produces currents of
shorter duration { Nilius ef a/, 1985) . T-type Ca® - currents have been speculated
to play a role in pacemaker activity ( Hagiwara et a/, 1988 ) .Exact physiological
significance of the T-type C2® - cumrent in ventricular muscle cells remain unclear
(Bers , 1993 ). T - type Ca - channels have recently been reported to be
impressively associated with growth and remodelling ( Nuss and Houser , 1993 ; Sen
and Smith , 1994 ) . Though there is a high density of the T -type Ca - channels in
cardiac myocytes of embryonic and ﬁeonatal animals ; in adults the channels are
said to be found only when there is‘ hypertrophy ( Hart , 1994 ) . It has been reported
that Ca - influx through these channels can be abolished in the presence of
relatively Iow concentration of nickel ( Hagiwara et al, 1988 ; Marban and O’Rourke ,

1995 ) .
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In this study the sensitivity of the T - type Ca - channel antagonist was found
to increase with age as assessed by the use of the blocker NiCl, ( Figure - 4.6 ).
The diastolic Ca;—leVel and the contractile amplitude were higher in 2 month old
animals though not significantly different from the baseline ( Figure - 4.6 ). It is
possible that in younger animals T - type channels are not functional , but may
become functional with increasing age . It has also been reported that the T - type
channel activity may be negligible, and that T- type channels are not functional at
certain phases of the life span (Xu and Best; 1992).

Antihypertensive  agents which mbdulates T - type channels have been
recently introduced. The Ca* - antagonist, mibefradil is a selective T-type Ca
- channel blocker ( Hermsmeyer , 5998 ; van Zwieten , 1998 ). Its beneficial effect lies
in the absence of negative cardiac inotropy. Though interspecies variation cannot be
excluded , the observation of age dependent response to T - type antagonists in
experimental animals envisages further studies in man . In addition to the L - type
channel , the T - type channel can also account for the age related increase in

contractile amplitude .

Effect of Na - Ca exchanger blocker ( MnCl, ) : Cardiac muscle is one of the
richest sources of Na- Ca exchanger activity compared to other tissues ( Bers, 1993).
Na-Ca exchanger is the major Ca - efflux channel in cardiac myocytes . Leblanc
and Hume (1990 ) are of the opinion that active Na’ - influx through Na - channel

during the phase - 1 (rapid upstroke ) of action potential , would reverse the Na - Ca

“exchanger mode to expel Na* out and permit Ca* into the cell. Thus the Na-Ca

exchanger also contributes to the plateau phase of action potential . Na - Ca
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exchanger mediated Ca - influx can also trigger Ca - induced Ca - release from SR
(Levesque et al, 1991).
MnCl, , the Na-Ca exchange modulator did not produce significant change

in contractile amplitude in 2 month old cardiomyocytes . But in 6 and 12 month old

-cardiomyocytes , significant negative inotropy was observed ( Figure - 4.7 ) . Contrary to

an expected increase in contractile amplitude and rise in diastolic [Ca**] due to

prevention of Ca - efflux , a decrease in diastolic Ca, - level was observed in all the

- three age groups .

The observed reduction in contractility could be due to reductibn in Ca -

influx . It is known that Na-Ca exchanger is functional as a .Ca-influx channel

at a very early age ( Haddock et al, 1998 ) . But in the 2 month old

cardiomyocytes no significant change was observed . One possibility is that there is
some other mechanism which brings about functional compensation in the young
animals . It has been observed that if Na - Ca exchanger is nullified by decréasing
the Na - gradient or by depolarisation ; a large fraction of the Ca* from the SR will
be resequestered and rest decay is slowed . Such a response should be associated
with increase in diastolic Ca* . However the same has not been observed in this

study . Depending on the transsarcolemmal [Na®], gradient , rest can either deplete

the SR or fill the SR with Ca* . Clearly a dynamic yet delicate balance exists in

the intracellular Ca®* in the heart and changes in these systems can lead to

inotropic and lusitropic changes (Bers et al, 1993 ).

Effect of Na, K - ATPase inhibitor ( Ouabain ) : Na, K - ATPase maintains the
high K" and low concentration of Na® in the intracellular milieu ( Skou, 1990 ).

The inotropy induced by cardioactive steroids can be attributed primarily to Na* -
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pump inhibition and consequent shifts in Na - Ca exchanger making Ca - influx more
favoufab!e and Ca - efflux less favourable ( Barry et al, 1985 ; Kim et al, 1987 ).
Cardiac glycosides such as ouabain causes augmentation of Na*, , as a result of
inhibition of Na, K- ATPase .

In the presence of the inhibitory glycoside ouabain , significant positive
‘inotropic response ( p < 0.05) was observed , the maximum being in 6 month old
rats ( Fi;:;ure—4.8 ) . The diastolic Cai-l.evels were inversely related to age, but the
difference was not statistically significant . The fise in diastolic Ca** in young animalys
Without a proporfionate increase in contractile amplitude , could be due to
inefficiency in Ca*" - handling .

Aging has been reported to be associated with reduction in Na' -
pump activity ( Kennedy et al, 1996 ) . Ellingsen ( 1994 ) is of the opinion that
reduction in Na* - pump activity rhay not be due to reduced synthesis of pump
protein and it can be due to increased cell volume and increased content of other
cellular proteins such as contractile proteins . But in a study conducted in congestive
heart failure patients ,age dependent increase in its activity has been reported
(Legato, 1979 ), as digitalis receptors are fewer in young patients than in the adult.
The inhibition of the Na® - pump by ouabain and consequent shift in Na - Ca
exchanger can increase contractility by increasing diastolic [Ca* ];, increasing SR Ca -
content and its subsequent release and increase in the Ca - influx early in
contraction . These are of course all interrelated and it is difficult to determine
unequivocally the fractional contribution of each effect (Bers, 1993 ). It is possible
that the higher [Ca®],in the presence of Na*- pump inhibition contributes to the
increase of I, as suggested by Marban and Tsien ( 1982) . When the cell gains too

much Ca® due to shift in Na - Ca exchanger activity , negative inotropic and
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arrhythmogenic effects occur ( Bers , 1993 ) . This could explain the compar“:‘tively
lower contractile amplitude in 2 month old cardiomyocytes inspite of higher diastolic

calcium .

Effect of SR Ca - channel modulators ( Ryanodine and Caffeine ) : The
maintenance of Ca - gradient between the heart cells and extracellular milieu is the
result of differential activity of SL Ca - transport systems . At the same time, SL - Ca
- fluxes have a quantitatively minor role compared to the .total amount of Ca*
neéded during a single contractile cycle in cardiac myocytes . The Ca* crossing the
SL triggers release of Ca* from intracellular Ca - storage sites and derives most of
the Ca* needed for contractile activity . SR is the most important Ca - storage
structure responsible for the fine regulation of Ca* in the cytosol .

The functional role of SR was evaluated using ryanodine and caffeine
which influences the inotropic state of cardiac system by regulating release and
uptake of Ca* by the SR (Weber, 1968 ; Rasmussen et al, 1987 ; Xu et al, 1996 ).

Ryanodine , the SR Ca - release channel inhibitor induced negative inotropy
in the three ages . The negative effect was maximum in 12 month old animals , but
the age related variation was not statistically significant ( Figure - 4.9 ) ; the diastolic
Ca, - level followed the same pattern as that of contractie amplitude , but the
difference from the baseline was significant only in 12 month old .

Caffeine has the property of emptying SR of its Ca - content as it increases
the Ca - permeability of SR ( O’'Neill and Eisner, 1990 ). In the presence of caffeine,
positive inotropy was noted in all the three age groups (Figure - 4.10 ), the . inotropic
response being inversely related to age, though the difference was not statistically

significant . The increase in amplitude is found to be in tune with the diastolic Ca,-
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levels . SR uptake of Ca®* slows with increasing age ( Walker et al, 1993 ). This
could explain the age dependent decrease in response to caffeine .

The responsé to SR Ca - release and uptake inhibitors indicates that the
SR is funcﬁonally active in animals by the age of 2 months.
Conclusion :

The experimental observations lead to the conclusion that physiological
hypertrophy is initiated at the level of sarcomere and is associated with changes in
the frequency and /or function of membrané bound ion - channels . Differential

response to channel modulators indicate that sarcolemmal ion - transport systems

- exhibit variation in their functional characteristics as the myocardium transcends the

different stages of adult life span . Age related increase in contractile amplitude can
be attributed to an increase in the functional capacity of voltage activated Ca® -
influx channels . The inotropic response to Na* - pump inhibition was found to be more
in 6 month old compared to younger and older animals. These observations also
assume importance because of the increasing clinical use of positive and negative

inotropic drugs .

inotropic response to variation in extracellular Mg - concentration :

Magnesium is a potent antiarrhythmic and cardioprotective agent which is
likely to exert its beneficial effects via its antagonistic effect to Ca* . The contractile
response to variation in [Mg*], was studied by exposing the myocardial cells to
different levels of Mg ranging from 1.8 mM to nominally Mg - free conditions .

A positive inotropy with decrease in [Mg*], attaining a peak at 0.48 mM
[Mg*], followed by a decline in amplitude on further reduction in [Mg*], was

observed ; the pattern being similar in all the three age groups ( Figure-4.11).At
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0.48 mM [Mg*],, the diastelic Ca® - level was high (Table - 4.5) . Na'; - level was low
but not significant (Table-4.6). Kﬂ and Mg®, levels remained unaltered with

decreasing Mg®*, - concentration (Tables - 4.7 and 4.8). The positive association of

g

diastolic Ca - level and contractile amplitude indicates that the inotropic response is
mediated by a rise in the basal Ca-level. As observed in this Study the cytosolic
Ca* -levels from mature New Zealand rabbits was found to increase at 0.5 mM
[Mg®1, and the levels were lower at 0 mM [Mg*1, . But in juvenile rabbits , the peak
was at2.0 mM [Mg*], ( Cyran et a/, 1992 ).

Mg is said to exert its inhibitory effect on Ca - influx, due to its smaller

ionic radii { Mg® - 08 A° and Ca® - 095 A°) and it is known to compete for the

S B8

[

level and positive inotropy . Reduction in inotropy observed in the nominally Ma -
free medium may be due to Ca - loss through a relatively more permeable
membrane . Total depletion of Mg can lead to changes in membrane fluidity and
permeability (Heaton et al, 1989 )., and impair myocardial carbohydrate and lipid
metabolism along with cardiac bioenergetics ( Altura et a/ , 1996 )

Katholi et al (1979) studied the dual dependency of heart cells on both
Ca** and Mg® for electrical c*nh;llf\l . Accordin

generation of action - potential ., promoting electrical stability , initiating myvocardial

contraction , and Mg™ has importance as an activator of cation - transport through

~ew
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Progressive decrease in [Na'], - level could be due to compensatory
changes in the [Ca®];- level . Tillisch et al (1979) stated that myocardial contractile
response can be affected by the relative concentrations of Ca* and Na' .
Compensatory changes in Na*, affect Ca*, - level by influencing Ca - influx which is
largely determined by [Na'];. Na*; - level is also influenced by [Mg*], .

The reversibility of [Mg?*], - induced changes on transferring to Mg - sufficient
medium indicates that altered contractility observed during Mg, - reduction is not a
permanent change . This is supported by the réport that Mg? ions contribute to the
integrity and stability of biomembranes along with Ca* ( Gunther et al , 1984 ;
Beaven et al, 1990 ; Antonenkov et al, 1976 ), and their absence can lead to
functional variations without causing permanent damage to membrane structure .

Inotropic response to variation in [Mg*], followed the same pattern in
animals of all age groups , but the younger animals were found to be more
sensitive to the changes . The capacity of cardiac cells to respond to external
stimuli , either hormonal or nonhormonal declines during senescence ( Fleg , 1986 ;
Guarineri et al, 1980 ; Amerini et al, 1985 ). The influence of Mg* on adenylate
cyclase activity was investigated from hearts of young (1 month old) and aged
(24 months old ) rats . The basal activity of adenylate cyclase and its responsiveness
to stimulatory or inhibitory effects declined with age. Compared to the enzyme from
the heart of aged rats , unstimulated adenylate cyclase from the heart of young rats
was more sensitive to an increase in [Mg*] in the incubation medium . The authors
suggest that aging leads to a higher requirement for Mg* at the allosteric site on
the catalytic moiety whose occupancy is essential for the full expression of
stimulatory activity ( Pignatti et al, 1993 ) . The observed decrease in sensitivity could

be the initiation of the aging related change.
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Effects of Mg - insufficiency on age related functional response to sarcolemmal
and sarcoplasmic reticular ion - channel modulators :

In rats on a Mg - deficient diet the serum Mg - level was found to be 0.45
mM compared to 0.8mM in animals on Mg - sufficient diet (Kumar et al, 1996 ). In
dogs treated with diuretics, 42% decrease in serum Mg was observed ( Singh et al,
1975 ) . The invitro experiments of this study has shown that, the peak in the
inotropic response was at 0.48 mM [Mg*], ; the decrease from the control Mg -
concentration (0.8 mM ) being 40% . Interestingly the sensitive concentration in invitro
“experiments corresponds to the reduction in serum Mg in pharmacological
interventions as well as nutritional deficiencies . Reports available suggest that Mg? -
concentrationﬁ can decline to levels as low as 0.3 mM, but that can occur only, in
-drastic Mg - deficiency ( Zhang et al, 1992 ). Considering these facts , the inotropic
response to ion - channel modulators in Mg - insufficiency was examined at 0.48 mM
[Mg*], and compared with the control (0.8 mM Mg, ).

Magnesium modulates thé functioning of ion - channels located both in the
SL and SR either by acting as an antagonist to Ca* or as an activator of the
enzyme systems which use ATP ( White and Hartzell , 1989 ; Agus et al, 1989 ).
Hence inotropic response of cardiomyocytes at 0.8 and 0.48 mM concentrations of
Mg, was assessed in the presence of ion channel modulators . The intracellular

Ca® - level was also measured following exposure to ion - channel modulators .

Effect of SL - L - type Ca - channel blocker ( Verapamil ) : Negative inotropic
response to verapamil was comparable at both the levels of Mg, ( Figure-4.12).

This suggests that Mg* could be an L'-type blocker as the positive inotropic effect
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in Mg - deficient medium was neutralised . Extent of reduction in contractile
amplitude and diastolic Ca*; was similar in all the three age groups and
comparable with the control (Figure - 4.12) .

These  observations suggest that in all the age groups the positive
inotropic effect at 0.48 mM [Mg*], could be mediated by the activation of the SL -
L - type Ca - channel . At sub optimal levels of Mg, the extent of reduction in
_‘ amplitude compared to the value prior to addition of the drug is high ; but Mg has

no influence on the action of the blocker .

Effect of SL - T -type Ca- channel blocker ( NiCl,) : At sub optimal levels of [Mg*],
o, the‘ negative inotropic effect induced by Ni* was greater compared to that in
sufﬁcient'Mg . In the younger animals , NiCl, did not induce a negative inotropic
effect in sufficient Mg, but in Mg - insufficiency the contractile amplitude was
significantly reduced ( Figure - 4.13 ) . This in conjunction with the exaggerated
respohse to Mg - insufficiency in older animals suggest that the T- type channel
may be activated on extracellular I\/lg‘- reduction ( Figure - 4.13 ) .

The diastolic levels of [Ca*];do not correspond to the change in contractile
amplitude ( Figure - 4.13 ) . Accordiﬁg to observations by Hess (1988 ), the T - type
channels do not exhibit differences in inactivation depending upon the ion that
carries the charge , while L - type Ca - channels displays prominent Ca®* - mediated
inactivation .

These observations suggests that age and [Mg* ], influences the response
to T -type Ca -channel antagonists. This finding gains importance as new T - type
Ca - channel modulating antihypertensive agents like mibefradil have been recently

introduced ( Hermsmeyer, 1998 ).
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Effect of Na - Ca exchanger blocker (MnCl,) : Na-Ca exchanger function was
found to vary with alterations in [Mg*], depending upon age (Figure-4.14).The
observations suggest the possibility of Ca - influx via Na- Ca exchanger during Mg
- insufficiency ; which in the presence of Mg*, will be inhibited to a certain extent
. through Ca- antagonistic effect of Mg® . Similar explanation was given by Dichtl and
Vierling (1991) for the inhibiton of Ca- inward current in heart ventricular muscle on
enhancing extracellular .Mg - concentration . Studies on isolated cardiac SL - vesicles
also support the existence of such an influence of Mg* ( Trosper and Philipson ,
. 1983).

| In 2 month 6Id cardiomyocytes MnCl, inhibited contraction . In the absence
of Mg, MnCl, induced cessation of contraction in all the three age groups .T‘he
negative effect is found to be reversible suggesting that the cessation of contraction
in Mg - deficiency is not due to permanent damage . Mg - deficiency is known to
promote Na - Ca exchange activity ( Bara et al, 1993 ). This could be the possibility
for the drastic changes observed in Mg - deficiency , associated with the presence of

the antagonist.

Effect of Na , K - ATPase inhibitor ( Ouabain ) : The use of ouabain as an
inotropic agent has been in vogue for decades .In 6 and 12 month old rats ,
ouabain augmented the positive inotropy induced by Mg - deficiency . In 2 month old
animals , as observed in Mg - sufficient medium inspite of the high diastolic Ca -
levels , the contractile amplitude did not register a compensatory increase and was
lower than the amplitude in Mg - deficient rﬁedium in the absence of the blocker

(Figure - 4.16) . As mentioned earlier and as suggested by Liand Vasalle (1984 ),
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the mechanical function may be affected by Ca - overload . It has been suggested
that Mg - deficiency might lead to Ca - overload following an increase in myocardial
Na due to inhibition of Na.,K - ATPase and reversal of Na - Ca exchange ( Ahmad
and Bloom, 1989 ). Low levels of Mg has been found to inhibit Na K K- ATPase
activity ( Bara et q/, 1993 ), so exposure to ouabain in Mg - deficiency can have an
additive effect . It has also been reported that digitalis toxicity is reduced in the
presence of Mg ( Seller, 1971).

Tackett and HoIIY (1981) have reported that Mg - deficiency lowered both the
threshold for sustained ventricular arrhvthmia and the inotropic threshold . for
ouabain treated dogs . They found that the dose of ouabain producing 50% of the
ma;(imum contractile force increase< in normomagnesemic animals was equal to the
) dose , producing sustained arrhvthmia in the hypomagnesemic animals . Earlier ,
Singh et al (1975 ) observed in mongreal dogs that hypomagnesemia induced by
diuretics , resulting in 42% decrease in serum Mg facilitated ouabain induced
arrhvthmia which could be controlled by intravenous administration of MgSO.
White and Hartzell ( 1989 ) have also suggested that hypomagnesemia can
predispose to cardiac glycoside toxiéity.

The data also indicate that in addition to extracellular Mg , age is another

variable influencing the response to inotropic agents that act by modulating the

Na® - pump .

Effect of SR Ca - channel modulators ( Rvanodine and Caffeine ) :Even though
alterations in [Mg>], have no effect on [Mg®] - levels ; it has been speculated that

altered [Mg®], - levels could affect the intracellular M

....... uld aff tracellular Mg - bufferin

Grubbs , 1994 ; Howarth and Levi, 1998 ) . Both SR Ca - ATPase mediated Ca -



uptake and ryanodine sensitive SR - Ca -release channel functions are reported
to be sensitve to Mg® (Meissner and Henderson, 1987 ). Meissner and Henderson
( 1987 ) reported that inclusion of 3 mM free Mg shifted the Ca - dependence of Ca -
efflux rate in cardiac SR vesicles to higher [Ca*], and intracellular Mg when
lower than 3 mM in cardiac muscle would increase the Ca - sensitivity of the release
channel . They also suggested that Ca - uptake in cardiac SR vesicles can be
dramatically increased by inclusion of agents like Mg® and ruthenium red which
block the Ca - release channel . Since Mgé+ acts as a cofactor in enzymatic
reactions which require ATP, it is assumed that Ca - uptake by SR Ca - ATPase
also requires an optimal level of Mg*,( Yamadi et al, 1986 ).In red cell membrane
" vesicle , ATP - dependent Ca - transport was reported to be aétivated by divalent
metal ions ( Enyedi et al, 1982 ). The authors suggested that in such reactions ,
metal ions from AfP-compIexes can serve as an energy donor substrate for the
Ca-pump . They are of the opinion that ATP - dependent Ca - transport requires the
presence of Ca and Mg at the membrane surface . Thus the molecular basis of this
transport is a Ca® , Mg* - activated ATPase . Since the Ca- pump activity is
dependent on [Ca*] along with Mg®* and ATP , and the situation is further
complicated by Ca - release channel which will alter net Ca - transport by the Ca -
pump . Fabiato and Fabiato ( 1978 ) speculated that variation in [Ca®], due to [Mg*],
- depletion can also affect Ca - uptake and Ca - release by the SR.

Contractile amplitude and diastolic Cé-levels were found to be unaffected
by the extracellular Mg - level when exposed to ryanodine ( Figure - 4.16 ) . Inspite of
high initiator Ca* , when Ca - release was blocked as can be expected , the
amplitude was not significantly different from that in sufficient Mg, though it was

slightly lower in all the three age groups.
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Inotropic response induced by sub optimal levels of [Mg*], was attenuated
by caffeine. Diastolic Ca - levels were also decreased at 0.48 mM [Mg*], , when
caffeine was present ( Figure - 4.17 ). Rasmussen et al ( 1987) are of the opinion
that Ca* abruptly released by caffeine , from SR may be extruded by an
electrogenic Na - Ca exchanger or by a slower Na, - dependent mechanism
presumably a SL Ca- ATPase . O'Neill etal (1990 ) have also suggested that in the

presence of caffeine [Ca*] rise is transient and the decline may represent Ca -

extrusion from the cell via Na - Ca exchange . It is therefore possible that at

reduced [Mg*], , Caq':u is extruded through SL Ca - ATPase and/or Na - Ca

‘excha’nger , thereby accounting for the lower inotropic response associated with

decrease in diastolic Ca, - levels .

Conclusion :

This inquiry into the effects of’suboptimal leveb of [Mg*], on cardiomyocyte
mechanics leads to the conclusion :that variation in the level of extracellular Mg*
has a significant influence on the functioning of ion - channels and the response to
ion - channel modulators . Magnesium appears to be an L -type channel blocker and
the inotropic response in Mg?* insufficiency is probably induced by an increase in
the Ca* -induced Ca* -release mediated by greater influx of initiator Ca* through
the SL - L - type Ca - channel . This conclusion is based on the observation of
neutralisation of the inotropic response by the L -type channel antagonist , verapamil
and the SR - Ca - release channel inhibitor , ryanodine ; without much variation
between the groups . The inotropic response to caffeine is attenuated in Mg -
insufficiency and the response to T -type Ca - channel blocker , Na - Ca exchange

antagonist and Na , K - ATPase inhibitor manifests an age related variation suggestive
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of an interaction between age and the [Mg*], , influencing the mechanical response
Though there may be some ambiguity in the use of ion - channel blockers a:s
predictors of the function of specific channels ; the data shows that the response t
ion - channel modulators in pharmacological interventions can be affected b

variation in extracellular Mg . The effect can also be dependent on age .



CHAPTER -V

SUMMARY AND CONCLUSIONS




Among the factors that regulate cardiac contractility , age of the mature adult
and the influence of extracellular Mg* are two variables that have not drawn much
attention of researchers in the field of cardiac biology . Magnesium has recently
been recognised as an ion with significant influence on cardiac contractility ( Fry
and Procter , 1993 ) . Hypomagnesemia has been positively correlated with the
prevalence of cardiovascular disordessin regions with soft water ( Durlach et al,
1989) . The assessment of the effects of suboptimal levels of Mg on cardiac
function is relevant in Kerala , where the Mg - content of drinking water is low (<5
rhg/ L ) . Hypomagnesemia can also occur as chronic or acute manifestations of
pathological conditions or pharmacological interventions .

The focus of the investigation has been on the effects of Mg - insufficiency
on cardiac contractilify and assessment of age - related variation in sensitivity;
assuming that the contractile properties of the adult myocardium varies witr.1 age .

Cardiac myocytes isolated from adult male Sprague - Dawley strains of rats of
three different age groups -2 months , 6 months and 12 months were chosen as
the experimental model . The ages were selected on the basis that developmental
maturation of rats is completed by 1 month and symptoms of aging are evident
after 18 months .

Though a good model for assessment of myocardial contractility , difficulties in
the isolation of viable cells has evaded its use for experimental studies . The first
step of this investigation was therefore standardization of the technique for isolation
of cardiac myocytes . Cells were isolated by the enzymatic perfusion method using

collagenase for dissociation of cells. Relaxed myocytes were isolated in Ca - free
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medium and the Ca - level was enhanced for obtaining Ca* - tolerant cells .
Preparations with more than 60 - 70 % viable cells were used for experimental
studies .

Contractile amplitude was measured as a function of change in cell length
using a cell - length monitor . Contraction was quantified as percent change in cell
length . Cell 'length and sarcomere length were determined from a calibrated video
screen .

The major objéctives of the study were ;

1) Delineation of age - dependent changes in cardiomyocyte mechanics .

2) Assessment of inotropic response to variation in extracellular Mg* .

é) Assessment of the influence of [Mg?*], on mechanioafrequnse , following exposure

to ion channel modulators .

Description of Procedures :

For characteris’ation of age dependent changes , cell geometry and
contractile amplitude of cells isolated from animals of the three age groups was
recorded . The inotropic response was examined following exposure to antagonists of
the different SL and SR - ion channels , assuming that the age depen‘dent change in
contractile amplitude is due to variation in the channels influencing ion - transients .

Inotropic response to variation in the levels of extracellular Mg* was
assessed . The cells were exposed to ion channel modulators and the effect of
lower levels of Mg on contractile amplitude was recorded .

In an attempt to correlate the contractile changes with change in intracellular
Ca® , the diastolic levels of Ca** was assessed by the dual wavelength excitation

method with the help of the ion - sensitive fluorochrome , fura - 2AM .
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The response to a variable was recorded as percent change from basal
value and presented as mean = SEM . Variation within group was assessed by F -
test and the significance of difference between means was determined by student's

t-test.p<0.05 was considered significant .

Major findings :

Cardiac myocytes were isolated successfully in viable condition and the cells
were found to be suitable for assessment of cardiomyocyte mechanics . Modification
of existing techniques were carried out for optimisation of yield . The use of Ca* -
chelators brought' about four fold increase in cell yield compared to that obtained
by commonly repdrted procedures . The cells remained viable for more than 10

hours and responded to electrical stimulation .

The contractie amplitude of cardiomyocytés increased with age . The
shortening fraction of cells were 4.37 % + 0.56 at 2 months , 4.62 % + 0.85 at 6
months and 4.98 % + 0.81 at 12 months of age . The sarcomere length and cell
length also exhibited an age dependent increase.As‘ the contractile amplitude has

been normalised to cell length , the age dependent increase could be associated

with changes other than the cell geometry .

Assuming that the change in amplitude could be due to age - dependent
variation in the distribution and / or function of ion channels that regulate Ca* -
transients , the inotropic response to channel specific blockers was assessed and

age associated variation was observed . The sensitivity to Ca* - influx channel



antagonists ( L-type and T -type ) increased with age . The response to Na’ K-
ATPase inhibitor ouabain was maximum at 6 months of age .

Variation in extracellular Mg within physiological limits was associated with
change in contractile amplitude . An inverse relationship between Ma - content and
contractile amplitude was observed with the youhger animals being more sensitive .
In all the three age groups , contractile amplitude showed a peak at 0.48 mM Mg .
jAt 0.8 mM [Mg*],, the extent of contraction was of the order 12 menths > 6 months
> 2 months ; but the shortening fraction in 0.48 mM [Mg®], was 6.63 % +0.74,6.92
% +1.54 and 6.57 % + 1.55 respectively for 2 -, 6 - and 12 - month old . The
percentage increase in contractile amplitude at 0.48 mM [Mg®], was of the order 2
months > 6 months > 12 menths . Change in [Mg®], was associated with change in

[Ca®™) but not of Na*, K or Mg* .

Inotropic response to Mg - deficiency is likely to be mediated by modulation
of the channels that regulate Ca® - flux . Hence , the inotropic response to Ca®*
channel antagonists was examined in association with Ma - deficiency .

The inotropic response at 0.48 mM Mg was neutralised in the presence of the
L - type channel antagonist. In 2 month old animals , the T -tvpe channel blocker
did not have a significant influence on contractility at 0.8 mt IMg*l, , but reduced
the contractile amplitude by 33 % at 0.48 mM [Mg®], . Even in older animals , the
negative inotropic response was gareater than that in sufficient medium .

Inotropic response to the Na-Ca exchange blocker MnCl, was unaffected by
extracellular Mg in cardiomyocytes from 6 and 12 month old animals but caused

cessation of cardiomyocyte contraction in Mg deficient medium in the 2 month old.
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On exposure to the Na,K - ATPase inhibitor ouabain , an interaction between
age and [Mg*], was observed . Ouabain induced an additive inotropic response in
Mg - deficiency in the 12 month old cardiomyocytes . In 2 month old animals the
inotropic response of Mg - insufficiency was neutralised by ouabain and in the 6
month old , the contractile amplitude was comparable at both levels of [Mg*], .

The response to SR Ca - release channel inhibitor was unaffected by [Mg*], .
The inotropic response to caffeine , the SR Ca - pump inhibitor was attenuated in

Mg- deficiency .

Conclusions :

Cardiac myocytes suitable for experimental manipulation have been
successfully isolated from adult rats . It has been observed that maintenance of
Ca®- homeostasis is vital to the isolation of healthy cells. The inotropic response to
experimental manipulation has shown that the processes responsible for the
exchange of ions with the environment and for excitation - contraction coupling are
preserved , making it a viable preparation for the study of cardiac mechanics . It
offers the 'potential to probe into the molecular mechanisms underlying myocardial

behaviour .

The L - type Ca - channel is known to play an integral role in the
determination of cardiac performance. From the observed age related increase in
sensitivity to SL - Ca - influx channel antagonists , it is reasonable té speculate that
age dependent rise in contractiie amplitude is associated with enhanced function /

distribution of L -type and T -type channels .
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Calcium antagonists which reduce rather specifically the Ca* - influx through
the voltage dependent Ca* - channel in the cardiac and vascular smooth muscle
have many clinical applications . The observed age dependent variation in response
to calcium antagonists envisages further studies in patients .

This inquiry into the effects of suboptimal levels of Mg on cardiomyocyte
mechanics leads fo the conclusion that variation in the level of extracellular Mg can
in_vfluence the functioning of the membrane bound channels , and the inotropic
response to ion channel modulators . Magnesium appears to be a blocker of Ca -
" influx channels . The inotropic response in Mg - insufficiency may be mediated by
higher initiator Ca** and the consequent rise in Ca - induced Ca - release . This
conclusion is based on the observation of neutralisation of the inotropic response in
Mg - deficiency by L -type channel antagonist and also by ryanodine, the SR Ca -
release channel blocker . Augmentation of response to T -type channel blocker in
Mg - deficiency suggests that the channel is activated in Mg - deficiency which can
also add to the initial Ca - influx . Inotropic response to Na - Ca exchange blocker
and the Na,K - ATPase inhibitor indicates an age related variation suggestive of an
interaction between age and Mg - level . Conceivably , differences in responsiveness
to the cardiac glycoside may be related to changes in Na - Ca exchange activity .
Magnesidm ion acts as a cofactor in Na, K- ATPase activity of cardiac muscle
(Skou etal, 1971 ) and the functioning of the SR Ca - pump also requires MgATP .
Though caffeine is known to disable the SR ( Barry and Bridge , 1993 ), the
response to caffeine was attenuated in Mg - insufficiency . Reduction in the activity of
the channel in Mg - deficiency can account for such a response, but the possibility

of caffeine cross - reacting with other channels has to be excluded .



%

5-8.

The data indicates that the response to inotropic agents can be attenuated in
Mg - insufficiency .
Recommendations for Further Investigations :

The quest for a solution promotes science not only by the answer , but
the lead it gives to an array of newer problems that need attention . As envisaged,

this study has also lent scope for further investigat'ions.

1) The choice of an appropriate experimental model is vital for any experiment. The
model to be L_Jsed depends largely on the question at hand . The isolated cell model
is appropriate }if the primary focus is on assessment of intrinsic cellular
mechanisms independent of corhpensatory mechanisms . Inotropic changes in the
heart are mediéted through. mechanisms intrinsic to the cardiac cell , establishing the
suitability of cardiomyocytes for assessment of changes in myocardial contractility . It
has been recently reported that cardiac endothelium modulates  myocardial
contraction ( de Keulenaer et al, 1995 ). Though most of the work is on response to
reactive - oxygen species , it may be Worth extending this study to examine whether
endocardial cells modify the contractiie performance of myocardial cells in Mg -

insufficiency , by using co-culture of endocardial and myocardial cells .

2) The study has shown that the age dependent inotropic variation is mediated
probably by the variation in the ion - channels that regulate Ca - flux . Mg - deficiency
also appearsto modulate the functioning of the ion - channels . An attempt was made
to correlate the inotropic changes with changes in diastolic Ca* - levels using ion
sensitive fluorochromes . A better understanding of the molecular mechanisms

underlying the inotropic changes can be obtained if the Ca* -transients are
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studied. Inspite of the limitations on the quantitative details with which we car
currently understand Ca* - regulation , the measurement of Ca* - flux b

microspectrofluorimetry is expected to provide valuable informations.

3) The inotropic changes in response to the variables studied have been related t
the variation in ion - channels on the basis of the mechanical response to specifi
channel antag‘dnists . Most of the channel blockers suffer from the disadvantage tha
the functioning of other channels are also affected . The use of patch - clamj
technique fof electrophysiological assessment will provide information specific to

channel . This may be studied in relation to the mechanical performance .

4) Apart from the changes in the ion - channels , biochemical variation and alteratior
"in sensitivity of adrenergic and cholinergic receptors can influence the inotropit
response . Investigation on these lines is expected to provide additional informatior
on the mechanical performance . Methods such as those reported by Velden et &
(1998) , where simultaneous measurements of isometric force development i

cardiomyocytes along with determination of protein composition can also be applied

5) Experimental studies are carried out on the premiss that the mechanism:
underlying the functional changes may be extendible to man . Despite interspecie:
differences age dependent changes may exist in all mammals and the ioni
influence in the regulation of contractile function may be comparable . The o
channels play a prominent role in the function of the cardiovascular system
and in addition to mediating ion - fluxes across cell membrane , they are primar

receptors for a variety of clihically important drugs including Ca* - channe
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antagonists and anti arrhythmic agents . Ca*" - antagonists which reduce rather
specifically the Ca® - influx through the voltage dependent Ca* - channel in the
cardiac and vascular smooth muscle have been found to have many clinical
applications . The inhibitory glycoside ouabain is also commonly used as an inotropic
agent.Thev siudy has shown that the sensitivity to Ca® - antagonists increase with
age and that the response to ouabain also is age dependent . Prospective or

retrospective studies may be carried out on patients to validate the findings .
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