INTRACELLULAR SODIUM AND CONTRACTILE
DYSFUNCTION IN LEFT VENTRICULAR HYPERTROPHY

A thesis
presented to University College London
in fulfilment of the regulations
for the degree of
Doctor of Philosophy
by

Dr Rosaire Gray MD, MRCP.

Institute of Urology and Nephrology,

University College London



ProQuest Number: U642438

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

Pro(Quest.
/ \

ProQuest U642438
Published by ProQuest LLC(2015). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.
Microform Edition © ProQuest LLC.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346



Abstract

Left ventricular hypertrophy (LVH) is associated with the development of heart failure
and arrhythmias. The mechanisms underlying this decompensation are unclear. The
hypothesis that LVH is associated with a raised intracellular sodium, [Na']; which by
upsetting the regulation of other intracellular ions impairs the positive staircase was

tested.

LVH was induced in guinea-pigs by ascending aortic constriction and the extent of
hypertrophy quantified by measuring heart-to-body weight ratio. The control group
consisted of sham-operated and unoperated animals. The tension generated in response to
increasing stimulation frequency and [Na']; were measured. The force-frequency
response was depressed and [Na']; increased from 7.4 + 1.4 to 12.1 + 1.4 mM with LVH.
There was a close relationship between the decline of the force-frequency response and
the increase of [Na']; which was also observed when the [Na']; was increased with

strophanthidin in normal myocardium.

Possible mechanisms to account for the raised [Na']; are explored. The recovery of a
raised [Na']; after an acute acidosis was slowed in hypertrophied myocardium and
stabilised at a higher level, suggesting that the membrane mechanisms that regulate

[Na'); are reset.

Intracellular pH, pH; and [Ca®"], [Ca2+]i, were measured in isolated myocytes using
epifluoresence microscopy. pH; decreased progressively with increasing severity of
hypertrophy and the sarcoplasmic buffering capacity increased with increasing acidosis.
The recovery of pH; from an intracellular acidosis was slowed in myocytes from aortic
constricted (AC) hearts but the total H' efflux rate was not different indicating no effect

on Na'-H"-exchange activity.

Resting [Ca®']; was not significantly different in myocytes from AC hearts but the
caffeine induced release of [Ca’] from the sarcoplasmic reticulum (SR) was reduced.
The time course of the decay phase of the caffeine was prolonged in myocytes from AC

hearts indicating reduced activity of the Na*-Ca**-exchanger.

Quantitative immunoblotting of the Na'-K'-ATPase pump isoforms was performed in a

small number of samples. No significant differences were observed between the two

groups.
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Chapter 1: Introduction

Left ventricular hypertrophy (LVH) is an adaptive process that enables the heart to
compensate for an increased mechanical load such as aortic stenosis or systemic
hypertension. However, in population studies the presence of electrocardiographic or
echocardiographic LVH is associated with increased mortality due to ventricular
arrhythmias (Levy et al., 1987) and heart failure (Levy et al., 1990). Studies in animal
models suggest that there is a gradual transition from compensated hypertrophy to
decompensation and heart failure (Siri et al., 1989; Capasso et al., 1990). A similar
transition is seen in patients with systemic hypertension and aortic stenosis in whom
gradual chronic pressure overload of the left ventricle results in myocardial hypertrophy

with subsequent dilatation and heart failure.

The mechanisms underlying this decompensation remain unclear but preliminary
evidence suggests that the changes are gradual, originating in the compensated phase of
hypertrophy and represent alterations to cell physiology that underlie electrical and
mechanical dysfunction. Regression of LVH after removal of the abnormal load is well
documented (Ikonomidis et al., 2001; Sleight et al., 2001). It is therefore, of clinical
importance to ascertain the properties of hypertrophied myocardium that develop and
which if left untreated result in a decline in cardiac function. A better understanding of
the primary mechanisms involved in the response of the heart to chronic pressure
overload may facilitate the development of new therapeutic modalities, as well as the

development of better guidelines for the prevention of cardiac hypertrophy.

1. Clinical pathology of left ventricular hypertrophy

The myocardium has a remarkable ability to alter its structure in response to sustained
changes in haemodynamic load. Physiological or pathological circulatory changes that
result in a sustained increase in load, eventually result in an increase in heart weight.
Growth occurs to normalise wall stress where wall stress is described by Laplace's Law

as

Wall stress = pressure x radius
2 x wall thickness
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Under physiological conditions such as growth or aerobic training, cardiac output is
maintained by an increase in stroke work. Chamber radius increases and wall stress
rises. However, with time myocardial growth occurs and wall thickness increases until
wall stress is normalised. The hypertrophy produced is proportional to the increase in
chamber size demanded by the increase in stroke work. The hypertrophy is mild and left

ventricular function is preserved.

Pathological conditions such as aortic valve stenosis and systemic hypertension also
produce a sustained increase in afterload. Left ventricular pressure increases to
overcome the resistance to ejection and wall stress increases. Myocardial growth occurs
to normalise wall stress by becoming thicker without an increase in radius. As a result
there is symmetrical thickening of the ventricular walls at the expense of cavity size.

This process is referred to as concentric left ventricular hypertrophy.

It is now recognised that even during the compensated phase of hypertrophy there are
changes to the normal physiology of the myocardium. Impaired diastolic relaxation is
the earliest evidence of dysfunction in LVH (Topol et al., 1985). As the hypertrophied
ventricle becomes stiffer, ventricular filling is impaired (Cuocolo et al., 1990).
However, as hypertrophy progresses systolic function also becomes impaired, the
ventricle begins to dilate and stroke volume falls. This decompensation is associated
with increased sympathetic tone and activation of the renin-angiotensin system in an
attempt to compensate for the reduced cardiac output. This decompensated phase is
recognised clinically as congestive cardiac failure. It represents the end-stage of the
disease process when irreversible structural changes have already occurred. Heart failure
is associated with considerable mortality and morbidity, with a median survival of 1.7

years in men and 3.2 years in women (Lloyd-Jones, 2001).

The mechanism underlying mechanical dysfunction in LVH is incompletely understood.
LVH increases myocardial oxygen consumption and reduces coronary blood-flow
reserve (Houghton et al., 1990) due to raised minimal coronary vascular resistance and
greater systolic flow impediment (O'Gorman et al., 1992). This mismatch between
supply and demand may predispose the patient to ischaemia and myocardial infarction.
Factors associated with hypertension are atherogenic (Levy et al., 1988) so coronary

blood flow may be further compromised by atherosclerosis. These effects result in
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greater metabolic disadvantage and hypoxia following brief periods of ischaemia
especially during increased cardiac work in hypertrophied myocardium (McAinsh et al.,

1995).

In addition to mechanical dysfunction, other changes occur to muscle physiology during
the process of hypertrophy which affect the electrophysiology of the myocardium and
present clinically as sudden death. The Framingham study showed that both
electrocardiographically (Kannel et al., 1975) and echocardiographically (Haider et al.,
1998) detected LVH are associated with an increased risk of sudden death that was in
excess of the risk attributable to hypertension or other associated cardiovascular risk
factors (Kannel & Sorlie, 1981). Sudden death is a recognised consequence of
ventricular fibrillation or ventricular tachycardia in almost all monitored cases.
Electrocardiographic (McLenachan et al., 1987) and echocardiographic (Levy et al.,
1987) evidence of LVH are associated with an increased risk of simple and complex
ventricular arrhythmias. Mortality is increased in subjects with asymptomatic ventricular

arrhythmias and echocardiographically determined LVH (Bikkina et al., 1993).

The susceptibility of the hypertrophied myocardium to ventricular arrhythmias appears
to be independent of myocardial ischaemia (Szlachcic et al., 1992), however, in the
presence of ischaemia, hypertrophy further increases the risk of arrhythmias (Aronow et
al., 1988). Regression of LVH is associated with a reduced risk of arrhythmias (Messerli
et al., 1989) but studies to date are too small to determine the effect of regression on
sudden cardiac death. These observations suggest that there is a primary abnormality in

hypertrophy that predisposes to arrhythmias.

Population screening studies using electrocardiographic and echocardiographic
techniques demonstrate that the prevalence of LVH is high in the general population and
increases with age. In men and women under the age of 30, echocardiographic evidence
of LVH is 8% and 5% respectively, increasing to 33% and 49% respectively in those
over the age of 70 (Kannel et al., 1992). Hypertension is the chief precursor of LVH.
Sudden cardiac death accounts for between 50,000 and 100,000 deaths per year in the
UK (Pye & Cobbe, 1992). LVH is associated with an increased risk of sudden cardiac
death and heart failure indicating that LVH is a major public health problem.
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Mechanisms of ventricular arrhythmias include automaticity, triggered activity and re-
entry. Both automaticity and triggered activity give rise to aberrant pacemaker activity
via early and late afterdepolarisations, which are thought to be produced by
electrophysiological mechanisms operating at the level of the single cell. Re-entry is a
function of multicellular tissue which occurs when propagation of the action potential
from cell to cell is impaired. Re-entry is thought to be the most important mechanism in
ventricular tachycardia. The requirements for producing re-entry in cardiac muscle
include unidirectional block and decremental conduction. Several factors have been
proposed to exacerbate re-entrant excitation, including anisotopic conduction and small
scale discontinuities (about 100 pum) in the conduction pathway (Spach et al., 1981,
Spach & Heidlage, 1995).

1.1. Electrophysiological changes in hypertrophy

The most widely reported electrophysiological change associated with hypertrophy is
prolongation of the action potential duration (APD). Prolonged APD has been reported
in rats (Gulch et al., 1979; Aranson, 1980; Thollon et al., 1989; Stilli et al., 2001),
guinea-pigs (Nordin et al., 1989), cats (Kleiman & Houser, 1988) and rabbits (Bril ez al.,
1991) using isolated superfused papillary muscles (Gulch et al., 1979; Aronson 1980)
and isolated myocytes (Kleiman & Houser, 1988; Nordin ef al., 1989; Ahmmed et al.,
2000; Milnes & MacLeod, 2001; Stilli et al., 2001). If this occurs in-vivo it could result
in an increased propensity to arrhythmias. However, no change in APD was observed in
isolated superfused tissue from humans with LVH (McIntyre & Fry, 1997). Moreover,
the changes in APD observed in isolated superfused tissues have not been consistently
observed in-vivo. Monophasic action potentials recorded from hypertrophied feline
hearts in-vivo showed no change in APD compared to control (Kowey et al., 1991) and
effective refractory periods were unchanged in dogs with left ventricular hypertrophy
(Martins et al., 1989). No change in epicardial action potentials recorded from perfused
beating hypertrophied hearts was observed (Winterton et al., 1994), although isolated
myocytes from hypertrophied hearts with congestive cardiac failure showed prolongation
of early repolarisation (Ryder et al., 1991). An in-vivo study in dogs with LVH, showed
prolongation of APD and an increased propensity to develop early afterdepolarisations
during the plateau phase of the action potential that could trigger ventricular tachycardia

(Ben-David et al., 1992). One reason for the discrepancy between in-vitro and in-vivo
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findings is that isolated myocardial tissue is frequently studied at very low stimulation
frequencies and since stimulation frequency has a marked influence on action potential
duration the changes observed may be related to the stimulation conditions. This
explanation is supported by the absence of action potential prolongation in hypertrophied
myocytes paced at higher stimulation frequencies (Nordin et al., 1989; Davey et al.,
2001).

Non-uniform prolongation of action potential may also be proarrhythmic by increasing
dispersion of repolarisation or refractoriness and favouring re-entry. LVH has also been
reported to produce regional differences in electrophysiological effects with prolongation
of APD in epicardial but not endocardial cells seen both in isolated cells (Hicks et al.,
1995; Bryant et al., 1997) and whole hearts (Wolk et al., 2000). Increased dispersion of
ventricular repolarisation as measured by the difference between the maximum and
minimum monophasic APD on the epicardial surface has also been demonstrated in
hypertrophy (Gémez et al., 1997a; Gillis et al., 1998) and this effect is more marked in
ischaemia (Wolk et al., 2000). Acute myocardial ischaemia increases APD dispersion
between the normal and ischaemic zones in rat hearts and regression of LVH reduces this

electrical inhomogenity (Kohya et al., 1995).

Delayed ventricular activation, indicated by prolongation of the QRS duration on the
electrocardiogram (ECG) is a recognised feature of LVH in man (Winterton et al., 1994).
In patients with echocardiographically documented LVH, programmed -electrical
stimulation shows significant prolongation of infra-nodal conduction and an increased
incidence of non-sustained ventricular tachycardia (Coste et al., 1988). Delayed
conduction time has been demonstrated in isolated preparations from guinea-pigs
(Winterton et al., 1994) and humans (McIntyre & Fry, 1997) with LVH. Accentuation
of the conduction delay was also observed during ischaemia (Winterton et al., 1994,
Cooklin et al., 1998). This is likely to increase the arrhythmogenic potential in
hypertrophied myocardium as slowed conduction is important in creating conditions

necessary to sustain re-entrant arrhythmias.

In the guinea-pig delayed conduction has been attributed to reduced electrical coupling
between cells (Cooklin et al., 1997) and is associated with a 3 fold increase in gap-

junction resistance under normal conditions and a 5 fold increase during hypoxic
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conditions (Cooklin et al., 1998). If the increase in gap junction resistance is sufficient
(above 1000 Q cm) it will delay propagation at the gap junctions and increase the
likelihood of unidirectional block and re-entrant arrhythmias by discontinuous
propagation (Quan & Ruddy, 1990). Even, if hypertrophy alone were not sufficient to
generate discontinuous propagation, the increased susceptibility of the hypertrophied
heart to ischaemia would further increase gap junction resistance so that the combination
of hypertrophy and ischaemia would be effective in increasing the incidence of such

abnormal electrical activity.

The normal pattern of anisotropic conduction in ventricular myocardium, by which
conduction parallel to the longitudinal axis of the myocyte is up to 4 times faster than
that along the transverse axis is altered in LVH; the anisotropic ratio was reduced largely
due to a reduction in longitudinal conduction velocity (Carey et al., 2001). More
recently using a three dimensional map of intracellular resistance we have shown that
local discontinuities of current flow on a millimetre scale which would be sufficient to
increase susceptibility to re-entrant mechanisms are more prevalent in hypertrophied

myocardium (Fry et al., 2001).

1.2. Gap junctions

The changes in conduction velocity observed in hypertrophy may result from
remodelling and / or redistribution of gap junctions. The normal pattern of anisotropic
conduction in ventricular myocardium described above is dependent on the low-
resistivity of the gap-junction membranes, their distribution, and their abundance. Gap
junctions include a hexagonal array of proteins called connexins, which provide
electrical coupling between cells. Three connexins, 43, 40 and 45 are expressed in
mammalian heart and the predominant one is connexin 43 (Cx43). In normal
myocardium, gap junctions are predominantly located at the axial ends of ventricular

myocytes and form end-to-end connections.

1.2.1. Connexin proteins in hypertrophy

Reduced expression of Cx43 has been demonstrated in hypertrophied human

myocardium (Peters et al., 1993b). On the other hand there was no alteration in Cx43 in
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hypertrophied rat hearts made hypertensive by renal artery clipping or
deoxycorticosterone / salt administration (Haefliger et al., 1997) and moreover increased
Cx43 protein has been reported in the early phase of hypertrophy due to renovascular
hypertension in guinea-pigs (Peters ef al., 1993a). Rather than a change in the number of
connexins, an altered pattern of distribution may occur. Disturbed Cx43 gap junction
distribution has been shown to correlate with the location of re-entrant circuits in the
epicardial border zone of healing canine infarcts (Peters et al, 1997). In the
hypertrophied left ventricle of aortic-banded rats, redistribution of Cx43 from the
longitudinal to the transverse axis has been demonstrated (Emdad et al., 2001). Similar
redistribution was observed in pressure overload-induced right ventricular hypertrophy in
rats in association with alteration of anisotropic conduction properties (Uzzaman et al.,
2000) similar to those reported by Carey et al (2001). Gap junction conductance is also
influenced by the state of phosphorylation (Moreno et al., 1994) with phosphorylation of
Cx43 reducing conductance and changes in cytoplasmic metabolism such as intracellular
acidosis (Firek & Weingart, 1995) and an increase in intracellular Ca**, [Ca®"];, (Maurer
& Weingart, 1987) also reducing conductance. As discussed later changes to

intracellular pH and Ca®* have been described in hypertrophy.
1.3. Contractile function in myocardial hypertrophy

Studies of contractile function in animal models of hypertrophy are conflicting. These
conflicting findings may be due to the particular model studied, the age of the animal at
the time of the insult, differences in the response of the right and left ventricle to
pressure-overload, the duration of pressure-overload, the degree of hypertrophy produced

or the way in which contractile function was measured.

In isolated myocardial preparations studies of right ventricular myocardium exposed to
mechanical overload show either no change to (Yoneda et al, 2001) or decreased
(Kaufmann et al., 1971; Gwathmey & Morgan, 1985) peak tension generation at constant
stimulation frequency. Comparing juvenile and weanling ferrets subjected to pressure
overload, Gwathmey et al (1995) showed that peak tension declined in the former but
increased in the latter as external calcium was increased, and suggested that this was due

to differences in myocyte remodeling in the two groups. In most studies irrespective of
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the effect on peak tension, the isometric tension profile and in particular the relaxation

phase is prolonged (Gwathmey & Morgan, 1985; Yoneda et al., 2001).

In LVH studies are also conflicting. In isolated myocytes from the spontaneously
hypertensive rat (SHR) (Delbridge et al., 1996), and in rats with abdominal aortic-
constriction contractile function was depressed (McCall et al., 1997). In left ventricular
myocytes from severe hypertrophy in the cat, reduced contraction amplitude, longer
duration of contraction and reduced velocity of both contraction and relaxation were
observed (Bailey & Houser, 1992). In severe but not mild hypertrophy secondary to
aortic banding in the guinea-pig, a decrease in peak tension was associated with slowed
tension development (Lecarpentier et al., 1987). Other studies, however (Capasso et al.,
1982; Flesch et al., 1997; Milnes & MacLeod, 2001) show no effect on peak isometric
tension generation, but prolonged time to peak tension and reduced shortening velocity.
In isolated myocytes from guinea-pigs with mild LVH induced by infra-renal aortic
banding, contraction size was increased and time-to-peak contraction and half-relaxation
time were both prolonged (Davey et al., 2001). In intact ventricles from pigs subjected
to pressure-overload indices of contractile function were normal (Wisenbaugh ez al.,
1983), whereas in ferrets with LVH both systolic and diastolic function were impaired
(Bentivegna et al., 1991) and in rats with abdominal aortic-constriction increased systolic
function was observed from early to late stages of hypertrophy (Ohkusa ef al., 1997). In
one study, SHR's showed normal systolic function until the later stages of hypertrophy
when it was depressed (Mirsky et al., 1983), whereas in other studies both enhanced
(Shorofsky et al., 1999; Mill et al., 1998) and reduced (Wise et al., 1998) contractility
were observed in this model. It is important to point out that like the
electrophysiological investigations, many of these studies were carried out at low pacing
rates and there is little information on cardiac function in hypertrophy at more

physiological heart rates.

Changes to the interstitial environment are known to occur at least in some models of
hypertrophy, including increases in connective tissue content, in diffusion distance from
the capillary to the centre of the muscle cell and in myocardial stiffness, and these could
influence contractile function. However, evidence suggests that the abnormalities of

contractile function seen in hypertrophy are an intrinsic property of the cardiac muscle
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cell rather than a mechanically normal cell contracting in an abnormal interstitial

environment (Mann ef al., 1991).

In 1871, Bowditch et al noted that in contracting myocardium the interval between beats
was one of the most important factors that determined the strength of contraction. This
allows quantification of contractile function independent of preload and afterload
(Anderson et al., 1973) and can be studied by investigating the strength of contraction (1)
in relation to the preceding stimulus interval, mechanical restitution and (ii) in response

to sequential increase in the frequency of stimulation, the force-frequency relationship.

To describe the various force-interval relationships in myocardium, Koch-Weser and
Blinks (1963) introduced the abstract terms of positive and negative inotropic effects of
activation. Increasing stimulation frequency can cause a positive effect on contractility
by increasing sarcoplasmic reticulum (SR) Ca®" load or a negative effect due to
refractoriness of excitation-contraction coupling. The balance between these factors will
determine whether the force-frequency response is positive, negative or biphasic, i.e. a
combination of both. Normal ventricular myocardium from humans and most animal
species demonstrates a positive force-frequency relationship i.e. increasing stimulus
frequency increases contractility, whereas in failing myocardium a negative relationship
is found (Mulieri et al., 1992; Davies et al., 1995; Pieske et al., 1999). Negative force-
frequency relationships are also seen in rat and ferret ventricle and in atrial myocardium
(Koch-Weser & Blinks, 1963; Wang et al.,, 1993). The negative force-frequency
relationship has been attributed to the short action potential duration typical of rat
ventricular muscle and atrial tissue, however, in human myocardium a negative force-
frequency response has been observed despite the presence of long action potentials

(Mubagwa et al., 1994).

1.3.1. Force-frequency relationships in hypertrophy

We have previously shown a progressive decline from a positive to a negative force-
frequency relationship in human myocardium from patients with aortic and mitral valve

disease that correlated with the degree of hypertrophy (Gray et al., 2001). In isolated left

ventricular myocytes from dogs with chronic atrio-ventricular block induced
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hypertrophy, cell shortening was greater at frequencies less than 120 beats per minute

and tended to decrease with increasing frequencies (Sipido et al., 2000).
1.4. Excitation-contraction coupling

Excitation-contraction coupling qualifies a process by which voltage changes induce
Ca®* movement that originates both from the external milieu and from internal stores.
During depolarisation Ca®* influx is mediated by the dihydropyridine sensitive, voltage-
activated L-type Ca’* channels and Na*-Ca**-exchange. During repolarisation Ca®*
efflux occurs through Na-Ca**-exchange that couples the efflux of 1 Ca®>" to the influx
of 3 Na". This efflux of Ca®* is electrogenic without direct energy expenditure and tends
to depolarise the cell. This Na* influx together with the Na* influx through the Na"
channel increases intracellular [Na'], [Na'];, which is in turn controlled by the Na'-K'-
ATPase which causes Na* efflux in exchange for K™ and is closely linked to the Na'-
Ca®*-exchanger. The amount of Na' necessary to account for the rapid depolarisation
phase of the action potential in cardiac cells is small, approximately 1 nmol.I"' cell water
(Pike et al., 1993).

The internal stores of Ca®* are located in the SR where the concentration of Ca*" is much
higher than in the rest of the intracellular space. Ca®* needs energy to enter the SR and
utilises Ca”" ATPase. The release of Ca®* from the SR is under the control of a Ca?"
channel, called the ryanodine receptor. The external Ca®* entering the cell activates the
Ca® release channel, giving rise to the phenomenon of Ca®*-induced Ca**-release
(CICR). The two principal sources of Ca’* that may provide the activating calcium for
CICR are the sarcolemmal dihydropyridine sensitive, voltage-activated L-type Ca*
channels and the Na*-Ca®*-exchanger. Under normal circumstances the major source of
Ca® to trigger CICR is Ca®" entry via the L-type Ca®" channels. The resulting rise in
intracellular [Ca®*], [Ca®*]; is too small to activate the myofilaments but can trigger a
larger release of Ca** from the SR. The potential role of Ca®* entry via other

. + + -1
mechanisms such as reverse mode Na*-Ca**-exchange is discussed below.

Myocardial cells contain at least two types of voltage-activated Ca®" channels. The L-
type Ca®* channels are responsible for a slow inward current, activate at potentials > -

40mV, generate peak inward currents at about OmV and inactivate relatively slowly. The
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L-type Ca®* channels are responsible for the majority of Ca®" that enters the cardiac cell
during the plateau phase of the action potential. The T-type Ca’* channels activate at
more negative potentials and have faster kinetics. T-type Ca** channels are present in all
types of cardiac cells but are more prevalent in atrial cells, sino-atrial (SA) node cells and
Purkinje cells and are thought to play a role in pacemaker activity. Evidence in normal
ventricular myocardium suggests that Ca>" influx through T-type Ca®" channels cannot

trigger normal phasic contractions (Bouchard et al., 1993).

The threshold level of intracellular Ca** that causes Ca**-induced Ca®*-release is
approximately 0.5 uM (Fabiato & Fabiato, 1978). However, the amount of Ca®* released
from the SR is not simply determined by the amount of Ca’* that enters the cytoplasm
but also by the rate of increase (Fabiato & Fabiato, 1978). The local control hypothesis
of excitation-contraction coupling proposes that Ca®" influx causes a local increase in
[Ca®];, in diffusion-limited subsarcolemmal spaces (called the 'restricted space’) where
the T-tubules and junctional SR are in close proximity. This promotes Ca®* binding to
and opening of the Ca®" release channel (the ryanodine receptor) in the junctional SR and
the resulting SR Ca®* release causes the cytosolic Ca®* transient. In keeping with this
hypothesis detailed ultrastructural studies have demonstrated a close physical
relationship between the sarcolemmal L-type Ca>* channel, the Na*-Ca”*-exchanger, and

the ryanodine receptor in the junctional SR (Carl et al., 1995; Sun et al., 1995).

Application of laser scanning confocal microscopy and Ca**-sensitive fluorescent
indicators to myocardial cells has made it possible to measure local non-propagating
elevations of [Ca2+]i, called Ca** sparks, at the level of individual sarcomeres (Cheng et
al,, 1993). These Ca>" sparks represent the release of Ca®* from one or a cluster of SR
Ca® release channels (ryanodine receptors) triggered by the opening of a single L-type
Ca®" channel. (Shachlock et al., 1995; Santana ef al., 1996). Recent evidence confirms
that Ca®* sparks sum independently to produce the whole-cell Ca®* transient (Cleemann
et al., 1998; Tanaka et al., 1998). These studies provide direct experimental evidence for
local control hypothesis of excitation-contraction coupling in cardiac muscle in which
macroscopic L-type Ca®" currents and whole-cell Ca®* transients are explained in terms
of spatial and temporal summation of single L-type Ca®* channel currents and Ca**

sparks respectively.
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The L-type Ca®* current is the major trigger for Ca>* release, however other triggers have
been suggested. It has been proposed that Na* entry into the 'restricted space' during the
action potential, rapidly increases the local intracellular Na® concentration, which
activates the Na'-Ca’*-exchanger in the reverse direction generating an inward Ca®" flux
that then triggers the release of Ca’* from the SR. The direction of the Ca®* fluxes
produced by Na*-Ca*"-exchange depends on the electrochemical gradients for Na™ (Exy),
and Ca®" (Ec,) and the membrane potential (E,). For an electrogenic 3 Na* for 1 Ca**
exchange: Enaca = 3Ena - 2Ec.. In cardiac muscle cells the reversal potential is readily
encountered under physiological conditions and can be changed by small changes in
[Na'];, Accordingly when the membrane potential is depolarised strongly or when
intracellular Na® is elevated, reverse-mode Na*-Ca®" exchange activity can increase

myoplasmic Ca*".

Reverse-mode Na'-Ca®" exchange has been demonstrated in feline (Nuss & Houser,
1992) and guinea-pig (Kohmoto et al., 1994; Levi et al., 1994b) ventricular myocytes.
However, studies in the rat suggest that the release of SR Ca*, thought to be due to
reverse-mode Na'-Ca®*-exchange is more likely due to loss of voltage control either
throughout the cell or in the T-tubules (Bouchard ef al., 1993). Furthermore, Ca®" entry
via reverse-mode Na'-Ca®*-exchange does not trigger Ca®" sparks but rather a slow
increase in intracellular Ca** (Lépez-Lopez et al., 1995) and the contractions initiated are
slow (Nuss & Houser, 1992) with a delayed onset of the Ca®" transient (LeBlanc &
Hume, 1990). It is possible that there are species differences in the role of the reverse
mode of the Na'-Ca®*-exchanger in the initiation of contraction in the normal heart and
the exchange may become important in pathological conditions or if intracellular Na" is
elevated. Recently, increased Ca>" influx via the exchanger, contributing to SR Ca**
loading has been described in dogs with LVH (Sipido et al., 2000) and in rabbit heart
after myocardial infarction (Litwin & Bridge, 1997).

A TTX-inhibitable, voltage-gated Ca®>* conducting Na® channel (Icartx)) has been
identified in human atrial (Lemaire et al., 1995), rat ventricular (Aggarwal et al., 1997)
and guinea-pig (LeBlanc et al., 1996) ventricular cells. This channel activates over a
more negative voltage range than the classic cardiac Na“ channels and is highly
permeable to Ca**. Under non-physiological experimental conditions (Na free external

and internal solutions), Ca®" entry via this channel can trigger SR Ca®" release (Thomas
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et al, 1995) but whether it plays a role in excitation-contraction coupling under

physiological conditions is unclear.

Recently, it has been postulated that a component of SR Ca®" release in mammalian
cardiac muscle is activated by changes in membrane voltage. However, on present
evidence it seems unlikely that this voltage-sensitive Ca®" release mechanism has an

important role to play in excitation-contraction coupling (Wier & Balke, 1999).

The target for the released Ca®" is the contractile apparatus composed of thin filament
proteins including the troponin complex. The transient rise in [Ca®*];, initiates a series of
chemical events with cross-bridge formation, which result in cell shortening and or the
generation of force. A schematic representation of the events during excitation-
contraction coupling is shown in figure 1.1. The magnitude of the force developed by
cardiac muscle is largely a function of the sarcoplasmic [Ca®*], and changes to the
sensitivity of the contractile proteins to Ca’" are of little importance (Lecarpentier et al.,
1987). A reduction in myosin ATPase activity has been shown in rats with LVH
(Capasso et al., 1982), and in rabbits (Maughan et al., 1979) and cats (Carey et al., 1978)
with right ventricular hypertrophy but not in guinea-pigs (Waldenstom et al., 1985), pigs
(Wisenbaugh et al., 1983) or humans (Mercadier et al., 1983).

Ca’" released into the sarcoplasm from the intracellular stores in the SR or from the
extracellular pool via the voltage-gated Ca®* channel is then recovered by the
intracellular stores by SR Ca?*-ATPase (SERCA2) or removed from the cell via the Na'-
Ca**-exhanger to initiate relaxation. Ca’" may also be taken up into mitochondria and
removed by the sarcolemmal Ca**-ATPase but under physiological conditions these
amounts are small. Under normal conditions, Ca*" enters the myocyte from the
extracellular space down a large, inwardly directed electrochemical gradient. At the
normal resting potential of -80 mV and with normal levels of [Na']; there is sufficient
energy in the Na' electrochemical gradient to remove Ca®* from the cell via Na*-Ca®*-
exchange (termed forward mode Na'-Ca®*-exchange). This is the principal mechanism
for Ca** extrusion in cardiac myocytes. When the membrane potential is depolarised or
[Na'}; increases, the energy in the Ca’* electrochemical gradient is sufficient to produce
Ca®" entry via reverse-mode Na*-Ca®*-exchange (Eisner et al., 1984; Bers et al., 1988;

Nuss & Houser, 1992). The relative importance of the intracellular stores and the cell
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Influx of Ca®* via membrane channels during the action potential both directly
contributes to the rise in [Ca']; and via;

Ca®* induced Ca®" release from the SR

Ca®" binds to the myofibrils initiating contraction

Relaxation occurs by Ca®* release from the myofibrils consequent upon reduction of
[Ca®]; due to;

Ca®* uptake by the SR Ca®*-ATPase

Ca®" uptake by the mitochondria (M) and

Transfer to the SR

Ca®" efflux via Na'-Ca®* exchange. The net level of [Ca']; is maintained by this
exchange and by

Ca’" extrusion via the sarcolemmal Ca®>'-ATPase

Figure 1.1. Schematic diagram showing the events during excitation-contraction

coupling
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membrane in regulating sarcoplasmic [Ca™] varies with species and tissue type (Fabiato
& Fabiato, 1979; Cooper & Fry, 1990). In comparison with humans and large mammals,
rodents have a higher dependence on SERCA?2 relative to Na”-Ca”"-exchange (Bassani et
al., 1994a; Bers et al., 1996). A schematic representation of the ion channels and pumps

involved in the regulation of [Ca*"J)j and [Na]j is shown in figure 1.2 .
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Figure 1.2. Schematic representation of the ion pumps and channels involved in the

regulation of [Ca™Jj and [Na],

1.4.1. 'Ca overload'

Increasing [Ca™ji generally results in an increase in tension development. However,
under some conditions, developed tension decreases and this fall in tension is described
as 'Ca overload. When calcium levels are progressively elevated, the SR begins to
release calcium in oscillatory pulses during diastole and there is a progressive fall in
developed tension (Allen ef al., 1985a). The fall in tension is presumably due to less
Ca™ available for release in systole rather than reduced sensitivity of the contractile
proteins to Ca™ in 'Ca overload'. Furthemiore, if sufficient amounts of calcium are

released during oscillations, the Na*-Ca”-exchanger will be activated and since this
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exchange is electrogenic it generates an inward current that causes after depolarisations

that in turn may contribute to arrhythmias.

1.5. Mechanisms underlying rate-dependant changes in contractile force
1.5.1. Intracellular ions and contractile function
1.5.1.1. Role of intracellular Ca**

The positive inotropic effect of increasing stimulus frequency is mediated by changes in
[Ca®)i. As stimulation frequency increases the intracellular calcium transient during
twitch contraction also increases (Allen & Blinks, 1978). Ca®" entry through the Ca®*
channels may increase progressively with increase of stimulation frequency and more
Ca®* may accumulate in the SR and be available for release during twitch contraction.
The time available for efflux from the cell during diastole is reduced at higher

stimulation frequencies resulting in a net gain of [Ca*'];.

Further support for the hypothesis that the contractile response during changes in
stimulation frequency is dependent on the state of calcium loading of the cell comes
from the study of Frampton et al (1991b). In rat cardiac myocytes demonstrating a
positive force-frequency response an increase in systolic Ca**, diastolic Ca** and the
amount of Ca’" available for release from the SR was observed with increase in
stimulation frequency. However, in cells showing a negative force-frequency response,
systolic Ca>* decreased or remained unchanged and the amount of Ca** that could be

released from the SR was unchanged.
1.5.1.2. Role of intracellular Na*

During the action potential [Ca®]; rises from ~150 oM to 1uM (Shattock & Bers, 1989)
but the influx of Na* by Iy, is small (1 nmol.1" cell water). Intracellular Na® is typically
6-8 mM but may rise by several mM and result in an increase in contractility as for
example after inhibition of the Na'-K'-ATPase pump. An increase in stimulation
frequency has also been shown to increase [Na']; (Cohen et al., 1982; Harrison et al.,

1992b) and appears to be involved in the positive staircase (Boyett et al., 1987; Wang et
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al., 1988). The rise of [Na']; is believed to result in an elevation of [Ca®"); via Na'-Ca®*-

exchange.

The Na'-Ca**-exchanger can move Ca®" either inward or outward depending on the
magnitude of the electrochemical gradient for Na". An increase of [Na']; will decrease
the Na" gradient across the sarcolemma and thereby attenuate the Ca®" efflux through
Na’-Ca**-exchange in diastole and increase Ca’" influx during systole. This augments
the cellular calcium load, and more Ca®* is available for release during each contraction
leading to a larger [Ca2+]i transient, thus contributing to the positive force-frequency
response seen in most species. This is also the mechanism of the positive inotropic
action of cardiac glycosides. A schematic representation of this is shown in figure 1.3.
Therefore, a rise in [Na']; might contribute to the preservation of myocardial contractility
in compensated hypertrophy as the increased [Na']; would enhance Na'-Ca®* exchange,

thereby increasing [Ca®']; and contractility.
y g
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Figure 1.3. Schematic representation of the sodium dependence of twitch tension

As discussed above there is evidence that [Na']; is involved in the positive staircase.
However, in species where the [Na']; is elevated at rest such as rat and ferret
myocardium, the staircase becomes negative. In isolated sheep Purkinje fibres, a non-
linear relationship between the increase of [Na+]i and twitch tension was observed and as
[Na']; increased sufficiently twitch tension eventually declined (Eisner e al., 1984).
Reduction of the force-frequency relationship when [Na']; is raised is probably due to
excessive Ca’" influx through Na'-Ca®*-exchange and overload of intracellular stores.
High concentrations of cardiac glycosides reduce twitch force and the intracellular Ca**
transient as the SR is unable to retain Ca" as the resting SR concentration rises above
normal levels (Allen et al., 1985). In the rat, where [Na'}; is high, systolic Ca®*

transients are diminished at higher frequencies due to enhanced trans-sarcolemmal egress

of Ca®* via Na"™-Ca®" exchange (Shattock & Bers, 1989).
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The equilibrium potential for the Na+—Ca2+—exchanger, Ena.ca, 1s given by the difference
between the equilibrium potential for each ion (Enaca = 3Ena-2Ec.). In normal
myocardium, during diastole Enaca ~-50mV and as the membrane potential, E, is ~-
80mV, Ca®* extrusion by the exchanger operating in 'forward' mode will be
thermodynamically favoured. In contrast when Ep, is more positive than Eyaca, as for
example during depolarisation when the rise in membrane potential during the action
potential exceeds the rise in Enaca. secondary to sarcolemma Ca®* influx, the exchange
reverses and Ca’* influx is thermodynamically favoured. When [Na']; is elevated, the
Enaca falls, reduéing the driving force for Ca®" extrusion thereby elevating Ca®" and
consequently tension. This mechanism provides a theoretical basis for the observed
species differences in response to alteration in stimulation frequency. The point at which
the exchange reverses will be dictated by the duration of the action potential relative to
that of the Ca®" transient. This provides a possible explanation for the negative force-
frequency relationship in those animals where [Na']; is elevated as Ca>* gain at rest and

loss during repetitive activity will be favoured (Shattock & Bers, 1989).
1.5.2. Mechanical restitution

As well as the state of calcium loading of the cell, the recovery of the processes that lead
to contraction may play a role in the response of cardiac muscle to changes in stimulation
frequency. Mechanical restitution describes the recovery of myocardial contractility
during the interval between beats. The processes responsible for the initiation of muscle
contraction take a finite time to recover and if a stimulus occurs before this process is

complete, contractile force will be reduced.

The processes underlying mechanical restitution remain uncertain but it seems to be
largely dependent on the circulation of intracellular Ca**; an altered sensitivity of the
myofilaments to Ca>* does not appear to play a role in intact myocardium (Mclvor et al.,
1988). In support of the former the variation in isometric force as a function of stimulus
interval is mirrored by similar changes in the magnitude of the sarcoplasmic Ca**
transient (Wier & Yue, 1986). The sarcoplasmic Ca”* transient is determined by the Ca®*
entering the cell via Ca®* channels and the availability of the calcium sequestered by the
SR during relaxation for re-release to activate the myofilaments and initiate contraction.

Possible explanations include (i) refractoriness of the inward Ca** current which acts as a
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trigger for release but this is unlikely to be the case in human or guinea-pig myocardium
(Cooper & Fry, 1990). (ii) a delay in the transfer of calcium within the SR from the
uptake sites in the longitudinal cisternae to the release sites in the terminal cristae (Wier
& Yue, 1986; Seed & Walker, 1988) (iii) refractoriness of the SR release channels (Wier
& Yue, 1986) and (iv) transiently enhanced uptake by the SR after the Ca*" transient
(Schouten, 1990), so that in a subsequent release of Ca®* from the SR, more is taken back

immediately into the SR and less enters the cytoplasm to activate the myofilaments.
1.5.2.1. Mechanical restitution in hypertrophy

In hypertrophied human myocardium from patients with aortic stenosis, peak isometric
tension and rates of development and relaxation of tension were not significantly
different from non-hypertrophied human myocardium (Cooper et al., 1992). However,
mechanical recovery of the myocardium between beats was slower in the hypertrophied
myocardium and correlated with the degree of hypertrophy measured
echocardiographically (Cooper et al., 1992). A similar finding has been reported in cats
with right ventricular hypertrophy (Anderson et al., 1977), however, mechanical
restitution was faster in guinea-pigs with LVH secondary to infra-renal aortic banding
(Davey et al., 2001).

1.5.3. Post-rest potentiation

As well as a negative force-frequency relationship, adult rat ventricle also demonstrates
post-rest potentiation, whereas most other mammalian tissues such as rabbit and guinea-
pig show rest decay, i.e. a decline in the size of the first contraction after rest. Rest decay
in normal guinea-pig (Bers et al., 1989) and rabbit (Bers et al., 1993) myocardium is
associated with gradual loss of SR Ca®* content. In the guinea-pig this loss of Ca*" is
largely due to Ca®* extrusion via Na*-Ca**-exchange (Bers ef al., 1989). Comparison of
trans-sarcolemmal Ca®* movements using extracellular double-barreled Ca**-selective
microelectrodes revealed a net loss of cellular Ca®* at rest and a net gain during
stimulation in the rabbit, whereas in the rat there was a net gain of Ca®" during rest and a
loss during stimulation (Shattock & Bers, 1989). The higher [Na']; in the rat would
favour Ca”* entry via the Na*-Ca**-exchanger at resting membrane potential, whereas the

lower [Na'}; in the rabbit would favour Ca®* extrusion at rest. Thus the higher [Na']; in
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the rat could explain some of the functional differences in contractile function observed
in the rat. In another study, post-rest potentiation was observed in the rat despite a
constant SR Ca®* content and it was proposed that increased fractional release of SR Ca®*
was responsible (Bers et al., 1993). This variation in rat ventricle preparations may be
due to the fact the rat ventricle operates very close to the reversal potential for Na*-Ca*'-

exchange.
1.5.4. Effect of strophanthidin

Cardiac glycosides bind with high affinity and specificity to an inhibitory site on the o-
subunit of the Na'-K'-ATPase pump, resulting in complete inhibition of Na* and K*
transport as long as the cardiac glycoside molecule remains attached to the site. This
inhibition increases intracellular [Na'] and reduces the driving force for Na* entry and
coupled Ca?* extrusion via the Na'-Ca®*-exchanger leading to increased intracellular

+ . .
stores of Ca?" and increased contractile force.

It is convenient to use cardiac glycoside-induced inotropy as an index of the inotropic
effects of changes in [Na'];. Inotropy has been shown to correlate closely with sodium
pump inhibition in normal myocardium in a number of studies (Eisner et al., 1981;
Cohen et al., 1982). The increase in [Na']; observed in these studies would be sufficient
to reduce the electrochemical gradient for calcium extrusion on the Na*-Ca®* exchanger,

resulting in a rise in [Ca®*]; and a positive inotropic effect.
1.6. Intracellular ions in myocardial hypertrophy

Changes to the resting cytoplasmic concentration of intracellular ions have been reported
in hypertrophy. Because [Ca®']; is of central importance in contractile activation many
studies have concentrated on measuring the transient increase of [Ca®'];, the [Ca’"]
transient. However, [Na']; is involved in the regulation of [Ca2+]i, via Na'-Ca®*
exchange and intracellular pH, [pH];, via Na'-H" exchange, and is therefore also

important in the regulation of myocardial contractility.
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1.6.1. Intracellular Na* in hypertrophy

There is little information at present concerning the [Na']; in hypertrophied myocardium.
Using *Na NMR spectroscopy an increase of [Na']; was observed in compensated LVH
secondary to aortic banding in the guinea-pig which then decreased in decompensated
hypertrophy (Jelicks & Siri, 1995). An increase of [Na']; was also demonstrated in the
spontaneously hypertensive rat (Jelicks & Gupta, 1994) and another study showed that
ischaemia generated a 3.5-fold increase of [Na']; in hypertrophied rat hearts compared to
a 1.6-fold increase in control hearts (Clarke et al., 1990). In a model of right ventricular
hypertrophy (RVH) no increase of [Na']; was observed (Baudet et al., 1991); however,
these experiments were performed at ~20°C when the Na-pump would be partially

inhibited and the [Na']; already raised (Shattock, 1984).
1.6.1.1. Functional implications of the rise in [Na'];

The functional implications of an increase of [Na']; need to be viewed in context of
changes to other intracellular ions and the underlying mechanisms, and cannot be viewed
in isolation. Abnormal intracellular Ca®" and H' regulation have also been observed in
LVH and may contribute to the progressive decline in function. Because [Na'}; is
involved in the regulation of [Ca®*'];, via Na‘-Ca?* exchange and pH;, via Na'-H'

exchange, it is important in the regulation of myocardial contractility as discussed above.

There are several possible explanations for the rise of [Na']; in hypertrophy; i.e. a result
of increased Na'-H'-exchange activity or Na'-Ca*"-exchange activity or indicative of
reduced Na'-K'-ATPase pump activity. The effect of hypertrophy on these membrane

pumps and exchangers is discussed below.

The mechanism of the rise in [Na']; may also have functional implications. A rise
secondary to an increased number or activity of Na*-Ca**-exchange sites may promote
increased Ca®* extrusion and negative inotropic effects whereas an increased net Na*
influx resulting from changes in total Na" channel conductance or the Na'-K'-ATPase
pump might have opposite effects on [Ca®*]; and contractility. By reducing the driving
force for Ca** extrusion via Na*-Ca*"-exchange, a high [Na']; could contribute to higher

Ca®" loading of the hypertrophied myocardium. Despa et al (2002) demonstrated that the

48



higher resting [Na']; in the rat was associated with higher Na* efflux via the Na"-K'-
ATPase pump and concluded that the higher [Na']; was due to greater Na' influx. All
three pathways appeared to contribute to this influx, namely the Na" channel, Na*-Ca*'-
exchange and Na'-H'-exchange, however, these results need to be interpreted with
caution as the experiments were performed at room temperature which will affect the

activity of the Na"-K'-ATPase pump and the [Na'J; itself.

1.6.2. Intracellular Ca’* in hypertrophy

[Ca®*]; has been measured in a number of models of hypertrophy. The results are
variable and appear to be experiment- and model- dependent. Gwathmey et al (1985;
1995) reported no change in diastolic [Ca®*] or the amplitude of the Ca®>* transient in
RVH in spite of changes in peak tension generation, and similar findings have been
reported in rats with abdominal aortic constriction (McCall et al., 1998). Other studies in
aortic-banded rats (Siri ez al., 1991), aortic banded cats (Bailey & Houser, 1992) and rats
with renovascular hypertension (Moore et al., 1991) show a decrease in the peak
amplitude of the Ca®" transient. In SHR's with LVH and increased systolic function peak
Ca®" transient magnitude was increased in a voltage-dependent manner, whilst resting
[Ca®*]; was unchanged (Shorofsky et al., 1999). In dogs with LVH, Ca*" transients were
increased especially at low frequencies of stimulation (Sipido et al., 2000). Some of
these differences may reflect differences in experimental conditions and in conditions
that increase cellular Ca”* loading, such as faster pacing rates, high external [Ca®*] and
catecholamine exposure when the peak systolic Ca®* transient is depressed (Brooks et al.,
1994). Furthermore, as discussed above the Ca®" transient is a relatively insensitive
measure of the elemental events involved in excitation-contraction coupling and
alterations in the local release and re-uptake of Ca’" by the SR may play a role in
excitation-contraction dysfunction in hypertrophy. Indeed, in spontaneously
hypertensive rats (SHR) with LVH Shorofsky et al (1999) demonstrated a shift in Ca®*
sparks behaviour to a population of larger amplitude but no associated change in Ca**
current kinetics or ryanodine receptor density. This suggests that there is an alteration in
the coupling between the triggering and release of Ca>" in this model of hypertrophy.
However, Gémez et al (1997b) found no difference in Ca>* sparks between Dahl salt-

sensitive hypertensive rats and controls (administration of salt (1% NaCl) and
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deoxycorticosterone acetate can be used to increase blood pressure and induce LVH in

uninephrectomised guinea-pigs (Tiritilli & Ruff, 1994)).

Intracellular Ca** handling is abnormal in RVH with prolongation of the Ca* transient
(Gwathmey et al,, 1985; 1995) associated with prolongation of the isometric twitch
(Gwathmey et al., 1985). Prolongation of the Ca* transient has also been reported in
LVH (Bentivegna et al., 1991; Moore et al., 1991; Bailey & Houser, 1992; Naqvi &
MacLeod, 1994). In aortic-banded rats, relaxation of twitch force and [Ca2+]i decline
were impaired at higher frequencies in combination with higher diastolic [Ca**]; (Maier
et al., 1998). However, in another study in SHR's with LVH, no change in the time
course of the Ca®" transient was observed in spite of prolongation of the relaxation phase
of unloaded contractions (Shorofsky et al., 1999). These studies used chemiluminescent
or fluorescent dyes to measure whole cell or averaged Ca®* transients, therefore the
cellular mechanisms responsible for the prolongation of the Ca®" transients are unclear.
The most likely explanation is that Ca®* re-uptake into the intracellular stores is impaired
in compensated hypertrophy. No change in the Ca®'-sensitivity of the contractile
proteins had been observed in hypertrophy (Scamps et al., 1990) which could have

explained the prolongation of relaxation.
1.6.3. Sarcoplasmic reticulum function in hypertrophy

In end-stage heart failure SR dysfunction has been proposed to contribute to the impaired
contractile performance. Changes in the size of the Ca®" transient could result from a
change in the SR Ca®" content or a change in the fractional release of Ca’" from the SR.
The Ca’* content of the SR is a major determinant of the amount of Ca®* released from
the SR and the amplitude of the Ca®* transient. The amplitude of the Ca®* transient, in

turn, controls Ca®" fluxes across the sarcolemma and thence SR Ca®* content.

The effect of hypertrophy on SR Ca** content appears to depend on the experimental
conditions, the model and the stage of hypertrophy. In spontaneously hypertensive rats
with compensated hypertrophy, enhanced SR Ca’* release without any change in L-type
Ca®* current (Ica) density, SR function or expression of Ca®* cycling proteins was
reported (Shorofsky et al., 1999). In dogs with LVH, SR Ca®" release and SR Ca**

content were increased at low frequencies of stimulation but the differences were no
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longer significant at a frequency of 1 Hz (Sipido et al., 2000). Delbridge et al (1997)
showed no change in SR Ca®" load or amount of Ca®* released per twitch in rats with
LVH secondary to abdominal aortic banding. However, in the same model, SR Ca®*
content estimated by rapid cooling contractures was depressed at high pacing frequencies
and long rest intervals (Maier et al., 1998). In another study in the same model, McCall
et al (1998) also showed no changes in SR Ca®* load or fractional SR Ca®" release under
basal conditions. However, the latter was reduced in low external Ca®* suggesting that
there may be a subtle defect in excitation-contraction coupling during compensated

hypertrophy.

It has recently been shown that the flattened force-frequency relationship of failing
human ventricular myocytes is due to the fact that SR calcium loading does not increase
normally with increased stimulation rates (Bassant et al., 1995; Pieske ef al., 1999). SR
Ca®" uptake relative to Na'-Ca®*-exchange increased as stimulation frequency increased
in normal but not in failing myocardium. These findings suggest that SR Ca®* ATPase
activity is reduced in heart failure or that the SR is already fully loaded with Ca** and
cannot take up any more. Similarly, in mice with decompensated hypertrophy,
secondary to ascending aortic-constriction, contractile function in response to rapid
pacing was reduced, peak systolic [Ca®']; was reduced and SR calcium loading was
impaired (Ito et al., 2000) but these changes were not seen in compensated hypertrophy

n this model.

Ca** transport activity measured in isolated SR preparations from hypertrophied hearts
and has been shown to be either decreased (Ito et al., 1974; Heilmann et al., 1980) or
increased (Limas et al., 1980; Nakanishi ef al., 1989, Ohkusa et al., 1997). However,
most of these studies used microsomal preparations and the yield of proteins in the
studies varied and furthermore, it has also been shown that a major fraction of the Ca**
pump system remains in the pellet after low-speed centrifugation (Levitsky ef al., 1981).
In the model of LVH secondary to abdominal aortic-constriction, Ohkusa et al (1997)
found that SR Ca®" transport activity decreased to normal later in hypertrophy in spite of
the persistence in this model of augmentation of contractile function. In another study
using the same model of hypertrophy, SR Ca®* transport capacity measured as oxalate-
supported Ca** uptake per unit mass was reduced but the total capacity was unchanged

(la Bastie et al., 1990). This decrease, as well as that observed in rabbits with RVH was
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accompanied by a parallel reduction in the number of functionally active Ca**-ATPase

molecules (Matsui et al., 1995).
1.6.4. Intracellular pH, pH,, in hypertrophy

Previous studies have shown the pH; of myocardial tissue to be increased (Saborowski et
al., 1973; Oldershaw & Cameron, 1988; Astaire et al., 1992; Peréz et al., 1995),
deceased (Aufferman et al., 1990; de Roos et al., 1992; Wallis et al., 1997) or unchanged
(Lortet et al., 1993; Do et al., 1996) in hypertrophy. Some of the difference may be due

to the differences in the models or in the methods used to measure pH;.
1.7. Regulation of intracellular pH, pH;

Maintenance of a stable pH; is important for the equilibria of the many sarcoplasmic
processes to remain within the physiological range. Changes of pH; have important
effects on enzyme activity and contractile function. In mammalian skinned muscle fibres
and intact preparations, tension falls with decreasing pH; roughly according to the
equation (Fabiato & Fabiato, 1978; Vanheel et al., 1985)
T [H']?

Conversely, intracellular alkalosis produces a positive inotropic effect (Fry & Poole-
Wilson, 1981). H' may act at several sites to reduce contractility. Intracellular acidosis
has been shown to attenuate I, (Kaibara & Kameyama, 1988) and to affect Ca®*
handling by the SR (Fabiato & Fabiato, 1978; Vaughan-Jones et al., 1987) and to reduce
the sensitivity of the contractile proteins to [Ca®*]; (Orchard & Kentish, 1990). The
partial recovery of twitch force observed during acidosis is due to the decrease in pH
activating Na'-H"-exchange leading to an increase in [Na']; and [Ca®"]; presumably via
Na*-Ca’*-exchange (Vaughan-Jones et al., 1989; Harrison et al., 1992a). This in turn
may lead to increased Ca>* loading of, and hence release from the SR, allowing partial
recovery of contraction during acidosis. In sheep cardiac Purkinje fibres, pH; falls
reversibly as stimulation frequency increases and therefore may contribute to a decline in

twitch force (Bountra et al., 1988).

The pH; of all mammalian cells is more alkaline than that predicted from the passive
distribution of H" and HCO; ions expected from the resting membrane potential. In
active tissues such as ventricular myocardium an additional lactic acid load is present.
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This tendency for cells to become acidified by passive fluxes of H" must be counteracted

by membrane systems that actively extrude them from the cell.

1.7.1. Cellular mechanisms for control of pH; in mammalian myocardium

There are two separate processes involved in the regulation of pH; in myocardial tissue.
The first consists of a number of membrane transport systems that are capable of
extruding an acid or alkali load from the cell. These operate slowly and require
metabolic energy in the form of ion gradients to operate. The second is physicochemical
buffering, B, that is involved with the relatively instantaneous control of pH; within the

sarcoplasm.

1.7.2. Membrane transport systems controlling pH;

In mammalian myocardium four symmetrically arranged membrane counter-transport
protein systems are involved in the control of pH;. One pair, coupled to Na®, extrudes
acid loads from the cell and the other pair coupled to CI’, extrudes alkali loads from the

cell as shown in figure 1.4.

The two electroneutral transport proteins responsible for acid extrusion are the amiloride
sensitive Na'-H'-antiporter and a Na"-HCO;™ symport. In guinea-pig myocardium acid-
equivalent extrusion is known to rely roughly equally between these two mechanisms
and the same probably holds true for other mammalian species (Buckler et al., 1990;
Dart & Vaughan-Jones, 1992). Both these systems are passive and rely on the

sarcolemmal Na' gradient for their activity.

Intracellular alkalosis can activate HCOs™ efflux and CI influx via a coupled CI'-HCO;™-
exchange mechanism. This electroneutral transporter is inhibited by the stilbene anion
exchange inhibitor DIDS (4,4-disothiocyanoto-stilbene-2,2'-disulphonic acid). More
recently it has been demonstrated that following reduction of extracellular pH, acid-
loading of the sarcoplasm continues even in the absence of extracellular HCOj',
suggesting the existence of a CI'-OH -exchanger working in parallel with the CI"-HCO5'-

exchanger (Sun et al., 1996). Acid-loading whatever its mechanism is highly non-linear.
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Figure 1.4. Model ofpHi control in the ventricular myocyte

It is not activated over the pH range ¢.7-7.2 and is therefore not involved in the recovery
of pHj from intracellular acid loads (Vaughan-Jones, 1982; Vanheel et al, 1985). pH, is
set by the balance between the activity of the acid extruders and the acid loaders in the
sarcolemma. Perturbations of pHj will be resisted by increased activity of either
depending on the direction of'the pH change induced and any imbalance in the activity of

these transporters will produce a new set point.

1.7.3. Physico-chemical bufferings P

Intracellular buffering minimises pHj changes in the short-term and may also be involved
in helping to control the mobility of intracellular H*, hence influencing the uniformity of
distribution of pH in the cell. There are two forms of physico-chemical buffering in the
cell sarcoplasm. The first is provided by the intrinsic buffering of the cellular proteins
themselves and in myocardial tissue this accounts for the majority of the cells' buffering
capacity, pj. The remainder of the buffering capacity of the cell can be attributed to the
presence of a high [HCOs'jj. The cell membrane is highly permeable to COz, which is

always present in the extracellular environment in vivo, thus intracellular CO:z levels will
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also be elevated and in the presence of carbonic anhydrase the HCO; produced is

available to act as a powerful addition to overall cell buffering capacity.
1.8. Membrane proteins and channels in hypertrophy

Regulation of [Na'};, [Ca*"]; and pHi; ultimately involves the function of primary active
transporters such as the sarcolemmal Na*-K*-ATPase pump (Na-pump) and the SR Ca**-
ATPase pump (SERCA2), and the secondary active transporters such as Na'-H'- and
Na’-Ca®*-exchange. There are conflicting reports regarding the density and function of
these various processes in hypertrophy and there has been no systematic study to
correlate their activity with functional changes to the electro-mechanical properties of

myocardium.
1.8.1. The Na'*-K*-ATPase pump

Na’-K'-ATPase is the primary active transport mechanism that determines the level of
[Na'); in the cardiac myocyte. It plays an important role in excitation-contraction
coupling by maintaining electrochemical membrane gradients for Na“ and by indirectly
regulating intracellular [Ca®*] by its functional coupling to the Na*-Ca** exchanger. By
generating the Na* gradient across the sarcolemma, the Na"™-K'-ATPase creates a driving

. . . +
force for secondary active Ca** extrusion via the Na*-Ca”**-exchanger.

Na’-K'-ATPase is a heterodimer composed of a catalytic a-subunit and a smaller
glycoprotein B-subunit. There are 3 isoforms of the a-subunit (a;-a3) and 2 isoforms of
the B-subunit (B;-B2). A fourth a-subunit isoform (o4) has been identified at the
transcriptional level in mammalian testes (Shamaj & Lingrel, 1994). The a-subunit has
the binding sites for Na*, K™ and cardiac glycosides and the different subunits differ in
their affinities for Na*, K" and cardiac glycosides. The B-subunit is required for normal
insertion of the a-subunit into the cell membrane and has some regulatory activity over
the a-subunit. The isoforms have been cloned and sequenced and their expression is
tissue and species specific and varies during ontogenic development. Comparison of the

amino-acid sequences for the a;, o; and as-isoforms in the rat show approximately 85-

86% similarity (Shull et al., 1986).
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The o-isoform is ubiquitous in mammalian heart. It has a low affinity for ouabain /
cardiac glycosides in rat (Sweadner, 1989), guinea-pig (Berrebi-Bertrand et al., 1991),
ferret (Ng & Akera, 1987) and dog (Maixent et al., 1987) heart and a high affinity in
human (Shamraj et al., 1993) and sheep (Price & Lingrel, 1988) heart. The o;-isoform
has been reported in adult rat (Charlemagne et al., 1987, Sweadner, 1989), human
(Shamraj et al., 1993; Wang et al., 1996) and guinea-pig myocardium (Ramirez-Gil et
al., 1998) and has a high affinity for ouabain in the rat (Sweadner, 1989) and guinea-pig
(Berrebi-Bertrand et al., 1991). It has recently been identified in mice with genetically
reduced levels of a,-isoform expression as the specific isoform involved in the
regulation of cardiac Ca** handling (James et al., 1999). The as-isoform is expressed in
human (Ramirez-Gil et al., 1998), neonatal rat (Orlowski & Lingrel, 1988) ferret (Ng &
Book, 1992) and dog heart (Berrebi-Bertrand & Maixent, 1994; Zahler et al., 1996). The

B1-1soform is the predominant B-subunit in the heart.

The sub-cellular distribution of sodium pump isoforms also differs in different species.
In rat heart the a;-isoform is mainly localised to T-tubules and intercalated discs whereas
op-isoforms are uniformly distributed in T-tubules, sarcolemma and intercalated discs.
In the guinea-pig heart only the o,-isoform was detected and was distributed evenly in
sarcolemma, T-tubules and intercalated discs (McDonough et al., 1996). The as-
isoforms in neonatal rat heart are localised to excitable tissues (Zahler et al., 1996). The
co-distribution of the Na-pump and the Na'-Ca**-exchanger in the T-tubules may have

functional significance.
1.8.1.1. Na'-K"-ATPase pump function in hypertrophy

A change in Na'-K'-ATPase pump number has also been assessed by quantitative
ouabain binding. Ouabain binds only to sodium pump units that are correctly inserted
into the cell membrane and are physiologically active. Several studies have shown a
reduction of Na'-K'-ATPase activity in hypertrophied myocardium, accompanied by a
reduction in the number of high-affinity binding sites for *[H] ouabain (Khatter &
Hoeschen, 1984; Silver & Houser, 1985; Whitmer et al., 1986; Nirasawa & Akera, 1987,
Ellingsen et al., 1994). The results of these studies are summarised in table 1.1 and a
consensus 1s that the reduction in pump function could be due to a reduction in the

membrane density of pump sites in hypertrophy.
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Table 1.1. Studies of Na“™-K -ATPase pump function in hypertrophy. Values are mean

+ SE, * denotes p<0.05, T increased, + decreased, <> unchanged, SHR = spontaneously

hypertensive rat, pNPP = K-dependent paranitrophenyl phospatase activity

Species Model Heart-body  Methods Changes Reference
weight ratio reported
(control vs
hypertrophy)

Cat Pulmonary 4.8+0.3 vs Ouabain sensitive  23.5% 4 in Silver &
artery 6.2+£0.4 42-K uptake active K Houser, 1985
banding (gkgh* influx

Cat Pulmonary 0.514+0.031 vs “[H] ouabain ! inbinding  Nirasawa &
artery 0.924+0.059  binding sites Akera, 1987
banding (gkgh)* Affinity for

ouabain <>

Rats One-kidney, 2.97+0.09 vs Enzyme-linked 20% 4 in Whitmer et al.,
one-clip 4.37+0.13  spectrophotometry  activity 1986
hypertension (gkgh)* Na" dependant 40% 4 in

phosphorylation activity

*[H] ouabain 45% 4 in

binding ouabain
binding

Rats Abdominal 2.14+0.05vs Na'dependent Activity <>  Nakanishi et
aortic 3.14+0.06 phosphorylation al., 1989
constriction (gkgh)*

Rats SHR 1.740.08 vs ~ Na' dependent Activity ¥ Nakanishi et

2.4+0.08 phosphorylation al., 1989
(g:kg")*

Pigs Thoracic Not available  °[H] ouabain 26% Y in Khatter &
aortic- binding binding sites Hoeschen
banding Affinity for 1984

ouabain <>

Ferret ~ Abdominal 245+0.12vs K" stimulated Activity <>  Book et al.,
aortic 3.73+£0.40 PNPPase activity 1994b
Constriction (gkgh*

Human  Autopsy LV weight *[H] ouabain 19% ¥ in Ellingsen et

>225ginLVH binding binding sites  al., 1994
vs < 190g in
control

However, no change in pump density was observed in a rat model of hypertrophy

(Charlemagne et al., 1994) and it has also been suggested, therefore, that the changes are
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due to differential expression of the c-subunit isoforms that have different affinities for
ouabain and Na" in different models of hypertrophy leading to an alteration in the ratio
of isoenzymes. However, ouabain sensitivity alone is not a sufficient criterion for
detecting Na'K'-ATPase isoenzymes as a number of reports suggest that ouabain
sensitivity can be modulated by intracellular factors or cytoskeletal interactions
(Sweadner, 1989). No change in Na'-K'-ATPase activity estimated by K* dependent
nitrophenyl phosphatase activity was observed in hypertrophied ferret hearts in spite of

the increase in o;-subunit protein levels (Book et al., 1994b).

1.8.1.2. Na'-K"-ATPase pump isoform expression in hypertrophy

Changes in o-isoform expression have been reported in hypertrophy. Initial studies
mainly examined mRNA expression. However, mRNA levels may not be proportional
to amounts of pump isoform protein nor to the number of functional pump units.
Subsequent studies have examined both mRNA and protein levels and indicated that
changes may be pre-translational, translational and/or post-translational. These studies
are summarised in table 1.2. Most studies show that o;-isoform expression is unchanged
but o; and as-isoform expression is altered. The changes vary in different species and
models, as well as with the degree of hypertrophy. These apparent differences may
reflect model-dependant phenomena, differences in the severity and stage of hypertrophy
or species differences in the regulation of the Na’-K"-ATPase isoform genes. No change
in expression of the B; subunit has been observed in hypertrophy (Book et al., 1994a,
Book et al., 1994b; Charlemagne et al., 1994).

1.8.1.3. Physiological relevance of changes in isoform expression

Species, developmental and pathological differences in isoform expression suggest that
the Na'-K'-ATPase isoforms are functionally tailored to meet the sodium pump
requirements of hearts with different electrophysiological and contractile properties.
Changes in mRNA and protein levels of the isoforms may alter the functional activity of
the Na'K'-ATPase, as the isoforms differ in their affinities for Na* (Jewell & Lingrel,
1991). The a-subunit has the lowest Ky, value of about 12mM, while the o; and o3 sub-
units have higher Ky, values of 22 to 33mM respectively (Zahler et al., 1997b). Thus if

the total number of pump sites remains constant but the isoform expression changes
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Table 1.2. Summary of studies of Na'-K'-ATPase pump isoform expression in
hypertrophy. Values are mean + SE, * denotes p<0.05, T increased, d decreased, <
unchanged, nd = not detected. RV = right ventricle

Species Model Heart-body Changes in Methods Reference
weight ratio isoform
(control vs expression
hypertrophy)

Rat Aldosterone- 1.7£19 vs o mRNA & Northern blots  Herrera et al.,
salt induced 3.0£2.7 o, mRNA | 1988
hypertension (g.kg")* o; mRNA 4

Rat Partial 20.3£0.6 vs o, mRNA and Northern blots Book et al.,
constriction 27.5+1.0 protein <> and 1994 (a)
of left renal (gmm’')* o, mRNAand Immunoblots
artery (LV vs tibia protein ¥

bone length)

Rat Abdominal 1.78£0.28 vs o, «> Northern blots  Charlemagne et
aortic 2.4+0.07(mild) o, mRNA and and al., 1994
constriction and 3.15+0.45  protein | Immunoblots

(severe) o3 mRNA and
(gke’) protein T

Rat Aldosterone- 2.07+£0.1vs @, protein <> Immunoblots  Charlemagne et
salt induced 3.02+0.16 o, protein ¥ al., 1994
hypertension (gkg™)

Guinea Abdominal 1.62£0.05vs o, mRNA and Northern blots  Trouve ef al.,

-pig aortic 2.27+0.14 protein <> and 2000
constriction (12 months)* o, MRNA and Immunoblots

2.39+0.22 protein T
(20 monEhs)* o; mRNA 1
(gkg™) o3 protein nd

Guinea Aldosterone- 2.050.1vs o, mRNA and Northernblots Ramirez-Gil et

-pig salt induced 3.320.1 protein <> and al., 1998
Hypertension (gkghH* o, mRNA and  Immunoblots

protein T
o; mRNA 1
o3 protein nd

Dog Aortic Not available o, mRNA T Northern blots ~ Zahler ef al.,

banding o protein VRN and 1997a
o mRNA and  Immunoblots
protein \

Rabbit  Aortic 2.4+0.1 vs a, protein ¥ Western blot Nagvi et al.,
constriction  3.8+0.2 (g.kg™)* 2001

Ferret  Abdominal 245+0.12vs o, mRNA «  Northern blots Book et al.,
aortic 3.73+£0.40 o protein T and 1994b
constriction gkg'* o; mMRNA and  Immunoblot

protein <>

Human Hypertension Notavailable o mRNA «>  Northern blots  Jager et al.,
o, mRNA T 2001
o; mRNA T

Human Pressure a; mRNA 4 Northern blots ~ Zahler et al.,
overloaded o, mRNA 4 1993
RV (autopsy) a; mRNA {
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from a predominantly a;-subunit to a more mixed pattern with an increase in o, or as,

this could influence intracellular Na* handling leading to an increase of [Na'};.

1.8.2. Sarcoplasmic reticulum Ca’*-ATPase (SERCA?2) expression in hypertrophy

In human and animal models of heart failure, SERCA?2 activity is decreased, resulting in
abnormal Ca*" handling. This disturbance in Ca®* metabolism is though to contribute to
the contractile dysfunction observed in heart failure. Adenoviral transfer of SERCA2
has been shown to improve left ventricular function in aortic banded rats in transition to
heart failure (Miyamoto et al., 2000). The results of studies of SERCA2 expression in
hypertrophy are summarised in table 1.3. There is considerable variation depending on
the model studied and the degree of hypertrophy. In rats with LVH secondary to
abdominal aortic constriction the reduction in SERCA2 mRNA is associated with a
similar reduction in thapsigargin-sensitive Ca-stimulated ATPase activity in ventricular

homogenates (McCall et al., 1998).

1.8.3. The sarcoplasmic reticulum release channel, the ryanodine receptor, in

hypertrophy

Changes to mRNA levels for the ryanodine receptor have been reported in myocardial
hypertrophy. It is increased in hypertrophy secondary to overproduction of thyroid
hormone (Arai et al., 1991) and in rats with mild LVH secondary to suprarenal
abdominal aortic banding (Arai et al., 1996), reduced in rabbits with RVH (Matsui et al.,
1995) and LVH (Milnes & MacLeod, 2001) and in rats with severe LVH secondary to
suprarenal abdominal aortic banding (Arai et al., 1996), and unchanged in rats with LVH
secondary to abdominal aortic constriction (McCall ef al., 1998), Dahl salt-sensitive rats
(Okayama ef al., 1997) or humans with hypertrophic cardiomyopathy (Somura et al.,
2001). However, the amount of Ca®* released from the SR is not simply determined by
the number of ryanodine receptors but rather by that of the activated form, which is
largely depended on Ca®* influx through dihydropyridine receptors. In the early stage of
hypertrophy in rats ryanodine receptor binding is increased by approximately 30% but
declines again in moderate hypertrophy in spite of a persistent increase of contractile
function (Ohkusa et al., 1997).
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Table 1.3. Summary of studies of the SR Ca**-ATPase (SERCA2) expression in
hypertrophy. Values are mean + SE, * denotes p<0.05, T increased, ¥ decreased, <>

unchanged, PCR = polymerise chain reaction, SHR = spontaneously hypertensive rat,

HOCM = hypertrophic obstructive cardiomyopathy, HCM = hypertrophic

cardiomyopathy, RT-PCR = reverse transcription-polymerase chain reaction

Species Model Heart-body Changes Methods Reference

weight ratio reported
(control vs
hypertrophy)

Guinea Abdominal 1.62+0.05 vs mRNA < in Northern Trouve et al.,

-pig aortic 2.27+0.14 * compensated blots 2000
constriction (compensated) mRNA { in

vs 2.39£0.22  decompensated
(decompensated)
(gkg)*

Rat Thoracic 2.67£0.05vs mRNA < in Quantitative  Feldman et
aortic 3.49+0.23* compensated PCR and al., 1993
constriction (compensated) mRNA { in Northern

2.32+0.05 vs decompensated blots
4.22+0.15
(decompensated)
(gkg)
Rat SHR 2.37+0.04vs mRNA & Northern Ohta et al,
2.77£0.06 Blots 1995
(gkghH*
Rat SHR 3.8+0.5 vs Protein <> Quantitative  Shorofsky et
5.1£0.8 (gkg™) immunoblots  al., 1999

Rat Aldosterone- 2.27£0.04vs mRNA < in Northern Okayama et
salt induced 3.34+0.03* compensated blots al., 1997
Hypertension =~ (compensated) mRNA 4 in

4.08+0.14* decompensated
(decompensated)
(gkg")

Rat Abdominal 1.76+0.07 2.140.08 mRNA and Dot blot De la Bastie
aortic (mild)* protein <> in analysis et al., 1990
constrictio  2.7+0.14 (severe)* mild and
n (gkeg™) d in severe

Rat Abdominal T by 33+4%* mRNA{ Northern Calderone et
aortic (31£2%) blots al., 1995
constriction

Rat Abdominal 2.4+0.1 vs Protein ¥ Western Blots Tsutsui ef al.,
aortic 3.0£0.1(gkg)* 1997
constriction

Rat Abdominal 25% T mRNA Northern McCall et al,,
aortic blots 1998
constriction

Rat Abdominal 0.30+0.01 vs  Protein ¥ Western Blots Boateng et
aortic 0.37+0.01 al., 1998
constriction (g.cm™)**
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Rat Suprarenal 2.3+0.13 vs mRNA T in mild Northern Araietal.,
aortic 3.01+0.03 LVH Blots 1996
constriction (gkg")* mRNA Y in

(severe) severe LVH

Rat Isoproteronol 33+2% T Protein ¥ by Western blots ~ Stein et al.,
infusion 40% 1996

Rat Transgenic 1.42+0.03vs =~ mRNA and Northern Flesch et al.,
with the 1.82+0.03g**  protein ¥ blots and 1997
Renin-2d Heart weight Western blots
gene

Mouse Thoracic 3.1%0.1 vs mRNA T and Northern Ito et al,
aortic 5.44+0.2 protein “1in blots and 2000
constriction (gkgh)* compensated Western blots

mRNA and
protein ¥ in
decompensated

Rabbit  Pulmonary 3.6£0.7 vs mRNA and Northern Matsui et al.,
artery 7.3£0.07 protein ¥ blots and 1995
constriction (gkg")* Western blots

Rabbit Pulmonary 3.4£0.2 vs mRNA { to 56% RNAase Nagai et al.,,
artery 7.7£0.7 of control protection 1989
constriction (gkg')* assay and slot

blot assay

Rabbit  Thoracic 2.4+0.1 vs Protein <> Western blot ~ Naqvi et al.,
aortic 3.8+0.2 2001
constriction (gkgh)*

Human HOCM or Not available  Protein 4 by Western blots ~ Schotten et
aortic 30% al., 1999
stenosis

Human HCM Biphasic force mRNA { Quantitative ~ Somura et al.,

frequency RT-PCR 2001
relationship

Human Hypertension Not available = mRNA T Northern Jager et al.,

blots 2001

In rabbits with LVH secondary to ascending aortic constriction, ryanodine receptor
density decreased while dihydropyridine receptor density was unchanged and this may
result in a degree of functional uncoupling causing defective release of Ca®" from the SR
(Milnes & MacLeod, 2001). No change in ryanodine receptor binding was observed in
SHR's with LVH and increased systolic function (Shorofsky et al., 1999) or in humans
with hypertrophic obstructive cardiomyopathy or aortic stenosis (Schotten et al., 1999).
A recent study in failing hearts suggested that an increase in diastolic Ca*" release as a

result of hyperphosphorylation of the ryanodine receptor increasing sensitivity to
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activating Ca’*, could account for the decrease of the Ca®" transient in heart failure
(Marx et al., 2000).

1.8.4. Na*-Cd’ “-exchanger expression in hypertrophy

Isoforms of the Na*-Ca**-exchanger also occur and isoform shifts in hypertrophy have
been reported. In the newborn rat heart shortly after birth (6 hours), two forms of the
exchanger are detected, that have a high or low affinity to Ca®" and respond differently to
Ca’* chelators. At day 12 both forms are no longer expressed and are replaced by the
adult form, with an intermediate sensitivity to Ca>*. These changes occur in parallel with
a fully functioning SR. The neonatal form with low affinity for Ca®" is found in adult
hypertrophied and spontaneously hypertensive rat hearts (Hanf et al., 1988).

Studies of expression of the Na*-Ca**-exchanger in hypertrophy are summarised in table
1.4. Again considerable variation between models and the degree of hypertrophy is
observed. Despite a depression in Na'-Ca**-exchange mRNA in rats with abdominal
aortic constriction, no difference in sarcolemmal Na-dependent “’Ca uptake activity was
observed in ventricular homogenates from this model (McCall et al., 1998). In patch-
clamp studies in myocytes from the same model, no changes in Na‘-Ca**-exchange
current characteristics were observed (Delbridge et al., 1997) whereas a prolonged time
course of the Na*-Ca®* exchange current was observed in isolated myocytes from guinea
-pigs with mild LVH (Ryder et al., 1993). In guinea-pigs with thoracic aortic
constriction, both Na* current and Na*-Ca®*-exchange current densities were increased in
association with raised protein levels of the exchanger (Ahmmed et al., 2000). However,
the physiological function of the Na*-Ca®*-exchanger during normal twitch contraction
may be altered by factors such as changes of [Na'];, [Ca®*];, membrane potential, or SR
Ca®*ATPase activity. When measured directly, Ca** influx via the exchanger and
outward Na'-Ca?*-exchange were increased in dogs with LVH (Sipido et al., 2000), that
could be explained by up-regulation of the exchanger and / or a change in reversal

potential.
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Table 1.4. Summary of studies of Na‘'-Ca’*-exchanger expression in hypertrophy.

Values are mean + SE, * denotes p<0.05, ** P<0.01, 1 increased, J decreased, <

unchanged SHR = spontaneously hypertensive rat, HOCM = hypertrophic obstructive

cardiomyopathy, HCM = hypertrophic cardiomyopathy

Species Model Heart-body Changes Methods Reference
weight ratio reported
(control vs
hypertrophy)

Guinea Abdominal 1.62£0.05vs  mRNA < in Northern blots Trouve et al.,

-pig aortic 2.27+0.14* compensated 2000
constriction (compensated)

vs2.39+0.22  mRNA Tin
(decompensated)  decompensated
(g.kg")*

Guinea Thoracic 5.0£0.08 vs  Protein T in Western blots ~ Ahmmed et

-pig aortic 5.1£0.1 compensated al., 2000
constriction (compensated) and

vs 5.2+0.1 decompensated
(decompensated)

Guinea Aldosterone- 2.05+0.1 vs mRNA ¥ Northern blots Ramirez-Gil

-pig salt induced 3.3+0.1 etal., 1998
hypertension (gkgh*

Rabbit  Thoracic 2.4+0.1 vs Protein < Western blot  Naqgvi et al,,
aortic 3.8+0.2 2001
constriction (gkgh)*

Rat Abdominal 25% 1 mRNA Northern blots McCall et
aortic al., 1998
constriction

Rat Abdominal 36% T mRNA and RNase Boateng et
aortic protein 0 protection al., 2001
constriction Western blot

Rat SHR 1.88+0.26 vs mRNA T Northern blots Brooks et al.,

3.84+0.44 2000
(gkg")**

Mouse Thoracic 3.1+0.1 vs Protein T in Western blots  Ito et al.,
aortic 5.4+0.2 (gkg')* compensated & 2000
constriction decompensated

Human HOCM or Not available  Protein < Western blots  Schotten et
aortic al., 1999
stenosis

Human HCM Not available = mRNA & Northern blots Somura et

al., 2001

Human Hypertension  Notavailable mRNA T Northern blots  Jager et al.,

2001
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Na' dependent Ca** uptake in purified sarcolemmal vesicles from hypertrophied rat heart
was reduced by 60% in association with a reduced sensitivity to Ca*" (Hanf et al., 1988).
However, in the SHR and rats with LVH secondary to abdominal aortic constriction
increased uptake was observed (Nakanishi et al., 1989). Thus qualitative or quantitative

defects may occur but are not consistent between models.

Abnormal intracellular Ca®* handling appears to play an important role in the progressive
deterioration from compensated to decompensated hypertrophy and heart failure,
however, the mechanisms underlying this remain incompletely understood. As discussed
above alterations in Ca®" regulatory proteins have been described in hypertrophy, but it is
unlikely that a change in the abundance of one specific Ca*" regulatory protein is
responsible. However changes in the interaction of the Ca®* regulatory proteins that
work together to modulate the size and shape of the Ca”* transient could be responsible.
Alterations in Ca®* regulatory proteins described in one model of hypertrophy cannot be
extrapolated to other models or to humans as there are fundamental differences in Ca**
regulation in different species (Bassani et al., 1994a). Furthermore, in-vivo function of a
Ca®" regulatory protein may not be directly related to its abundance as measured in a
Western blot and activity of regulatory protein could be altered because of changes in

their regulation rather than a simple change in protein abundance.
1.8.5. Calcium channels in hypertrophy
1.8.5.1. The L-type Ca** channel in hypertrophy

The role of the L-type Ca®* channel in the pathogenesis of cardiac hypertrophy remains
controversial. In most models the total number of functional channels increases
proportionately with the degree of hypertrophy but as myocyte surface area also
increases, the density of the Ca®" channels remains constant. This has been demonstrated
electrophysiologically in ventricular cells from SHR's (Brooksby et al., 1993), rats with
aortic banding (Scamps et al., 1990; Delbridge et al., 1997; McCall et al., 1998), DOCA-
salt-hypertrophied rats (Momtaz et al., 1996; Gémez et al., 1997b), cats with pulmonary
artery banding (Kleiman & Houser, 1988), guinea-pigs with thoracic aortic banding
(Ahmmed et al., 2000) and cardiomyopathic hamsters (Sen & Smith, 1994). This

finding 1s not universal and appears to be model dependent. Decreased Ic, density has
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been reported in cats with aortic banding (Nuss & Houser, 1993), rats with abdominal
aortic banding (Nakanishi et al., 1989) and ferrets with pulmonary artery banding
(Bouron et al., 1992). Increased I¢, has been reported in guinea-pigs with aortic banding
(Ryder et al., 1993), rats with renal artery banding (Goldblatt) (Keung, 1989) and in
SHR's (Nakanishi ef al., 1989; Xiao & McArdle, 1994). Since, in hypertrophy the Ca™
current density has been shown to be increased, decreased and unchanged in different
models, the changes may be explained either due to the stimulus used to produce
hypertrophy or the degree of hypertrophy produced rather than simply the presence of
hypertrophy itself. It is also important to point out that many of these studies include
small numbers of cells with wide confidence intervals in the data so the possibility of a

type II error cannot be excluded.

The kinetic variables of the Ca*" current have been studied using whole-cell patch-clamp
techniques in hypertrophied myocytes. The voltage dependence of the steady state
activation variable is unchanged in most models of hypertrophy (Kleiman & Houser,
1988; Scamps et al., 1990; Nuss & Houser, 1991; Ryder et al., 1993; Delbridge et al.,
1997). The steady-state inactivation properties of the L-type current were unchanged in
most studies (Scamps ef al., 1990; Nuss & Houser, 1991; Delbridge et al., 1997, Sipido
et al., 2000) but two studies show a significant upward shift in the voltage dependence of
inactivation (Kleiman & Houser, 1988; Ryder et al., 1993). The time course of Ca’"
current inactivation is usually described by the sum of two exponential functions. Both
components were unchanged in most studies (Scamps et al., 1990; Nuss & Houser, 1991,
Shorofsky et al., 1999), however, prolongation of both components (Ryder et al., 1993)
and of the slow component only (Kleiman & Houser, 1988; Keung, 1989) have been
described. These results must be interpreted with caution as the time course may reflect
changes intrinsic to the Ca** current, and / or overlapping currents. The time course of
Ca®* current recovery from inactivation is also unchanged in most studies (Kleiman &
Houser, 1988; Scamps et al., 1990; Delbridge et al, 1997) but in the guinea-pig was
increased in mild hypertrophy (Ryder et al., 1993) and decreased in severe hypertrophy
(Ryder ez al., 1991). In rats with LVH secondary to abdominal aortic banding (Scamps
et al., 1990) and in guinea-pigs with LVH secondary to thoracic aortic constriction
(Wallis et al., 2001), p-adrenergic stimulation was less effective in increasing Ic, in
hypertrophied than in control hearts. However, this effect was not observed in another

study in the SHR (Delbridge et al., 1997). Some of these disparities may result from
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variation in the experimental conditions, e.g. Ca®* currents are frequently measured using
high concentrations of Ca** chelators that may mask changes in the kinetics of the Ca**

current.

These electrophysiological studies on the Ca’" current density would suggest that
changes to the L-type Ca*" current are unlikely to explain the alterations in excitation-
contraction coupling in hypertrophy. However, the release of Ca** from the SR is not
determined simply by the amount of Ca** entering the cell through the L-type Ca**
channel but may rather depend on single channel properties of the channel that is not
reflected in the magnitude of the current. To date there are few data available on the
single channel properties of the L-type Ca®* current in hypertrophy. The principal
regulator of the L-type Ca®" current in cardiac cells is P-adrenergic stimulation, which
activates the intracellular cAMP cascade resulting in an increased opening probability of
the channel (McDonald et al., 1994). Using confocal microscopy and patch-clamp
methods in hypertension-induced hypertrophy and heart failure in rats, Ca** current
density and SR Ca**-release channels were normal but the ability of the Ca®* channels to
activate SR Ca’" release was impaired (Gémez et al., 1997b). This defect could be

corrected by B-adrenergic stimulation in the hypertrophied but not the failing myocytes.
1.8.5.2. The T-type Ca’* channel in hypertrophy

In addition to a putative contribution to automaticity, T-type Ca”" channels are associated
with hypertrophy. However, a pathophysiological role for them in the development of
hypertrophy remains to be determined. T-type Ca>* channel expression is promoted by
long-standing pressure induced hypertrophy in cats and is absent in normal adult feline
myocardium (Nuss & Houser, 1993). An increase in the density of the T-type Ca®*
current has also been demonstrated in cardiomyopathic hamsters (Sen & Smith, 1994).
In voltage-clamp studies T-type Ca’’ currents have been demonstrated in rats with
pressure-overload hypertrophy (Martinez et al., 1999). However, T-type Ca®* currents
have not been demonstrated in humans with hypertrophy secondary to aortic valve
disease (Bénitah et al., 1992) or cardiomyopathy (Beuckelmann et al., 1991) or in
guinea-pigs with thoracic aortic constriction (Ahmmed et al., 2000).
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1.8.6. The Na'-H "-exchanger

Five isoforms of the Na'-H'-exchanger (NHE) have been cloned (NHE-1 through to
NHE-5). The NHE-1 isoform is expressed in virtually all tissues and species and is the
primary NHE subtype found in mammalian cardiac cells. NHE is the major regulator of
intracellular pH by extruding H" in exchange for Na' influx in a 1:1 stoichiometric
relationship rendering the process electroneutral. The NHE-1 is localised primarily in
the intercalated disc region of atrial and ventricular myocytes and the transverse tubular
system (Petrecca et al., 1999) and thus may be important in cell-to-cell communication
and regulation of [Ca®"];, The major stimulus for NHE-1 activation is intracellular
acidosis and approximately 60% of the H' removal capability of the cardiac cell is
mediated via NHE (Lagadic-Gossman et al., 1992). Na' can affect NHE-1, but is
unlikely to be a major regulator within the physiological range (7-16 mM) of [Na']; (Wu
& Vaughan-Jones, 1997).

There is increasing evidence from a variety of tissues that cell growth and proliferation
may be regulated by NHE. Stretch-induced protein synthesis in neonatal cardiac
myocytes (Yarmazaki et al., 1998) and noradrenaline induced protein synthesis in
cultured rat cardiac myocytes (Hori et al., 1990) can be blocked by NHE inhibitors.
Interestingly, in rats with LVH secondary to aortic banding, the ability of endothelin-1
and angiotensin II to activate NHE is impaired (Ito et al., 1997a). This may represent a
potential protective compensatory response to attenuate potential deleterious effects of

NHE activation.

1.8.6.1. The Na'-H'-exchanger in hypertrophy

Hyperactivity of the Na'-H'-exchanger could result in an increase of [Na'];. There is
evidence that the Na'-H -exchanger plays an important role in the increase in [Na'); seen
in ischaemia (Pike et al., 1993) but its role in hypertrophy is unclear. Enhanced activity
of the Na'-H'-exchanger has been demonstrated in the SHR (Peréz et al, 1995;
Schussheim & Radda, 1995). The increased activity in this model is mediated by a
protein kinase C dependent mechanism and inhibited by the ACE-inhibitor, enalapril
(Ennis et al., 1998). However, in rats with thoracic aortic banding resting pH; and its

rate of recovery from maximal intracellular acidification were similar in control and
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hypertrophied cells (Ito et al., 1997a) and similar findings were reported in ferrets with
right ventricular hypertrophy (Do et al., 1996).

Increased NHE-1 mRNA has been demonstrated in rabbits with LVH secondary to
ascending aortic constriction (Takeawaki et al., 1995). Altered mRNA isoform
expression of the Na® independent CI-HCO; anion exchanger (AE) has been
demonstrated in the SHR with a decrease in the AE1 isoform and an increase in the AE3
isoform, in association with increased activity of the AE (Chiappe de Cingolani et al.,

2001).

1.9. Summary

There is conflicting data concerning the effects of cardiac hypertrophy on contractile
function, intracellular ion concentrations and the membrane pumps and ion channels
involved in their regulation. These discrepancies are probably due to multiple factors,
including species differences, the age of the animal at the time of the insult and the
severity of hypertrophy produced. The effects are also model-dependent and even
within the same species the mechanism by which cardiac hypertrophy is generated,
pressure overload, volume overload, genetic alteration, rapid rate pacing, catecholamine

administration etc, will influence the results obtained.

Many of the experimental studies on cardiac hypertrophy and heart failure have
concentrated on the transition period from hypertrophy to heart failure and there is less
information on the mechanisms that underlie the initial development of myocardial
hypertrophy and the earlier stages of compensated hypertrophy. Furthermore, in many
animal models and in diseased human hearts, hypertrophy may be concentric or eccentric
and the disease process may not be uniformly distributed throughout the myocardium.
Thus it is difficult to compare results from different models of hypertrophy at different
stages of disease. More consistent data are likely to be obtained using a single animal
model of disease, which can be studied longitudinally during the progression of the

disease process.

LVH secondary to hypertension and aortic stenosis are often considered together to be

"pressure overload" hypertrophy, however, there are few studies directly comparing
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hearts hypertrophied secondary to these two causes. Because hypertension and aortic
stenosis place different mechanical loads on the heart, present the heart with different
neuroendocrine environments, and result in different coronary artery perfusion pressures,
it is hardly surprising that differences exist in the behaviour of the myocardium
hypertrophied by hypertension and aortic stenosis. A recent study suggested that there
are differences in the tolerance to ischaemia in these two models with a protective effect
seen in Dahl salt-sensitive hypertensive rats but not in rats with LVH secondary to aortic
banding (Saupe et al., 2000). The aim of this thesis was to study contractile function and
changes to intracellular ions in a guinea-pig model of LVH, induced by ascending aortic

constriction. This model closely mimics aortic stenosis in humans.
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1.10. Hypotheses

The following hypotheses will be tested.

1. Left ventricular hypertrophy is associated with an alteration to the resting
intracellular concentrations of Na' and H' and consequent changes of contractile
performance.

2. The changes to the intracellular ion concentrations are mediated by altered activities
of the primary and secondary active transport processes.

3. Intracellular Ca** regulation is downregulated.
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Chapter 2: Methods

2.0. General protocol

In vitro experiments were performed to investigate the mechanical properties of left
ventricular hypertrophy in a model of surgically-induced pressure-overload in guinea-
pigs and to determine the effect of hypertrophy on intracellular ion concentrations and

their regulation.

2.1. The experimental model of left ventricular hypertrophy

Left ventricular hypertrophy was induced in adult guinea-pigs by partial constriction of

the ascending thoracic aorta.
2.1.1. Details of the animals used

Male Dunkin-Hartley barrier maintained guinea-pigs (Bantin & Kingsman Universal
Ltd, UK) weighing 600-900g were used. They were housed for 7-14 days prior to
surgery in solid floor pens 52 x 85 x 25 cm (Modular Systems & Development Company
Ltd, UK) and in single pens 54 x 37 x 25 cm (North Kent Plastics, Ltd, UK) post-
operatively. Neither food nor water were restricted pre- or post-operatively. LVH was
induced by aortic banding using a modification of the method described by Ling & De
Bold (1976).

2.1.2. Anaesthesia, intubation and ventilation

Animals were anaesthetised with a 1:1 mixture of O, and N,O with 2% halothane
((Fluothane, Zeneca Ltd, UK) and at a rate of 1 1. min™ via an open face mask with the
aid of a standard anaesthetic apparatus (Model 3000, Gardner Medical Engineering, Ltd,
UK). Under deepening anaesthesia, an intra-peritoneal dose of (30 mgkg’)
methohexitone sodium (Brietal®, Eli Lilly, UK) was administered. Animals were
intubated by direct visualisation with a curved 12 gauge intravenous cannula (Sherwood
Medical Ltd, Ireland) using a purpose-designed laryngoscope (Tumer et al., 1992).
Throughout the process of intubation, mucous and ingestia were removed from the
pharynx using a sterile 10 FG suction catheter (Portex, Ltd, UK) connected to a suction

pump, to prevent death by tracheal occlusion. The animal was placed in the dorsal
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recumbent position and the cannula connected to a small animal ventilator (Model
501916, Harvard Apparatus Ltd, UK). The pressure ‘pre-set control’ of the ventilator
was adjusted to the minimum position, allowing the inflation pressure to be controlled
using oxygen from the anaesthetic apparatus. The animal was ventilated with 0.4 1. min”
O, at a rate of 100 breathsmin” throughout the procedure, and supplementary
anaesthesia using 0.5% halothane by inhalation was administered if required.
Requirement for additional anaesthesia was assessed visually and 0.5% halothane was
introduced from a calibrated vaporiser when it was considered necessary to deepen the

anaesthetic plane of the animal.

The animal was covered with sterile surgical drapes leaving the left side of the chest
exposed. This area was shaved with Oster AS animal clippers and swabbed with a

proprietary iodine/alcohol preparation (Betadine®, Seton Healthcare, UK).

2.1.3. Incision and operation

The eventual line of incision and the pectoral muscles were injected with 1 ml 0.5%
lignocaine with adrenaline 1:200,000 (Xylocaine®, Astra Pharmaceuticals, Ltd, UK).
On attaining a suitable level of anaesthesia (assessed by loss of pedal reflex), a left
thoracotomy was performed by making an incision in the second intercostal space using
a size 10 surgical blade and cutting through the pectoral and intercostal muscles with 6”
MclIndoe scissors. At this stage ventilation was reduced to 0.3 L.min™ to reduce lung
inflation around the surgical site. The ribs were held apart using modified 2.5” Alm skin
retractors. Excess fat was cleared from the aorta by blunt dissection and the careful use
of Pott’s Iris scissors (45° angled on side) to avoid damage to the pulmonary artery or the
aorta. The pulmonary artery was separated from the aorta by blunt dissection and a piece
of suture was gently pulled around the aorta using haemostatic forceps to facilitate
further clearing of excess fat from around the aorta and to guide placement of the aortic

clip.

A small high-density plastic clip (1.5 mm thick, Goodfellow, UK) with an internal
diameter of 1.99 mm smeared with 0.4% sodium hyaluronate (Sepracot, Genzyme, UK)
was placed around the ascending aorta. Sepracote was used in order to reduce collagen

and connective tissue adhesion. The clip was positioned as high as possible on the aorta

73



to enable subsequent Langendorff perfusion of the isolated whole heart for single cell
isolation. In the sham animals, the same operative procedure, including manipulation of

the aorta, was performed but no clip was placed round the aorta.

At the end of the procedure the retractors were removed and the ventilation increased to
0.4 L.min". The ribs were apposed and sutured with a non-absorbable polypropylene
monofilament suture (3/0 Prolene® W8522, Ethicon, UK) interrupted in a ‘figure 8’
while pulmonary inflation was maintained. The intercostal and pectoral muscle layers
were closed using continuous sutures with braided absorbable suture (3/0 Vicryl®
WO9114, Ethicon, UK). The skin was closed using braided non-absorbable suture (3/0
Mersilk®, W328, Ethicon, UK).

2.1.4. Recovery

The guinea-pig was left to recover from the operation while still intubated and receiving
oxygen. When the animal showed signs of breathing spontaneously it was disconnected
from the ventilator, placed in the prone position and oxygenated via a face mask at a rate
of 1to 1.5 Lmin™”. Subcutaneous injections of 0.6 pg.kg" buprenorphine (Temgesic®,
Reckitt & Coleman, UK) were given for analgesia. Mucous and ingestia were removed
from the pharynx by suction and the animal was extubated. The animal was placed into
an open-topped rodent cage where the body temperature was maintained using an
overhead heating lamp. Each animal was observed for at least one hour before being
introduced into a single cage to continue recovery. Animals were housed at 20 + 2 °C
with a relative humidity of 50 + 5% and a 13 hour light, 11 hour dark cycle. Animals
received Biosure RGP diet (Biosure Ltd, UK) and fresh water ad libitum.

All procedures were performed in accordance with the “Guidance on the operation of the

Animals (Scientific Procedures) Act 1986” HMSO, London.

2.1.5. Regression of left ventricular hypertrophy

42 = 3 and 100 £ 3 days after induction of LVH animals were anaesthetised, intubated
and ventilated as described above. A thoracotomy was performed in the third right

intercostal space, the constricted portion of the ascending aorta was cleared of connective

74



tissue and the clip was cut and removed. The thoracotomy was then closed and the

animals were allowed to recover as before.

To provide age-matched controls, animals underwent a second sham operation, 42 + 3 or
100 + 3 days after the initial sham operation. The operative procedure was as described
above; a right-sided thoracotomy was performed, the ascending aorta was visualised but
there was no constricting clip to remove and the thoracotomy was closed. Animals were

allowed to recover and housed as described above.

2.2. Solutions and chemicals

Experimental solutions were freshly prepared each day. AnalaR® grade reagents in
solid form (BDH Laboratory Supplies, Poole, UK) were weighed and added to 'ultra-

pure’ reverse osmosis water from a Milli-Q system (Millipore, UK).

Strophanthidin-G (ouabain), (Merck Ltd, UK) was dissolved in AnalaR® grade water to
make a 1 mM stock solution. Aliquots of this were added to Tyrode’s solution to
provide a final concentration of 10 nM to 3 uM.

Amiloride hydrochloride (Sigma Chemical Company, USA) at a concentration of 1 mM,
ammonium chloride (NH4Cl) (Sigma Chemical Compamy, USA) at a concentration of
10 mM and caffeine (Sigma Chemical Compamy, USA) at a concentration of 10 mM

were added to experimental solutions prior to their application.

Solid KC1 (112.8 g) was dissolved in 500 ml ‘ultra-pure’ water to provide an electrolyte

solution with a concentration of 3 M and used as a micropipette filling solution.

2.3. Isolated preparations

Between 50 and 250 days post-operatively animals were weighed immediately prior to
study and then sacrificed by cervical dislocation. No animals showed clinical evidence of
heart failure. All procedures were performed according to Guidance on the Operation of
the Animals (Scientific Procedures) Act 1986, Her Majesty's Stationery Office, London,
UK. The hearts were removed immediately, weighed, (OHAUS® LS 200, OHAUS
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Scale Corporation, New Jersey, USA) and placed in a dissection tray containing pre-
gassed Tyrode's solution at 37 °C. The right or left ventricle was opened along the
interventricular septum and a papillary muscle was identified. A 7/0 silk tie (D1550,
Dixey Instruments, Ltd, UK) was secured around each end of the muscle and the tissue

excised. The preparations were <Imm in diameter and between 3 and 5 mm in length.
2.3.1.Tension recordings

The isolated papillary muscle was transferred to a horizontal Perspex tissue superfusion
trough (figure 2.1). The preparation was tied to a hook, fixed to the proximal end of the
trough, using the suture already attached to the muscle. The other end was secured to a
hook on an isometric tension transducer (Statham UC2, USA) that was mounted on a
micromanipulator (Prior Instruments, UK) to facilitate adjustment of the resting length of

the muscle.

The preparations were superfused with Tyrode’s solution (table 2.1). The solutions were
warmed in a water bath maintained at 37 + 0.5 °C supported on a shelf three feet higher
than the experimental table, and equilibrated with 95% O,/5% CO,. The solution was
fed to the tissue preparation by gravity, in tubing enclosed within circulating water at 37

+ 0.5 °C, at a flow rate of 5 ml.min™'. The superfusate then drained directly to waste.

Table 2.1. Composition of normal Tyrode's solution

Compound Concentration (mM)
NaCl 118
NaHCO; 24
KC1 4.0
MgCl,.6H,0 1.0
NaH,PO,.H;0 0.4
CaCl,.6H,0 1.8
Glucose 6.1
Na pyruvate 5.0

Gassed with 95% O,, 5% CO,, pH 7.35
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Figure 2.1. Diagram of superperfusion apparatus

A. Two-way tap B. Fixed hook

C. Muscle preparation D. Hook attached to tension transducer
E. Plate securing tension transducer to micromanipulator

F. Tension transducer G. Waste outlet

H. Platinum plate electrode
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Isometric tension was measured via the tension transducer that formed the variable arm
of a Wheatstone bridge. Output from the transducer was amplified, and low pass filtered
at 15 Hz. The signal was displayed on a digital oscilloscope (Hameg HM205- 3,
GMBH, Frankfurt, Germany) and via a pen recorder (Gould BS-273, Gould Instruments
Ltd, Ilford, Essex, UK).

The signal from the tension recorder was calibrated by suspending solder blocks of
known weights from the hook of the force transducer. The voltage deflection for each
applied weight was then recorded and a calibration curve plotted (figure 2.2). Force, F,
was expressed in Newtons from the relationship F = mg where g = 9.81 m.s®. The
relationship between force in mg (or mN), and recorded output voltage for the tension

recording system was linear over the range studied.

Output (V)

y=-0.12+3.16x, r=0.999
16.0

14.0
12.0
10.0
8.0
6.0
4.0
2.0

0.0 T | | | |

0.0 1.0 2.0 3.0 4.0 5.0
Force (mN)

Figure 2.2. Calibration of tension transducer at a fixed recording gain

Mechanical stability of the preparation was ensured by performing experiments on a
steel table top which was isolated from its base by neoprene and teflon anti-vibration
padding (Neoprine-Teflon Composite, SK Bearings, Cambridge, UK). The base was
further protected from vibration by immersing the legs in sand. The perfusion bath was

screwed into aluminium slots bolted to the steel top table.
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2.3.2. Experimental procedures

Once the preparation was mounted, suprathreshold stimulation was initiated to elicit

contraction. The preparation was stretched gently at intervals using the

micromanipulator until maximum tension was recorded. The stimulation threshold was

then reduced until just supramaximal and the preparation allowed to equilibrate for one

hour.

Interventions and experiments included:

@

(ii)

(iii)

@iv)

Force-frequency response. The stimulation frequency was increased between 0.4
and 2.0 Hz. At each frequency tension was recorded when steady state was
achieved.

Effect of strophanthidin. The force-frequency response in (i) was repeated in the
presence of increasing concentrations of strophanthidin (10 nM to 3 pM)

Effect of reduced external Na concentration. The force—frequency response in
(i) was performed in the presence of low Na" Tyrode’s. NaCl was substituted
with Tris-Cl as shown in table 2.2 to give Tyrode's with a [Na] concentration of
29 mM. This solution was then mixed with 147 mM Tyrode's to produce
Tyrode's with [Na] concentrations of 29, 50, 70, 90, 110, 130 and 147 mM as
shown in table 2.3.

Measurement of [Na']; using ion-selective microelectrodes.

Table 2.2. Composition of low-Na Tyrode's solution

Compound Concentration (mM)
Tris-Cl 118
NaHCO3; 24
KCl 4.0
MgCl,.6H,0 1.0
NaH,PO4.H,0 0.4
CaCl,.6H,0 1.8
Glucose 6.1
Na pyruvate 5.0

Adjust to pH 7.8 with HCL. Gassed with 95% O,, 5% CO..
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Table 2.3. Combination of normal and low-Na Tyrode's solutions

[Na‘]. 147 mM NaCl Tyrode's 118 mM Tris-Cl Tyrode's
29mM 0% 100 %

50mM 17.8 % 82.2%

70mM 34.75 % 65.25 %

90mM 51.7% 48.3 %
110mM 68.65 % 31.35%
130mM 85.6 % 14.4 %
147mM 100 % 0%

2.4. Preparation of ion-selective microelectrodes

An ion-selective microelectrode can be considered as a layer separating two electrolyte
solutions, a test solution and a filling solution of known composition. A typical
arrangement of an ion-selective electrode is shown in figure 2.3. A potential will be
generated at the interface between the test solution and the ion-selective electrode (7),

the magnitude of which will depend upon the electrolyte composition of the test solution.

The potential, however, cannot be measured in isolation but only with respect to another
stable potential as a potential difference (pd). The second stable potential is generated at
a reference electrode (¥;-V3) also placed in the test-solution to complete the circuit. The
reference electrode was an Ag/AgCl electrode placed in a solution of 3 M KCl. The pd
was measured by a voltmeter and the ion-selective electrode connected to the voltmeter
via an Ag/AgCl electrode. At each interface in the system a potential, V;, develops and
the pd recorded by the voltmeter is the sum of these potentials. The recorded pd is 2i-1.7
Vi

Ag/AgCl /3M KCl /test solution /ion-selective membrane /filling solution /AgCl/ Ag
Vi Vs Vs Vs Vs Ve V7

Each slash (/) represents a junction where a potential develops. The potential at the ion-
selective membrane / test solution interface, V,, is the one of interest. ¥; and V; are

potentials between the Ag wire and the AgCl coating, ¥, and Vj are potentials between
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the AgCl coating and the filling solutions of the reference and ion-selective electrodes,
fj 1is a liquid junction potential between the reference electrode and the test solution. All
of these potentials must remain constant, otherwise changes may be interpreted as an
alteration of v+« The 3 M KCI bridge was placed between the reference Ag/AgCl
electrode and the test solution to prevent a variable potential being developed when the

test solution [Cf] was altered.

rubber seal
Voltmeter

Ton-selective

electrode
NaCl solution at

known
Reference standard
ctrode concentration

Ag/AgCl
electrode

Ion-exchange resin
permeable only to
Na+

Banier selectively
permeable to ion of interest

Figure 2.3. Schematic representation of a microelectrode selective for Na* is shown in

(A) and the experimental arrangement is shown in (B).

2.4.1. Manufacture ofAg/AgCl electrodes

Connection between the ion-selective electrode, filling solution, reference salt bridge and
the recording apparatus was made with Ag/AgCl electrodes. These were made by slowly
depositing a layer of AgCl onto a segment of clean silver wire by electrolysis. Using a
blunt scalpel blade, 1-2 cm of coating was scraped off thin Teflon® coated silver wire
(Advent Research Materials, Ltd, UK) lengths to reveal bare metal and leaving the
remainder of the wire length covered by insulating material. A second thicker piece of
silver rod was prepared for the electrolysis process. To clean the silver wires before

coating, the prepared silver wires and the rod were placed into a solution of 100 mM KCI
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and connected to a 9 V battery as in figure 2.4(A). A vigorous stream of bubbles
emanated from the silver wires and a whitish deposit of AgCl formed on the thick silver
rod connected to the positive pole of the battery. The silver rod was cleaned with tissue
paper and the silver wires and rod were placed into a fresh solution of 100 mM KCI. The
polarity of the connections to the battery were reversed and a large resistor (50 kQ2) was
placed in series to limit current through the circuit as shown in figure 2.4(B). Over a
period of several minutes a blackish deposit of AgCl was deposited on the silver wires.
The wires were removed and stored in air for later use. To maintain a stable reference
junction, all electrode solutions in which the Ag/AgCl electrodes were placed were

saturated with AgCl to prevent solubilisation of the coating.

Silver rod

wires
battery

100 mM KCl

(B) .

Silver rod

-+ Silver
wires
9V
battery
100 mM KCl1

Figure 2.4. Manufacture of Ag/AgCl electrodes. In the upper panel (A), the procedure
for cleaning Ag wire is shown and in the lower panel (B), the procedure for coating the

Ag wire with AgCl is shown.
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2.4.2. Preparation of microelectrodes

Conventional glass microelectrodes made from borosilicate glass capillaries, (GC 150F-
15, Clark Electromedical Instruments, UK) with tip impedance of 10-18 MQ when filled
with 3 M KCl, were pulled using a horizontal micropipette puller (Flaming/Brown P-87,
Sutter Instruments Co, California, USA).

2.4.3. Preparation of reference electrodes

Polyvinyl chloride tubing (5 cm) with a ceramic plug in one end was filled with 3 M KCl
solution to allow insertion and immersion of a coated Ag/AgCl electrode to form the
reference electrode. The reference electrode was placed downstream from the

preparation, to prevent possible contamination of the superfusate with KCI.

2.4.4. Preparation of Na'-selective microelectrodes

Glass microelectrodes were silanised to render the inside of the pipette hyprophobic to
allow oily ion-selective ligand solution to fill the tip and prevent electrolyte shunt via an
aqueous layer on the inner wall of the pipette. Microelectrode blanks were pulled from
borosicilicate glass capillaries, 1.5 mm outer diameter, 0.8 mm inner diameter (GC 150
F-15, Clark Electromedical Instruments, Pangboume Reading, UK) using a
Flaming/Brown microelectrode puller, model P-87 (Sutter Instrument Co. USA). The
tip-size and taper was varied by alteration in the heat, velocity or strength of the pull.
These pipettes have a resistance of 10-18 MQ when filled with 3 M KCl, and these were
used for intracellular potential recording. To prepare the Na'-selective microelectrodes
the blanks were heated at 200 °C for 10 minutes to drive off any water from within the
barrel and transferred in a dessicator to a fume cupboard for silanisation. About 2 ml of
a silane (dimethylchlorosilane) (Fluka Chemie, Sigma-Aldric Corporation, UK) was
placed in a 20 ml beaker and the top covered with parafilm. 4 to 5 microelectrodes were
poked through holes in the parafilm and the stems exposed to vapour for 3 minutes. The
pipettes were then baked at 200 °C for 40 minutes and stored in a dessicator until ready
for filling. The microelectrodes were filled by introducing a small amount of Na®
selective  material, N,N,N '-triheptyl-N,N N’ ’-trimethy1-4,4’,4”-propy1idyne-tris(3-
oxabutyramide), with sodium tetraphenylborate (ETH227, Fluka Chemicals, Glossop,
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Derbyshire, UK) into the tip using a drawn out piece of polythene tubing. The remainder
of the micropipette was filled with a reference solution containing 10 mM NaCl and 140
mM KCI. Filling was achieved by injecting the solution through another piece of
polythene tubing taking care to avoid any air bubbles between the ligand and the

reference columns.
2.4.5. Connections to recording devices

Ton-selective microelectrodes have a high direct current impedance (between 10" and
10'2 Q) and special care must be taken over the recording system used and arrangement
of the experimental system. The microelectrodes and recording devices were shielded

from extraneous fields by a Faraday cage.
2.4.6. Description of the headstage

Due to the high impedance of the ion-selective microelectrodes, a commercial isolation
amplifier from Analog Devices (AD 204) was used instead of a conventional
electrometer amplifier. In this system, electrical isolation between between input and
output is achieved by transformer coupling between these stages. Power for the device
was supplied by a clock driver (AD 246). The manufactures specification quotes an
input impedance of 10'* Q, however, in practice it was found to have a much higher
value, especially when a Field effect transistor (FET) operational amplifier (op amp) is
placed in series with the input stage as a voltage follower. The arrangement is shown in

figure 2.5.

The input impedance was checked by imposing a 50 s square wave to the input and
recording the amplitude of the signal. A similar procedure was followed with accurate
resistors of values 10!, 10" 10" Q and no degradation of the steady-state signal
amplitude was observed. The source impedance of the ion-selective electrode was about
10" Q as gauged by carrying out a similar procedure but using a Junction-FET input
stage pre-amplifier (input resistance 10'* Q) and with known resistances in parallel with

the 1on-selective electrode.
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The input bias current of the head-stage was about 10 fA measured as described below

(Fry & Langley, 2001).

il AD 204

W [ G
- 1
g IR

+15V 0V power

Figure 2.5. Headstage for ion-selective microelectrodes comprising isolation amplifier
AD 204 and clock driver AD 246. The clock is driven from a +15V power source. The

gain of the amplifier is (1+ (R1/R2)), Z is the ion-selective microelectrode impedance.

2.4.7. Measurement of input bias current of the headstage

With an ideal op amp the resistance between the two inputs should be infinite when they
are unconnected (open circuit) and the voltage between them zero. In the real case the
internal circuitry generates a small current at each input. If i+ and i, are these small
currents at the non-inverting and inverting inputs respectively, the input bias current, i,
is the average of ip+ and ip. If an impedance, Z, (i.e. an electrode) is placed on the non-
inverting input a voltage ip+ .Z will be generated. If either of these two variables does
not vary much there would be no problem because the output is referenced to another
(arbitrary) voltage at the reference electrode. If however, Z changed then this would
alter this voltage and manifest as a drift if the change was slow. Therefore it is important

that i, is low enough not to generate a significant error.

85




FET op amps have an input bias current of ~ 1 pA (10> A) or a bit higher. If the
electrode resistance is 1 MQ a voltage of 1 uV will develop. If the electrode resistance
is 1 GQ (10° ) this voltage would be 1 mV. An increase in the electrode resistance to 5
GQ, because of gradual deterioration, would increase the input offset voltage to 5 mV.

This drift of 4 mV must not be of a significant magnitude compared to the true potential

change at the ion-selective electrode.

The input bias current can be measured using the circuit shown in figure 2.6. Resistors
R; and R; can be shorted using the switches S; and S;. The capacitors are used to reduce
transient effects. When S; and S; are closed the circuit is a voltage follower. Any output
voltage, Vo, will be due to internal imbalances in the two inputs and is termed the input
offset voltage, Vi,. When S, is open and S, is closed Vg is now Vi, + Ry. ip+ . When S,
is closed and S, is open Vg is now Vi, + Ry. ip.  The values of i,+ and i, can be
calculated from these measurements. Values of R; and R, have to be chosen appropriate
to the likely values of 1,. If i is 1 pA, values of R; and R; should be 10° Q and larger

values for smaller iy,

S1

e

S
Vin
1

1|
10nF

Figure 2.6. The arrangement for measuring the input bias currents at the non-inverting

and inverting inputs of an op amp.

86



2.4.8. Recording of intracellular potentials

The Na'-selective and KCl microelectrodes were mounted on separate
micromanipulators (World Precision Instruments Ltd, Stevenage, UK) and immersed in
the superfusate. The experimental arrangement is shown in figure 2.7. A streaming KC1
electrode was used as a reference electrode. Junction field-effect transistors (7621,
RadioSpares, Corby, UK) were used as input stages in the pre-amplifiers for the KCl
microelectrode and reference electrode pair, arranged in an instrumentation mode and
with a gain of 10. The pre-amplifier outputs were flat to 5 KHz with a 20 MQ load on
the input.

The KCI electrode was first advanced into the muscle until a stable impalement was
achieved, manifest as a constant resting potential of -75 to -95 mV. The Na'-selective

microelectrode was then advanced into the muscle until a stable impalement was

microelectrode

achieved.
[ Recorder |
} +
+ Membrane potential E |
3 mol.l'' KCI Reference }
electrodes

on-selective -
lectrode
+

microe

Preparation

Figure 2.7. Schematic representation of the experimental arrangement for measurement

of intracellular [Na'] using ion-selective microelectrodes
Outputs were displayed on a digital storage oscilloscope (Hameg HM205-3, GMBH,

Frankfurt, Germany) and downloaded to a pen recorder (Gould BS-273, Gould
Instruments Ltd, I1lford, Essex, UK)
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When the Na'-selective electrode penetrates the cell, the total recorded potential
difference, Ej, has two components, one is the membrane potential, E;,, and the second,
Ena results from the difference of Na* activity between the inside and outside of the cell.
The membrane potential measured by a separate 3 M KCl filled microelectrode was
subtracted from the total potential. Different cells were penetrated with ion-selective and
conventional KCI microelectrodes but it is assumed that the membrane potential of all
cells is similar due to electrotonic coupling. This was verified by depolarising the
preparation with 40 mM KCl. When the two intracellular electrodes recorded identical
depolarisations (within 1mV) the above assumption was regarded as viable and then Ey,

was recorded as Eis-En.

2.4.9. Calibration of Na'-selective microelectrodes

Ion-selective microelectrodes measure the chemical activity, a, of an ion in solution
which is related to concentration, ¢, by an activity coefficient, 8. Calibrating solutions
were made up as standards with known concentrations of Na and the calibration curve
used these concentrations to relate to a given voltage. Thus the potential differences
recorded by the ion-selective/reference electrode pair will be a function of the
concentration of the [Na'], Cy, provided the relationship between activity and
concentration does not alter. In practice this was achieved by working over a limited
range of concentrations and ensuring that the ionic strength remained constant and was

similar to the test solution.

The [Na] calibrating solutions contained NaCl and KClI so that the sum of the NaCl and
KCl concentration was 147 mM. The solution also contained 3mM MgCl,, 10 mM
HEPES to buffer the pH to 7.2 and low [Ca*"], 0.4 uM, maintained by the Ca** buffer,
EGTA, to mimic the intracellular space (table 2.4). The [Na'] was varied between 0 and
147 mM (0 mM, 5 mM, 7 mM, 10 mM, 15 mM, 20 mM, 50 mM and 147 mM with
[Na'+[K']=147 mM.
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Table 2.4. Calibrating solutions for Na'-selective microelectrodes

147 mM KCl 147 mM NaCl
MgCl, 3.0 mM 3.0 mM
EGTA 4.0 mM 4.0 mM
CaCl, 2.1 mM 2.1 mM
HEPES 5.0 mM 5.0 mM
KCl 147 mM
NaCl 147 mM

Adjust to pH 7.1 with 1M KOH

A typical calibration curve is shown in figure 2.8. Note the potential difference recorded
in Tyrode's solution is not the same as that in 147 mM [Na] calibrating solution, even
though the [Na] is the same in both solutions; this is largely due to the difference in
[Ca*] between the two solutions and reflects the Ca®" interference on the ion-selective
electrode. As shown in figure 2.9 the relationship between potential difference and log
[Na] is linear over the higher range of concentrations but deviates when [Na]
concentration < 10 mM. The reason for the deviation at low [Na'] is because of the

increasing interference by ions such as K.

E ,mV
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[Na] mM

Figure 2.8. Calibration of a Na'-selective microelectrode using calibrating solutions with

known [Na] concentrations
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Figure 2.9. Calibration of Na'-selective microelectrode. The potential difference

recorded is plotted against log [Na]
2.5. Cell isolation

Ventricular myocytes were prepared by enzymatic disruption of the isolated heart using a
Langendorff perfusion system (Hall & Fry, 1992). All solutions used in the cell isolation
procedure were made using laboratory grade II distilled water (BDH AnalaR®, Poole,
UK).

2.5.1. Langendorff perfusion method

The animals were weighed and then sacrificed by cervical dislocation. The thorax was
opened and the heart removed as rapidly as possible. The heart was placed in a beaker of
ice-cold, nominally calcium-free Tyrode’s solution (see table 2.5) and weighed
(OHAUS® LS 200, OHAUS Scale Corporation, New Jersey, USA). It was then
transferred to a second beaker of the same solution and the left ventricle gently massaged
to expel all blood from ventricular cavities. The heart was then tied to a Langendorff
perfusion apparatus using 2/0 silk. The heart was then secured to the perfusion cannula
via the transected aorta, care being taken to avoid damage to the aortic valve. Successful
cannulation was indicated by prompt perfusion of the coronary arteries and a

physiological perfusion pressure.
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Table 2.5. Nominal calcium-free Tyrode’s solution

Compound Concentration (mM)
NaCl 120
KCl1 54
MgSO4 5.0
HEPES 10
Na pyruvate 5.0
Glucose 20
Taurine 20

Adjusted to pH 6.98 with 1 M NaOH

Perfusion was commenced with nominal calcium-free Tyrode’s solution for
approximately 5 minutes, followed by the same solution containing 200 uM CaCl, and
protease 0.30 mg.ml” (Protease Type XXIV, Sigma Chemical Company, USA) for 2 to 3
minutes. The perfusate was then changed to one without protease but containing 0.25 —
0.30 mg.ml™” collagenase (Type II, Worthington Biochemical Company, New Jersey,
USA) and 0.60 mg.ml"' hyaluronidase (Sigma Type I-S, Sigma Chemical Company,
USA) for 5-8 minutes. All perfusion solutions were heated to 37 °C % 0.5 and gassed

with 99.9% oxygen giving a pH of 6.98.

Subjective assessment that digestion was complete was made by inspection and palpation
of the heart. When digestion was complete, the heart would acquire a more pear-shaped
morphology, become more translucent and feel softer to touch. The left ventricle was
identified and its free wall cut away from the rest of the heart. The tissue was placed
immediately in oxygenated Kraftbriithe (KB) solution (see table 2.6) and the rest of the
heart was discarded. The ventricular muscle was gently macerated using scissors and
watchmaker's forceps. The solution was then filtered through surgical gauze and left to
stand to allow the cells to separate out. The supernatant was removed carefully with a
pipette and the remaining cell pellet gently resuspended in KB solution. This procedure

was repeated once more before the cell suspension was ready for use.
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Table 2.6. Composition of Kraftbriihe (KB) solution

Compound Concentration (mM)
KC1 30
KH,PO4 30
KOH 85
MgSOy4 3.0
HEPES 10
EGTA 0.5
1-glutamic acid 50
Glucose 10
Taurine 20

Adjusted to pH 7.4 with 1M KOH

This isolation method typically yielded between 50-80% rod-shaped cells. The same
protocol was used for isolation of cells from control and aortic banded animals and no
subjective difference in cell yield or quality was observed between experimental groups.
Cells were used immediately and for the next 12 hours and were stored in KB solution at

4 °C when not in use.

2.6. Measurement of intracellular pH (pH;) by epifluorescence microscopy

2.6.1. Intracellular pH fluorescent indicator

The analogue of 6-carboxyfluorescein, 2'7'-bis(carboxyethyl)-5,6-carboxyfluorescene,
BCECF, (Calbiochem®, Calbiochem-Novabiochem Corporation, La Jolla, CA, USA)
(pKa 6.97) was used as a fluorescent indicator of intracellular [H'] (Rink ez al., 1982).
The pH dependence of BCECF fluorescence is a function of the wavelength of the
excitation light to which it is exposed. The cell with trapped intracellular indicator is
alternately excited by light at 430 and 490 nm. The emission intensity measured
between 530 and 580 nm shows a decrease with raised pH when excited at 430 nm and
an increase when excited at 510 nm. The ratio of emision signals when excited at 490

and 430 (R) is an index of the intracellular pH, pH;.
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The ratiometric method corrects for signal degradation caused by bleaching or leakage of
dye from the cell. It produced a stable signal for the period of the experiments described

below.

2.6.2. Intracellular loading of BCECF

The acetoxymethylester of BCECF (BCECF-AM) was dissolved in the organic solvent
dimethy! sulphoxide (DMSO, Sigma Chemical Co. USA) to a concentration of 1 mM
and stored frozen at —20°C in 100 pl aliquots. This compound is readily permeable
across the cell membrane and is subsequently hydrolysed in the cell sarcoplasm to the
membrane impermeable parent compound, effectively trapping the dye within the cell.
Isolated cardiac myocytes were loaded at room temperature by adding 5 pl of the AM
ester solution to 1 ml of KB solution containing a suspension of isolated myocytes. Cells
were incubated with the ester for at least 30 minutes at room temperature prior to
superfusion with Tyrode's to allow equilibration with the sarcoplasm. No adverse effect

of the ester on cell morphology was observed even after prolonged exposure.

2.6.3. The experimental set-up

i) Perfusion chamber and microscope

The superfusion chamber was in a water-jacketed Perspex perfusion chamber attached to
the microscope stage. The base of the chamber was formed by a thin glass microscope
cover slip, the bath being illuminated from above, and observed using an inverted stage
light microscope (Olympus IX50). Bath temperature was maintained at 37 + 0.5 °C
during the experiments. The apparatus was placed on a nitrogen pressurised air table and
surrounded by a Faraday cage that was covered with a light-proof cloth. Experiments

were performed in a darkened room.

ii) Light source, transmission, and collection

A 75 watt xenon arc light source was used to provide a high intensity, focused and
broadband white light source which was filtered prior to transmission to the microscope

stage via a quartz fibre optic cable (Cairn Spectrophotometer System, Caimn Research
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Ltd, Kent, UK). The light was filtered using a rotating wheel containing up to eight
radially distributed filters of different wavelengths. The filters used for BCECF were
430 and 490 nm and those for Fura-2 were 340 £ 10 and 380 + 10 nm. The wheel
rotated at 32 revolutions per second. A dichroic mirror directed the filtered beams
through the objective of the microscope (x40) to be focused on the cell under
observation. The emitted light passed back through the objective, straight through the
dichroic mirror and was reflected by the microscope mirror to be focused in the light
tube prior to a variable rectangular diaphragm. The diaphragm could be adjusted to
eliminate light from around the cell under observation. A red light produced by filtering
the microscope's own light source (>580 nm) was used to position the cell and adjust the

diaphragm. This light source was extinguished during data acquisition.

The partially screened emitted light and red light beam were differently reflected by a
second dichroic mirror acting as a beam splitter. Higher wavelengths were directed to a
CCD viewing camera and the image displayed on a monitor to facilitate adjustment of
the diaphragm. Lower wavelengths were transmitted to the photomultiplier tube, PMT,
for signal detection (figure 2.10). A high-pass gelatin filter was placed in the path of the
emitted light beam prior to its entry into the PMT. This was to prevent overlap of the

excitation and emission light sources.

iii)  Signal detection and recording

The intensity of the emitted light produced by both excitation frequencies was recorded
by two sample and hold amplifiers (see figure 2.10). Amplifier switching was coupled to
the rotating wheel using a high frequency internal clock permitting synchronised channel
recording. An analogue division circuit was incorporated into the spectrophotometer
system to allow measurement of the signal ratio. The ratio produced and the two
individual signals were recorded on a pen recorder (Gould TA 2408, Iiford, Essex, UK)
and simultaneously displayed on a digital storage oscilloscope (Gould DSO 420, Ilford,
Essex, UK). Hard-copy of a captured oscilloscope screen trace could also be made for

quantification of the absolute signal strengths.
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Figure 2.10. A schematic representation of the experimental set-up for epifluoresence

microscopy
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2.6.4. Experimental procedure

A small drop of loaded cell suspension was placed in the superfusion chamber. This
drop was left unperfused for 15-20 minutes to allow viable healthy cells to settle to the
bottom of the trough and become adherent to the cover-slip which constituted the base of
the superfusing chamber. The cells were then superfused with normal Tyrode’s solution.
Solutions passed to the bath via heated plastic tubing. Solution flow was maintained at a
rate of 1 ml.min™ by gravity feed from one of 3 water jacketed glass reservoirs,
switching between solutions been accomplished by means of 3-way taps. Solution was
removed by suction using a peristaltic pump (Watson Marlow, Cornwall, England)

allowing a constant bath level to be maintained.

Some of these cells became dislodged once superfusion had commenced but generally
enough remained to allow experimentation. Intact cells were recognisable under light
microscopy as elongated striated cells surrounded by a bright halo. Viable cells were
selected by their appearance under phase contrast and positioned using the monochrome
monitor image, the diaphragm was then adjusted to reduce the background fluorescence.

The microscope cage was then blacked out and the room lights extinguished.
2.6.5. Calibration of the BCECF fluorescence signal

Following recording of pH; at rest and during interventions, cells were exposed to pH
calibration solutions containing the ionophore nigericin (10 pM) (Sigma Chemical
Company, USA) as described by Eisner et al/ (1989). Calibrating solutions were
designed to mimic the sarcoplasm and buffered with HEPES (table 2.7). Three pH
values, 4.0, 7.0, and 9.0 were used to calibrate the traces recorded. Cells were exposed

sequentially to pH 7.0, 4.0, and finally 9.0 to obtain a complete calibration trace.
The pK of the dye was determined from the relationship shown in equation 2.1

pK = 7.0 —10g(R70-R4.0/Rg0-R7,) - 1og(F4304.0/F4309.0) (2.1)
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where Ry, Rsg, and Ry are the steady state values of the radiometric signal for
solutions at pH 7.0, 4.0 and 9.0 respectively, and F4304 and F430 are the steady-state

absolute values of fluorescence intensity at pH 4.0 and 9.0 respectively.

This determination allowed calculation of pH; from the relationship shown here

(equation 2.2) (Eisner et al., 1989),

pH; = pK + log (Ri-R40/Ro-R;) + log (F4304.0/F4300 ) (2.2)

where R; is the steady-state value of the ratiometric signal under initial control

conditions.

Table 2.7. Composition of solutions used for calibration of BCECF signal

Compound Concentration (mM)
KCl1 140
MgSOy4 1.2
KH,PO, 1.2
HEPES 10

Titrated to pH 4.0, 7.0 and 9.0 with 1M KOH or HCl

2.6.6. Data storage and analysis

All data were written in paper form and measurements were made directly from the hard
copy. Data was entered into a personal computer by hand and further analysis performed
using Excel and the Scientific Analysis application; KaleidaGraph™, version 3.5
(Synergy Software, USA)

2.7. Intracellular buffering capacity

Once a steady state value for pH; had been recorded, buffering capacity, B, was
determined in a proportion of cells. Determination of B was made using application of
10 mM NH,ClI in the presence of 1 mM amiloride to block the membrane H' extrusion

mechanisms. NH4Cl exists in solution in equilibrium as
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NH,Cl &NH," + Cl' & NH; + H" + CI’ (2.3)

Exposure of the cell to a solution containing NH; and NH," results in rapid entry of NH;
into the cell as the membrane is permeable to the NH; molecule but less so to NH,".
Once within the cell each NH3 molecule combines with a single H' to form an NH," ion.
This consumption of H' results in an intracellular alkalosis. When NH4Cl is removed
from the extracellular medium, NH; molecules recross the cell membrane in the opposite
direction leaving behind an excess of H' and hence producing an intracellular acidosis.

B is calculated from the relationship shown (equation 2.4).

B (mequiv.l".pH unit™") = [H'}/ ApH; (2.4)
where ApH; represents the change in intracellular pH at the moment of removal of the
extracellular NH,Cl. [H']; is equivalent to [NH,']; immediately prior to removal of the
extracellular NH4Cl solution and the latter can be calculated as follows.

It is assumed that NHj is in equilibrium inside and outside the cell (equation 2.5):

[NHs], = [NH3]; (2.5)
As the pH, is fixed in the superfusate [NH;'], can be calculated starting from the
Henderson- Hasselbalch equation. The overall pK of the reaction is 9.0 (Roos & Boron,
1981, Lagadic-Gossmann et al., 1992)
2.7.1. Calculation of extracellular [NH,'], [NH,'],

NH;" < NH; +H'

K=[H"][NH;}/[NH,]

pK = log ((NH4")/[H'] [NH;]) = log [NH,'] - log [H'] - log [NH;]

pK=pH, + log [NH,"}/[ NH;]
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pH, = pK + log [NH;3]/[NH,']
pH, - pK = log [NH;]o/[NH, "],
==> 10P"PX = [NH;3]o/[NH, " Jo=[NH,Cl]o-[NH, ] / [NH, Jo =((NH4C1]o/[NH, ) - 1
== [NH;]o = [NH4Cl]y/ (10°P"PX + 1) (2.6)
Therefore if external pH is 7.35;
[NH,; o = [NH4CL]/(1 + 10 %)= [NH,Cl1],/1.022
if [NH4Cl,] = 10 mM; [NH,;'], =9.78 mM
2.7.2. Calculation of intracellular [NH,'], [NH'];

As [NH4+]0 is known and pH; has been measured, [NH4+]i can now be calculated. Again

from the Henderson-Hasselbalch equation
pH; =pK + log ([NH;]/[NH,'};)
pH; - pK = log ([NH;]/[NH4'];)
But [NH;]; = [NH;]o
pH; - pK =log (INH4Cl], - [NH4 "], / [NH, '];)
But pH, - pK = log ([NH3]o/[NHj"]) = log ([NH4CI], - [NH4"Jo / [NH, o)
pH, - pH; = log ((NH:Cl], - [NH,"]o / [NH']o) - log ([NH4Cl]o - [NH4 '], / [NH4'T;)

pH, - pH; = log [NH,]; - log [NH4 '],
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10PHe P = INH,"1/[NH;4 ],

[NH,"; = [NH, "], * 10PH0-PH 2.7)

For example if pHo=7.35, pH; = 7.1, [NH;'1¢=9.78 mM ;

[NH; ]i=9.78 * 10("**71) =17.39

2.7.3. Estimation of intracellular buffering capacity

The combined non-bicarbonate and bicarbonate buffering power (Bi) was calculated by
exposing the cells to CO,/HCO5 -buffered Tyrode's containing 10 mM NH4Cl and 1 mM
amiloride. The non-bicarbonate intracellular H" buffering capacity (B;) was calculated
following exposure to HEPES-buffered Tyrode's containing 10 mM NH4Cl and 1 mM
amiloride. The composition of HEPES-buffered Tyrode's solution is shown in table 2.8.

Table 2.8. Composition of 10 mM HEPES buffered Tyrode’s solution

Compound Concentration (mM)
NaCl 132
HEPES 10
KCl 4.0
MgCl,.6H,0 1.0
Na,H,PO4.H,0 0.4
CaCl,.6H,0O 1.8
Glucose 6.1
Na pyruvate 5.0

Adjust to pH 7.35 with 1 M NaOH

In both cases exposure to NH4Cl resulted in a prompt slowly declining intracellular
alkalosis. Superfusion was then changed to a CO/HCO;  or HEPES-buffered Tyrode's
solution containing 1 mM amiloride alone. This abrupt removal of NH,Cl resulted in an

intracellular acidosis approximately equal in magnitude to the initial alkalosis. The
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acidosis was maintained by the sarcoplasm for a brief period before some recovery of

pH; was seen allowing accurate determination of By and [B; respectively.

2.8. Na'-H" exchange turnover

2.8.1. Rate of pH; recovery from acid load

The rate of recovery of pH; from the intracellular acidosis produced on NH4CI removal
in the absence of amiloride was measured in individual cells in both bicarbonate-free
(HEPES-buffered) and bicarbonate-buffered conditions. The ApH; was plotted against
time and a single exponential curve fitted to calculate the time constant, T, of the

recovery phase using the equation

pHi = A(1-exp(-(t-t,)/ 1))) (2.8)

where, pH; is the starting pH and t, and A are constants.

2.8.2. Calculation of acid-equivalent efflux (Jy)

Acid-equivalent effluxes were estimated from the pH; recovery rates determined above.
Acid efflux was calculated from the recovery rate of pH; after the intracellular acidosis
produced on NH4Cl removal in the absence of amiloride. Net acid equivalent efflux was

calculated (Jy mequiv.I".min™') using the following equation:

Ju = p*(ApHy/dt)

where B is the buffering power of the cell and ApHj/dt is the rate of change of pH; at any
given pH;. In HEPES-buffered solution, B was taken as the intrinsic intracellular
buffering power (Bi) and in CO,/HCOs-buffered solutions, § was taken as the total
buffering power of the cell (Bit) where Byt = Bi + Bcoz at peak acidosis.

Recovery from intracellular acidosis is dependent on Na'-H" exchange under bicarbonate

free conditions and on both Na'-H" exchange and Na'™-HCO3" exchange in the presence

of bicarbonate. Recovery was partly or completely inhibited by 1 mM amiloride or
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reducing external Na. The composition of 0 mM and 24 mM NaCl solution is shown in
table 2.9.

Table 2.9. Composition of HEPES and bicarbonate-buffered Tyrode's solutions with
reduced Na

Compound 0 mM Na 24 mM Na 24 mM Na
HEPES-buffered HEPES-buffered Bicarbonate-buffered
Concentration (mM) Concentration (mM) Concentration

(mM)

NaCl 24

Tris-Cl 137 113 123

Hepes 10 10

NaHCO; 24

KCl1 4 4 4

MgCl,.6H,0 1 1 1

NaH,PO,4.H,0 0.4 0.4 0.4

CaCl,.6H,0O 1.8 1.8 1.8

Glucose 6.1 6.1 6.1

pH 7.35* 7.35* 7.35%*

*Adjust to pH 7.35 with 1 M NaOH and **adjust to pH 7.8 with HC1

2.9. Measurement of intracellular Ca** by epifluorescence microscopy

The experimental set up and procedure is as outlined above for measurement of

intracellular pH.

2.9.1. Intracellular Ca** fluorescent indicator

The fluorescent indicator Fura-2 (Calbiochem®, Calbiochem-Novabiochem Corporation,
La Jolla Ca, USA) (Grynkiewicz et al., 1985) was used as an index of the intracellular
free Ca®* concentration, ((Ca®'];). Fura-2 has a high affinity and selectivity for Ca®* and
the K4 (224 nm) lies within the physiological range. The fluorescence excitation

spectrum of Fura-2 shifts progressively to a shorter wavelength as [Ca’']; increases; as a
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result the emission intensity at 340 nm excitation is increased and at 380 nm excitation
the emission is decreased. The isofluorescence wavelength is about 360 nm. The
emission spectrum is unaltered by Ca** binding and has a maximum at about 510 nm
(Grynkiewicz et al., 1985). Fura-2 was excited at 340 and 380 nm and the emitted light
was collected at between 520 and 580 nm. Employing a ratio of these two outputs
ensures that the signal is independent of fluorochrome concentration which may arise
from any uneveness in the thickness of the cell and the eliminated artefacts due to

loading or loss of indicator from the cell.

2.9.2. Intracellular loading of Fura-2

The acetoxymethylester of Fura-2 (Fura-2-AM) was dissolved in the organic solvent
dimethyl sulphoxide (DMSO, Sigma Chemical Co.Ltd.) to a concentration of 1 mM and
stored frozen at —20 °C in 50 pl aliquots. The AM ester is strongly lipophilic and
therefore freely penetrates the cell membrane (Thomas & Delaville, 1991). Once inside
the cell the ester is cleaved by non-specific intracellular esterases, releasing the
hydrophilic free acid, which cannot cross the cell membrane and is thus retained inside
the cell. Isolated cardiac myocytes were loaded at room temperature by adding 5 pl of
the AM ester solution to 1 ml of KB solution containing a suspension of isolated
myocytes. Cells were incubated with the ester for at least 30 minutes at room
temperature prior to superfusion with Tyrode's to allow equilibration with the
sarcoplasm. No adverse effect of the ester on cell morphology was observed even after

prolonged exposure.

2.9.3. Calibration of the Fura-2 fluorescence signal

2.9.3.1 In vitro determination of the Fura-2 dissociation constant

An in vitro calibration was performed. This determined the fluorescence ratio at

increasing concentrations of Ca>* in the absence of cells. A solution was made to mimic

the intracellular environment using EGTA as a Ca®* buffer (table 2.10).
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Various free [Ca*"] were obtained by varying the amount of added CaCl, and calculated
using an apparent EGTA dissociation constant (pKc,) of 6.44 (Fry et al., 1984) at pH 7.0

according to the equation:
pCa=pKc, + log ((EGTA]/[Ca EGTA]) 2.9)

[EGTA] is the total added EGTA and the [Ca EGTA] is equivalent to the concentration
of added CaCl,.

Fura-2 fluorescence was measured at room temperature for each concentration of free
Ca®*. The determination of the apparent dissociation constant K4 of Fura-2 for Ca** used

the following equation (Grynkiewicz et al., 1985).

[Ca®*] = K4 [(R-Rmin)/(Rmax-R)].B (2.10)

where R is the ratio of 340/380 nm for a given [Ca2+], R..in is the ratio in the absence of
Ca®*, Rmay is the ratio in the presence of saturating Ca**. B = F380in/F380max, i.e. the
ratio of fluorescence intensities in the absence of Ca®" (F380mi,) and in the presence of
saturating Ca®" (F380max) and Ky is the dissociation constant. Zero Ca®" solution and
saturating solution were obtained by using the mock intracellular solution containing 5

mM EGTA with no added CaCl, and 20 mM added CacCl, respectively.

A plot of R as a function of [Ca*'] was obtained and the value of K4 obtained using a
least squares fit of equation 2.10 to the data was 223 nM.

Table 2.10. Composition of solution used to mimic the intracellular environment

Compound Concentration (mM)
KCl1 120
HEPES 20
NaCl 10
MgCl, 1.0
EGTA 5.0

Titrate to pH 6.9 with 1 M KOH
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2.9.4. Estimation of sarcoplasmic reticulum Ca’* content

Contraction of cardiac and smooth muscle cells is activated by Ca** entry into the
sarcoplasm from two sources: the extracellular fluid and the sarcoplasmic reticulum
(SR). Ca®* release from the SR was evoked by the addition of 10 mM caffeine to the
superfusate. The SR Ca®* content was estimated by measuring the rise of Ca’>" when

released by caffeine (Varro et al., 1993).
2.10. SDS-PAGE Western blots

To determine levels of the a-isoforms of the Na"-K*-ATPase pump and the SR Ca*'-
ATPase pump, SDS-PAGE (sodium dodecyl sulphate-polyacrylamide gel
electrophoresis) was carried out according to the method of Laemmli (1970). The
proteins were electrophoretically transferred to PVDF (polyvinyl difluoridine)
membranes using the method described by Towbin (1979) and the PVDF membrane was

probed using characterised antibodies to the proteins of interest (table 2.11).

Table 2.11. Composition of two-times SDS sample buffer. (w/v = weight/volume)

Compound Concentration
Tris-HCI1 (pH 6.8)* 100 mM
Dithiothreitol (DTT) 200 mM
Sodium dodecyl sulphate (SDS) 4% (w/v)
(electrophoresis grade)

Bromophenol blue 0.02% (w/v)
Glycerol 20% (w/v)

*Tris-HCI1 buffer was made using Tris base (Trizma) and pH titrated to 6.8 with HC1

The infiltration of new cell types and collagen deposition in hypertrophied hearts could
have a diluting effect on the protein of interest. Equal volumes of sample were loaded
from sham-operated and aortic constricted hearts. To correct for any differences in the
amount of protein loaded from samples from different tissues, the samples were also
analysed for calsequestrin, a protein that is not altered by the process of hypertrophy
(Arai et al., 1996; Tsutsui et al., 1997; Shorofsky et al., 1999; Schotten et al., 1999;
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Somura et al., 2001) and the results were normalised to calsequestrin levels as described

by Meyer et al (1995).

2.10.1. Sample preparation

Samples of right or left ventricular myocardial tissue from sham-operated, aortic-
constricted and debanded hearts were snap-frozen and stored in liquid nitrogen until
used. Samples were prepared by adding 10 ml of 50 mM
tris(hydroxymethyl)aminomethane(Tris)-HC1 buffer (pH 6.8) per gram of tissue; after
which the sample was then homogenised on ice using a polytron tissue grinder. This
made a 10% homogenate. The samples were divided into aliquots and stored at -70 °C

until use.

A volume of the homogenate was thawed, then mixed with an equal volume of two-times
SDS sample buffer (Laemmli ef al., 1970). The sample was not boiled as this may
complicate the analysis of membrane proteins such as Na'-K'-ATPase. Samples were

centrifuged for 5 minutes at 20,000g and the supernatant applied to SDS-PAGE gels.

2.10.2. SDS-PAGE (sodium dodecyl sulphate-polyacrylamide gel electrophoresis) /
Western blotting

Electrophoresis of the proteins from the prepared samples was carried out using the mini
Protean II system (Bio-Rad Laboratories, Ca, USA) with 10% polyacrylamide gels (0.4
M Tris, 0.1% (w/v) SDS and 10% acrylamide, pH 8.8 with HC1) using a stacking gel (0.1
M Tris, 0.1% (w/v) SDS and 5% acrylamide, pH 6.8 with HCI). Equal volumes of
sample (10 pl) were loaded on to the gel at the top of each lane using a pipette.
Measurements with normal rat myocardium have shown that this gives about 30 pg of

protein per well.

The negatively charged molecules of sodium dodecyl sulphate (SDS) bind to the
hydrophobic regions of the protein molecules, causing them to unfold into extended
polypeptide chains. A reducing agent, dithiothreitol (DTT) was present in the sample
buffer to reduce any disulphide bonds present within proteins. The individual proteins

are thus rendered free from their associations with other proteins or lipid molecules and
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rendered freely soluble in the detergent solution. The individual polypeptide chains
migrate as a negatively charged SDS-protein complex through the porous gel of
polyacrylamide. Under these conditions the speed of migration is greater the smaller the
peptide, thus allowing separation of the proteins according to molecular weight

(Laemmli et al., 1970).

After electrophoresis proteins were electrophoretically transferred to a PVDF membrane
(Pharmacia AB, Stockholm, Sweden) with a semi-dry blotter (Pharmacia AB,
Stockholm, Sweden) and a current of 100 mA per gel for 2 hours (Towbin et al., 1979).
The transfer buffer contained 20% methanol (v/w), 0.5 M glycine, 25 mM Tris and
0.01% SDS (w/v).

To reduce non-specific binding, PVDF membranes were blocked with 5% skimmed milk
in phosphate-buffered saline (PBS) for at least 4 hours at room temperature. The
membranes were then incubated with primary antibodies specific for the a-1, a-2 and o-
3 isoforms of the Na'-K'-ATPase pump, sarcoplasmic reticulum Ca**-ATPase
(SERCAZ2) and calsequestrin (table 2.12).

2.10.3. Antibodies

Monoclonal antibodies and polyclonal antisera directed against the specific isoforms of
the Na"-K*-ATPase pump and the SR Ca®*-ATPase pump were used (table 2.12). A
mouse monoclonal antibody specific for o;-isoform was purchased from Upstate
Biotechnology (USA). A monoclonal antibody specific for a, (McB2), raised against
purified rat axolemma Na'-K'-ATPase, showing broad species cross-reactivity was a
generous gift from KJ Sweadner (Massachusetts General Hospital, Boston MA, USA).
A monoclonal antibody against mouse oj-isoform was purchased from Affinity
Bioreagents Inc (USA). Polyclonal antisera against rabbit a,-isoform was purchased
from Upstate Biotechnology (USA). A monoclonal antibody directed against mouse SR
Ca**-ATPase (SERCA2A) and polyclonal antisera against rabbit calsequestrin were
obtained from Affinity Bioreagents Inc (USA).
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Table 2.12. Details of the specific antibodies used to detect the a-isoforms of the Na'K'-

ATPase pump, SERCA2 and calsequestrin

Antibody Isoform Source Reference
Mouse al Upstate Biotechnology
(Monoclonal) (USA)

Rabbit o2 Upstate Biotechnology

(Polyclonal) (USA)

McB2 (rat) o2 KJ Sweadner Urayama et al.,
(Monoclonal) 1989
Mouse o3 Affinity Bioreagents

(Monoclonal) Inc (USA)

Mouse SERCA2A Affinity Bioreagents

(Monoclonal) Inc (USA)

Rabbit Calsequestrin Affinity Bioreagents

(Polyclonal) Inc (USA)

The o, calsequestrin and SERCA 2 antibodies were incubated for 1 hour at room
temperature. The o, and a5 antibodies were incubated overnight at 4 °C. Non-specific
primary antibody binding was removed by washing the blots in PBS 0.05% Tween-20
with multiple changes of wash buffer over 1 hour. Blots were then incubated with a
secondary antibody, conjugated to horseradish peroxidase (HRP) for 1 hour at room
temperature (anti-rabbit IgG antibody (dilution 1: 1000) for o; and o3 and calsequestrin
and anti-mouse IgG (dilution 1: 1000) for a; and SERCA2, Amersham UK). After both
the primary and secondary antibodies were applied, the blots were washed again with
multiple changes of PBS 0.05% Tween-20 for I hour. The PVDF membrane was then
soaked for approximately 1 minute in ECL (enhanced chemiluminescence) detection
reagent (ECL system, Amersham, UK). This elicits a peroxidase-catalysed oxidation of
luminol, and subsequently enhanced chemiluminescence where the HRP labeled protein
is bound to the antigen on the membrane, thus enabling visualisation of the primary
antibody binding. The resulting light was detected by exposing the membrane to
autoradiograph film (Hyperfilm ECL). The ECL images were digitised using a flatbed
scanner (Hewlett Packard, ScanJet 11C), and quantitative analysis performed using the
NIH software (Freeware, NIH, Baltimore, USA).
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After taking images, blotting integrity was confirmed by staining the PVDF membranes
with 0.25% Coomassie brilliant blue (BDH, UK) in 10% acetic acid, 50% methanol for 5
minutes. The membranes were transferred to destaining solution (40% methanol, 7%

glacial acetic acid) and agitated, to remove non-specific background staining.

2.11. Statistical analysis

All data analysis was performed on a personal computer. Mathematical functions,
graphical presentation of data and curve fitting were all performed using the Scientific
Analysis application; KaleidaGraph ™, for Windows, version 3.5, (Synergy Software
(PCS Inc)). Values in the text are quoted as the arithmetic mean * one standard
deviation (mean + SD) unless otherwise stated when the arithmetic mean + one standard
error (mean + SEM) was used. Two tailed Students’s t-tests were used to test for the
significance between all normally distributed sets of data. Straight lines were fitted by
least square analysis and the slope, intercept, and correlation coefficient derived using
KaleidaGraph™, for Windows, version 3.5, (Synergy Software (PCS Inc)). The null
hypothesis was rejected when p<0.05.
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Chapter 3: Results
3.1. Assessment of magnitude of hypertrophy produced by aortic constriction.

It was essential to demonstrate, quantitatively, that left ventricular myocardial mass had
increased as a result of the surgical ascending aortic-constriction. It has previously been
shown in this model of LVH that the increase in left ventricular mass results from

cellular hypertrophy, rather than hyperplasia (Cooklin et al., 1998).

Muscle mass increase was, of necessity, estimated from the whole heart weight assuming
that only the left ventricle increased in size as a result of aortic-constriction. This is not
an unreasonable assumption as in the absence of prolonged congestive cardiac failure
there is no reason to suggest that significant right ventricular hypertrophy should occur
as a result of aortic-constriction. Such a chronic pathological state was not observed in
the animals used in these studies as assessed by evidence of respiratory distress or fluid
retention on observation. In addition, lung-to-body weight ratios were measured in a
subset of animals and were not significantly different between the sham-operated and
aortic-constricted groups (5.78 £ 0.67 gkg! (n=18) vs 6.15 + 2.03 g kg (n=23), mean *
SD: p>0.05). Changes in heart weight attributable to atrial enlargement were assumed to
be small and were neglected. The data obtained were normalised for animal weight, as

animals varied in size and were expressed as a heart-to-body weight ratio.

Animals were sacrificed between 42 and 250 days post-operatively. As observed in
previous studies using this model the degree of hypertrophy did not correlate with the
duration of clip placement. There was considerable variation in the degree of
hypertrophy induced from animal to animal, due presumably to variations in clip size,
surgical placement, and the biological response to the intervention (figure 3.1). This
scatter in heart-to-body weight ratio (HBR) allowed interpretation of the data in terms of
a continuum of the degree of hypertrophy present.

3.1.1. Measurement of heart-to-body weight ratio

Estimation of the severity of hypertrophy was made by determination of the heart-to-

body weight ratio (expressed as gkg™) at the time of heart removal immediately prior to
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removal of a papillary muscle or cell isolation. Whole hearts were weighed in a beaker
containing Tyrode's solution. Animals were weighed prior to sacrifice. Typically some
small residuum of mediastinal tissue remained with the heart following rapid removal
and was included in the estimate of heart mass. The ventricles contained some residual
blood, of the order of 100 pl, which may have produced a slight (0.1 g) overestimate of
heart weight.

Heart-to-body weight
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Figure 3.1. Relationship between heart-to-body weight ratio and duration of ascending

aortic clip placement (n=60 animals)

Table 3.1 lists the heart-to-body weight ratio for unoperated, sham-operated and aortic
constricted groups. As expected the ratio was significantly increased in the aortic
constricted animals (p<0.0001). Heart weights were lower in the unoperated group than
in the sham-operated group (p<<0.0001) as these animals were younger and therefore their

body weights were also lower.

111



Table 3.1. Effect of ascending aortic-constriction on heart weight and heart-to-body
weight ratio in all animal groups. Data shown are mean + SD. *p<0.0001 for aortic-
constricted compared to sham-operated and aortic-constricted compared to unoperated
groups, **p<0.0001 for sham-operated compared to unoperated group. HBR = Heart-
to-body weight ratio

Unoperated Sham-operated Aortic-
constricted
Heart weight (g) 2.27+0.55 4.16£0.57** 5.85+1.55%*
HBR (g.kg") 3.74+0.32 3.57+0.44 5.15+1.21%
N 100 27 61

3.1.2. Regression of left ventricular hypertrophy

The heart-to-body weight ratios for debanded and sham-sham operated guinea pigs are
shown in table 3.2. Comparison with results in table 3.1 shows that removal of the
previously placed constriction resulted in regression of LVH. There were no significant
differences in heart or heart-to-body weight ratios between either the debanded and
sham-sham operated groups. Both heart weight and heart-to-body weight ratios were
significantly reduced in both debanded groups compared to the aortic-constricted group
(table 3.1)

Table 3.2. Effect of removal of the ascending aortic constriction on heart weight and
heart-to-body weight ratio. Data shown are mean + SD. HBR = Heart-to-body weight
ratio. * denotes p<0.05 and ** p<0.001 compared to corresponding values in aortic-

constricted hearts in table 3.1

Debanded Debanded Sham-Sham
42+3 days 100+3 days 10043 days
Heart weight (g) 4.22+1.03* 3.19+£0.44%* 3.7£0.36
HBR (gkg") 3.574+0.45%* 3.18+0.44** 3.2+£0.16
N 6 4 4
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3.1. Mechanical properties of the isolated myocardial preparation

Mechanical function of isolated myocardium from control (unoperated and sham-
operated) and aortic-constricted guinea-pigs was investigated by measurement of the
alteration in twitch tension of the isolated preparation following chronotropic
augmentation of contractility. The data from the unoperated and sham-operated groups

did not differ and the 2 groups were therefore combined to a single control group.

The effect of regression of LVH on mechanical function was assessed by measuring the
force-frequency response and post-rest potentiation in LV preparations from guinea-pigs

in whom the ascending aortic clip was removed after 42 or 100 days.

To examine further the contractility of the myocardium certain experiments were
repeated in the presence of strophanthidin. The effect of altering external sodium

concentration on normal myocardial preparations was also investigated.

In all experiments the preparation was stimulated at 1 Hz, in normal Tyrode's at 37 °C,

pH 7.35, unless otherwise stated.
3.2.1.The force-frequency relationship

Previous investigations of the force-frequency response have often used low basal
stimulation frequencies (i.e.~0.01 Hz) which precludes interpretation of the results
during physiological changes of heart rate. In this study the frequency at which the
preparation was stimulated was over the range 0.4 to 2 Hz. At each new frequency, the

steady-state tension was recorded after 5 minutes, prior to further increment.

Figure 3.2 shows steady-state isometric tension as a function of stimulation frequency in
left ventricular papillary muscles from 33 control (open circles) and 45 aortic-constricted
guinea-pigs (closed circles). Tension is expressed as the percentage generated with
respect to tension at a stimulation frequency of 1 Hz. Compared to control, left
ventricular papillary muscles from aortic-constricted hearts showed a depressed force-
frequency relationship. There was no significant difference in the peak isometric force

generated by preparations from control and aortic-constricted hearts at stimulation
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frequency of 1 Hz (1.29 + 0.42 mN.mm™ vs 1.00 + 0.65 mN.mm?>, respectively, mean +
SD, p>0.05). Plate 1 shows the effect of increasing stimulation frequency from 0.8 to
1.6 Hz on tension in a papillary muscle from a sham-operated heart in A and an aortic-

constricted heart in B.
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Figure 3.2. Steady-state isometric tension expressed as a function of stimulation
frequency in preparations from control (open circles) and aortic-constricted (filled
circles) guinea-pigs. Tension is expressed as % control (100% at 1 Hz). Values are

mean + SD.,

However, the force-frequency relationship was a variable phenomenon with some
preparations showing a positive response and others a pronounced negative response to
increasing frequency of stimulation. The range of responses in different preparations is
shown in figure 3.3 with the most positive (open circles) and most negative (open

squares) relationships illustrated.
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1.6 Hz Force mN.mm'*
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Plate 1: Tension generated in response to increasing stimulation frequency from 0.8 to
1.6 Flz in a papillary muscle from a sham-operated heart in A and an aortic constricted

heart in B
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Figure 3.3. Steady-state isometric tension as a function of stimulation frequency in
aortic-constricted hearts. Closed circles represent mean values, n=26. Open circles and
squares reflect the most pronounced positive and negative staircase response

respectively.

In order that the range of responses between preparations may be compared tension is
expressed as a ratio of the steady-state tension generated in response to a doubling of the
stimulation frequency from 0.8 to 1.6 Hz (T(1 60.8)). Ratios greater than 1.0 and less than
1.0 equate with positive and negative force-frequency response respectively. Table 3.3
shows T 6038y values in right and left ventricular papillary muscles from control and
aortic-constricted hearts. Positive force-frequency responses were observed in right
(RV) and left ventricular (LV) papillary muscles from unoperated and sham-operated
hearts and in RV papillary muscle from aortic-constricted hearts. The responses were
greater (p<0.05) in RV compared to LV papillary muscles from unoperated animals but
there was no significant difference (p>0.05) in the response between the LV papillary
muscles from the unoperated and sham-operated groups. The force-frequency response
from the aortic-constricted hearts was significantly depressed compared to the sham-

operated or unoperated groups (p<0.0001).
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Table 3.3. Force-frequency relationships (T(1.6035)) and heart-to-body weight ratios in
isolated papillary muscles from control and aortic-constricted guinea-pig hearts. Values
are mean = SD. RV=right ventricle, LV = left ventricle. * denotes p<0.0001 compared
to sham operated or unoperated groups and ** denotes p<0.05 compared to RV

unoperated group (unpaired Student's T-test).

Force-frequency Heart-to-body weight
relationship (T 6/0.8)) ratio (g.kg™)

RV unoperated (n=9) 1.67+0.19 3.69+0.23

RV aortic constricted (n=3) 1.48+0.13 6.31+£0.85%*

LV unoperated (n=16) 1.484+0.21%* 3.43+0.27

LV sham operated (n=17) 1.354£0.21%* 3.52+0.37

LV aortic constricted (n=45) 1.02+0.21* 5.28+1.32*

3.2.1.1. The force-frequency relationship and heart-to-body weight ratio

In order to explain these findings it was proposed that as in human myocardium, the
force-frequency response becomes negative as hypertrophy develops. Figure 3.4 shows
the relationship between T(; 6/0.5) and heart-to-body weight ratio for LV preparations from
control and aortic-constricted hearts (r=-0.58, n=78, p<0.01).

The force-frequency response data can be grouped in an alternative manner according to
heart-to-body weight ratio as in figure 3.5. Data from aortic-constricted hearts were
divided into two groups with moderate (4.0 < HBR < 5.5 gkg™; mean increase 38%) and
severe hypertrophy (HBR > 5.5 g kg'; mean increase 83%). As stated above HBR was
significantly larger in the aortic-constricted groups compared to the sham-operated and
unoperated groups. The T 6/0.8) ratio was significantly reduced in the aortic-constricted
groups (1.02 + 0.20; 4.0 <HBR < 5.5 gkg' , n=21 and 1.00 + 0.23; HBR > 5.5 g kg,
n=19) compared to the two control groups (1.35 + 0.21, n = 17 - sham-operated; 1.47 +
0.21, n = 16 - unoperated left ventricle, (mean £ SD)).
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Figure 3.4. The force-frequency relationship (T(1.60s8)) as a function of heart-to-body
weight ratio in isolated preparations from control and aortic-constricted hearts. The open
circle represents combined data (mean + SD) from unoperated and sham-operated left
ventricle (n=33) and the filled circles individual left ventricle papillary muscles from

aortic-constricted hearts (n=45).
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Figure 3.5. (A) Heart-to-body weight ratios (HBR) and (B) force-frequency
relationships (T(16038)) from unoperated LV, sham-operated LV, moderate (4.0 to 5.5
g.kg'], n=21) and severe hypertrophy (>5.5 gkg', n=19). Values are mean + SD. *
denotes p <0.0001.
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3.2.2. Post-rest potentiation

The phenomenon of post-rest potentiation, whereby restimulation after a period of
quiescence is associated with enhancement of the contractile response is not observed in
normal myocardium where the force-frequency response is positive. Figure 3.6
illustrates the tension generated during the first beat, on re-stimulation at a frequency of
1Hz, after a 30 second period of quiescence in left ventricular papillary muscles from
control and aortic-constricted hearts. Tension is expressed as the percentage post-rest
tension compared to steady-state tension at frequency of 1 Hz prior to cessation of
stimulation. Mean percentage tension generated post-rest was 69 + 20 % in control
hearts (n=13) compared to 139 + 30 % in moderate hypertrophy (HBR = 4.0-5.5 gkg;
n=11) and 130 + 31 % in severe hypertrophy (HBW > 5.5 gkg”, n=14); p<0.0001 for

hypertrophy groups compared to control, (all values mean + SD).
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Figure 3.6. Post-rest tension and heart-to-body weight ratio in left ventricular papillary
muscles from control (open circles) and aortic-constricted hearts (filled circles).
Potentiation occurs when tension is greater than the control level of 100%, illustrated by

the horizontal line.
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3.2.3. Effect of regression of LVH on contractile function

Table 3.4 summarises the effect of removal of the ascending aortic clip on the force-
frequency relationship expressed as a ratio of the steady-state tension generated in
response to a doubling of the stimulation frequency from 0.8 to 1.6 Hz (T(1.60s)). The
number of preparations was small but no significant differences were observed between
the debanded and sham-sham operated groups. Compared to the results in table 3.3, the
combined debanded group had a significantly more positive force-frequency response
than the preparations from the aortic-constricted hearts (P=0.012). The effect on the
tension generated on restimulation at 1 Hz after a 30 second period of quiescence (post-

rest potentiation) was also measured and the findings were similar.

Table 3.4. Force-frequency relationships, post-rest tension and heart-to-body weight
ratios in LV papillary muscles from debanded and sham-sham operated guinea-pig
hearts. Values are mean + SD. * denotes p<0.05 compared to aortic-constricted group in

table 3.3.

Force-frequency Post-rest tension Heart-to-body
relationship (% tension at 1 Hz)  weight ratio
(Ta.e0s) (gkg™h)
Debanded +42 days  1.23+0.25%* 88.7+£34.7* 3.57+0.45
(n=6)
Debanded +100 1.25+0.18* 68.8+28.1% 3.18+0.44
days (n=4)
Sham-sham +100 1.32+0.09 47.5+18.8 3.2+0.16
days (n=4)

3.2.4. Summary

As expected, normal guinea-pig myocardium demonstrated a positive force-frequency
response. In contrast, similar to our findings in human myocardium, the progression of
hypertrophy altered the ability of guinea-pig myocardium to generate a positive inotropic
response to an increase of stimulation frequency. It is likely that the decline in the force-

frequency relationship is a consequence of hypertrophy as in three right ventricular
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papillary muscles obtained from hearts with LVH but presumably normal right
ventricles, the force-frequency response was also positive. Furthermore in a small
number of preparations from animals in which the ascending aortic clip was removed
resulting in regression of LVH, the force-frequency response was positive and post-rest

potentiation was not observed.

Both a negative force-frequency response and post-rest potentiation are known to occur
in species where intracellular [Na'] is elevated. The association of cardiac hypertrophy
with a negative force-frequency response and post-rest potentiation leads to the

hypothesis that intracellular [Na'] is elevated in hypertrophy.

This hypothesis was addressed initially by investigating the effect of elevation of
intracellular [Na'], consequent upon addition of strophanthidin to the perfusate, on the

contractile response to increasing frequency of stimulation.

3.3. Contractility and strophanthidin

3.3.1. The inotropic response to strophanthidin

Strophanthidin is known to increase contractility secondary to inhibition of the
sarcolemmal Na'-K'ATPase and elevation of intracellular [Na'], [Na'};, In control
guinea-pig myocardium, increasing the concentration of strophanthidin resulted in
elevation of tension to a new steady-state. The increase in tension was gradual over 3 to
5 minutes and the tension generated was measured once steady-state had been achieved.
However, as can be seen in figure 3.7 the inotropic effect was less consistent in
preparations from aortic-constricted hearts and the tension developed decreased at

concentrations of 1uM and 3 uM.
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Figure 3.7. The inotropic response to strophanthidin in isolated preparations from
control (open circles) (n=18) and aortic-constricted (filled circles) (n=9) guinea-pig
hearts. Values are mean + SD. * denotes p<0.05 compared to control. Stimulation

frequencyis 1 Hz

3.3.2. The effect of strophanthidin on the force-frequency relationship

To determine the effect of strophanthidin on the force-frequency relationship the effect
of alteration of stimulus frequency was studied at increasing concentrations of
strophanthidin (0.01 to 3uM) in papillary muscle preparations from both control and
aortic-constricted hearts. The concentrations of strophanthidin were incrementally
increased in a given preparation and the results are shown in figure 3.8. In control
myocardium, the force-frequency response became progressively flatter as the
concentration of strophanthidin increased and at 3 pM was negative. This effect is
unlikely to be due to hypoxia or fatigue in the preparation as on reperfusing the same
preparation with normal Tyrode's solution, a positive force-frequency relationship was
restored. In aortic-constricted hearts a similar effect of increasing concentrations of

strophanthidin was observed with further depression of the response.

122



T(1.6/0.8)
3.0

2.57

2.0 l l l l l

1.57

1.0 I I!!!oa °
0.5 o ?

i TTTTIT T T TTTTIT T T TTTTTT T T TTTTIT l
0.0 I 1 I u | [

Tyrode's 0.01 0.1 1 10 Tyrode's
[Strophanthidin], uM

Figure 3.8. The force-frequency relationship (T 6/.)) in the presence of strophanthidin
in papillary muscles from control (open circles) and aortic-constricted (filled circles)

hearts. Ratio of 1.0 illustrated by the horizontal line. Values are mean + SD.

Comparison of the force-frequency response in control guinea-pig myocardium in the
presence and absence of 1 pM strophanthidin to that in aortic-constricted myocardium is
shown in figure 3.9. The response in aortic-constricted guinea-pig myocardium is

similar to that in control guinea-pig myocardium exposed 1uM strophanthidin.

3.3.3. The effect of strophanthidin on post-rest potentiation

The effect of strophanthidin on the contractile response in control and aortic-constricted

hearts was further investigated by measuring post-rest potentiation.

In preparations from control and aortic-constricted hearts the tension generated after a
period of 30 seconds quiescence was expressed as a percentage of control tension at 1Hz.
The results are shown in table 3.5. At concentrations of strophanthidin > 0.3 pM the
post-rest tension generated was significantly greater than in the absence of strophanthidin
in both control and aortic-constricted hearts. Again this effect is unlikely to be due to
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hypoxia developing in the preparation as the values returned to baseline in the

preparations after replacement of the perfusate with normal Tyrode's solution.
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Figure 3.9. Comparison of the force-frequency response in control and aortic-
constricted guinea-pigs. The response in control myocardium is shown by open circles
in the absence and open triangles in the presence of 1 puM strophanthidin and the
response in aortic-constricted (AC) myocardium is shown by filled circles. Values are

mean + SD.
The results are illustrated in figure 3.10. The effect of increased concentration of

strophanthidin on post-rest tension in normal guinea-pig myocardium is similar to that in

aortic-constricted myocardium in the absence of strophanthidin.
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Table 3.5. Effect of strophanthidin on post-rest tension in control and aortic-constricted
guinea-pig myocardium. Values are mean + SD. * denotes p<0.01 and ** p<0.05 when

compared to Tyrode's.

[Strophanthidin] (uM) Tension (% control) Tension (% control)
Control (n=8) Aortic-constricted (n=5)

0 53+14 112+£27

0.01 51+12 10627

0.03 64+15 112422

0.1 69+19% 119+16

0.3 82+23* 146+25%*

1.0 118+11* 177424**

3.0 1244+20*

0 56+8 111+£29

Tension (% at
1 Hz stimulation)

200 I
150 l
IR E

<L
5£l

100

50—;g

Tyrode's 0.0 0.0 0.1 1.0 10.0 Tyrode's
[Strophanthidin], uM

Figure 3.10. Post-rest tension in the presence of strophanthidin in isolated preparations
from control (open circles) and aortic-constricted (filled circles) hearts. Values are mean
= SD. Potentiation occurs when tension is greater than the control level of 100%,

illustrated by the horizontal line.
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3.3.4. Summary

In normal guinea-pig myocardium the addition of strophanthidin to the perfusate resulted
in alteration of the contractile response to changes in stimulation frequency. At
concentrations of strophanthidin above 0.3uM the response resembled that seen in
hypertrophied guinea-pig myocardium. This effect may be related to an increase in
intracellular [Na'] since a negative force-frequency response is seen in species where

intracellular [Na'] is naturally high.

In the rat where [Na']; is high, the systolic intracellular calcium transients were reduced
at higher frequencies (Orchard & Lakatta, 1985) and intracellular calcium gain [Ca®'];
occurred during periods of rest (Shattock & Bers, 1989). The net depletion of [Ca®']; at
higher frequencies was explained by enhanced trans-sarcolemmal egress of Ca®>" via Na*-

Ca®* exchange.

The transmembrane Na gradient needs to be considered as well and an alternative way to
alter the transmembrane [Na'] and [Ca®*] gradients was to perfuse the preparation with
low-Na or high-Ca containing solutions. As shown by Sheu & Fozzard (1982), a graded
decrease of external [Na], results in a decrease of [Na']; and an increase of [Ca®";
whereas an increase of external Ca** results in an increase of [Ca®']; and a decrease of

[Na'];.

126



3.4. The effect of reduced external [Na] on contractile function

As outlined in the methods section reduced Na-containing Tyrode's was prepared by
substituting NaCl with Tris and adjusting the pH to 7.35+0.5 (mean = SD) with HCI.
The inotropic response at a stimulation frequency of 1 Hz to reduced external Na, [Na],
solution in normal guinea-pig myocardium is shown in figure 3.11. Reducing the
extracellular [Na] resulted in elevation of tension to a new steady state. The increase in
tension occurred over 2 to 3 minutes and the measurements were made once steady state
tension was reached. It was observed that in a number of preparations the tension
generated in 29 mM Na was less than that in 50 mM Na but the difference was not
significant (p>0.05).

Tension (% at
1 Hz stimulation)

350
300
250 (

200

150

§§%

50 I T | | ] | 1

147 130 110 90 70 50 29
External [Na], mM

Figure 3.11. The inotropic response to reduced extracellular [Na] in isolated

100 ©

preparations from control guinea-pig hearts (n=12). Values are mean £SD. Stimulation

frequency is 1Hz. Control tension (100%) is illustrated by the horizontal line.

The effect of reduced [Na], on the force-frequency relationship in isolated preparations
from control guinea-pig myocardium is shown in figure 3.12. The response became
progressively flatter as the concentration of [Na], was reduced from 147 mM to 29 mM.
This effect was unlikely to be due to hypoxia or fatigue in the preparation as on
reperfusing the same preparation with normal Tyrode's solution (containing 147 mM

Na), a positive force-frequency relationship was restored.
127



(1.6/0.8)
3.0

25- |
2.0

AR

1.0

0.5 | | T T | | | |

147 130 110 90 70 50 29 147
Extracellular [Na], mM

Figure 3.12. The effect of reduced extracellular [Na] on the force-frequency relationship

(T 60.8)) In isolated preparations from control hearts (n=12). Values are mean = SD.

3.5. The effect of increased extracellular [Ca] on contractile function

Extracellular [Ca] was increased by the addition of CaCl; to standard Tyrode's (1.8 mM
Ca) to produce solutions containing 3.6 and 5.4 mM Ca. The effect of increasing
calcium, [Ca], on contractile function and the response to increased frequency of
stimulation in isolated preparations from control hearts is shown in table 3.6.. Increasing
[Ca], resulted in an increase in tension to a new steady-state at a stimulation frequency of

1Hz, however, the force-frequency relationship became progressively flatter.
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Table 3.6. The effect of increased extracellular [Ca] on contractile function and the
force-frequency relationship (T ¢0s)) in isolated myocardium from control hearts.

Values are mean + SD.

External [Ca] Inotrophy T1.608) Post-rest potentiation
(% control at 1 Hz) (% control)

1.8 mM (n=5) 100 1.56+0.18 68+13

3.6 mM (n=2) 167 1.25 72

5.4 mM (n=3) 209+16 0.92+0.61 86+5

3.6. Summary

The series of experiments described thus far showed that compared to control, left
ventricular papillary muscles from aortic-constricted hearts showed a depressed force-
frequency relationship indicating impaired contractile function. This was similar to the
finding in hypertrophied human myocardium. The positive force-frequency relationship
in normal guinea-pig myocardium was changed to a negative response by interventions
that alter intracellular [Na*] and [Ca®*]. This lead to the proposal that left ventricular
hypertrophy is accompanied by an increase of intracellular [Na']. Such an increase in
[Na']; could be responsible for the inability of hypertrophied myocardium to increase the

force of contraction when stimulation frequency is raised.
3.7. Intracellular Na* concentration, [Na']; and hypertrophy
3.7.1. Intracellular Na* concentration [Na'], measurements

[Na']; was measured in some of the guinea-pig papillary muscle from control and aortic-
constricted hearts used for the tension recordings using ion-selective microelectrodes.
The ion-selective microelectrodes and KCl-filled microelectrodes were prepared as
outlined in the methods (Chapter 2, section 2.4). Stable microelectode impalements were
achieved in 28 preparations from control hearts and 12 preparations from aortic-

constricted hearts.
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The KCl-filled microelectrodes recorded resting membrane potential and the Na'-
selective microelectrodes recorded both the membrane potential and the change in Na*
activity when penetrating a cell. Different cells were penetrated with Na'-sensitive
microelectrodes and conventional KCl microelectrodes but it was assumed that the
membrane potential of all cells is similar due to electrotonic coupling. The equivalence
of the membrane potential recorded by the two electrodes after cell impalement was
tested by superfusing the preparation with a Tyrode's solution containing 40 mM KCl as
shown in figure 3.13. When the two intracellular electrodes recorded identical
depolarisations (within 1 mV) the above assumption was regarded as viable. To give the
change in Na" activity when penetrating a cell, the membrane potential, E,,, measured by
the KCl-filled microelectrode was subtracted from the total potential, Eisg, measured by

the Na'-selective electrode as shown in equation 3.1.

Ena = Eisg-Enm (3.1)

where E, is the membrane potential recorded by the KCl-filled microelectrode and Esg

is the potential recorded by the Na'-sensitive microelectrode.

E ,mV

m

-40

-60 7

KCl-filled

-80 )
microelectrode

-100
-120 7
-140

-160 Na' -sensitive
microelectrode

-180

40 m~1\_/I~;{C1
Figure 3.13. AE,, recorded by a KCl-filled microelectrode and a Na'-sensitive
microelectrode on superfusing the preparation with 40 mM KCI Tyrode's solution. AE,
for KCl-filled electrode = 40.4 mV and AE,, for the Na'-sensitive microelectrode = 40.1

mV.
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3.7.2. Calibration of Na'-selective microelectrodes

The Na'-selective microelectrodes were calibrated in mixed NaCl and KCl solutions as
outlined in methods (Chapter 2, section 2.4.9). Each electrode was calibrated separately.

A typical calibration curve is shown in figure 3.14.

0 slope = 61.37 mV.10-fold A[Na]
-20
-40
-60]

-80

-100 T T T T T T T T T T T T T

1 10 11 00 1000
log [Na] mmol.l

Figure 3.14. Calibration of Na'-selective microelectrodes in mixed NaCl and KCl

solutions.

3.7.3. Intracellular [Na'], [Na']; measurements and hypertrophy

[Na']; measurements from control and aortic-constricted hearts are shown in table 3.7.
Although the ISE's measure ionic activity, the results are expressed in terms of
concentration relative to the Na concentration of standard solutions. This ignores any
difference between the Na ion activity coefficients in the calibrating solutions and the
sarcoplasmic phase. Furthermore, Fry et al (1990) have shown that the potential
differences recorded with intracellular Na'-selective electrodes, En,, are normally
distributed and that the estimated ion concentrations are positively skewed. Therefore in
addition to calculating the mean [Na']; from Ey, values, the mean value and standard

deviation of the pNa were also calculated and then an antilogarithmic transformation was
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performed on this to give the [Na'];. The mean values in the last column of table 3.7 are
the antilogarithmic transformed mean pNa values and the values in parentheses are the
ranges of [Na']; calculated from one standard deviation above and below the pNa value.
The mean [Na']; values calculated using this method were slightly lower compared to the

more usual approach using the individually estimated values in column three.

Table 3.7. Heart-to-body weight ratios and intracellular [Na'] measured using ion-
selective microelectrodes in isolated papillary muscles from control and aortic-
constricted hearts. Values are mean £ SD. HBR = heart-to-body weight ratio, RV =
right ventricle, LV = left ventricle. T denotes [Na']; calculated from the individually
estimated values, 1 denotes [Na'J; calculated from antilogarithmic transformation of the
mean pNa with one SD shown in parentheses * denotes p<0.001 compared to sham and

unoperated groups.

HBR Intracellular PNa Intracellular

(gkg’)  [NalmM{ [Na'] mM 11
RV, unoperated 3.7+0.2 6.7+0.4 2.18+0.02 6.6 (5.6 -7.7)
(n=6)
LV, unoperated 3.5+0.3 7.2+1.4 2.15+0.08 7.1 (5.9-8.3)
(n=12)
LV, sham- 3.7+0.3 7.7£1.5 2.12+0.08 7.6 (6.4-8.8)
operated (n=9)
LV, aortic- 5.7+1* 12.1+1.4* 1.92+0.05 *  12.0(10.9-13.3)*
constricted (n=12)
RV, aortic- 6.3/6.4 6.2/6.9

constricted (n=2)

No significant differences were observed between [Na']; in the sham-operated and
unoperated control preparations. Statistical analysis was performed on the normally
distributed pNa values. [Na']; was significantly higher in left ventricular papillary
muscles from aortic-constricted compared to control hearts. [Na']; was also measured in
two right ventricular papillary muscles taken from hearts with left ventricular

hypertrophy with values of 6.2 and 6.9 mM. These values compare with that of [Na']; of
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6.7 £ 0.4 mM (n = 6) (mean + SD) in similar muscles from unoperated hearts. Thus
these limited data suggest that the increase of [Na']; in the aortic-constricted hearts was

confined to the left ventricle.

Figure 3.15 shows the relationship between [Na']; and heart-body weight ratio for all
data in more detail (r=0.72, n=40, p<0.001). The [Na']; was higher in hypertrophied

myocardium but the raised values were already established in moderate hypertrophy.

In figure 3.16 the animals were divided into control and moderate and severe
hypertrophy groupings based on heart-to-body weight ratios as described above (section
3.2.1.1), showing that [Na']; had already increased substantially in moderate hypertrophy
(n=6) and that there was no further increase in severe hypertrophy (n=6).

[Na'], mM

16.0
14.0 o

12.0 - o ®
10.0
8.0 - +

6.0+

4.0 | | l T |

3.0 4.0 5.0 6.0 .0 8.0
Heart-to-body weight ratio (g.kg)

Figure 3.15. Relationship between intracellular [Na'] and heart-to-body weight ratio.

The open circle represents combined data (mean + SD) from unoperated and sham-
operated left ventricle (n=28) and the filled circles individual left ventricle papillary

muscles from aortic-constricted hearts (n=12).
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Figure 3.16. Intracellular [Na'] measured using ion-selective microelectrodes in isolated
papillary muscles from unoperated and sham-operated left ventricle, moderate
hypertrophy (HBR 4.0-5.5 g.kg™) and severe hypertrophy (HBR >5.5 g.kg ™). Values are

mean + SD. * denotes p<0.001 compared to sham and unoperated groups respectively.

3.7.4. Intracellular [Na'] and contractile Jfunction

Figure 3.17 shows the dependence of the force-frequency relationship (T(i.6/0s)) on
intracellular [Na'] in isolated preparations from control and aortic-constricted hearts.
The figure shows that as [Na']; increased the force-frequency declined from a positive to
a negative relationship and that a continuum of points were seen from control and
hypertrophied preparations. The increase in [Na']; correlated significantly with the
decline in the force-frequency relationship (r=-0.76, n=40, p<0.001).

3.7.5. Recovery of [Na']; after intracellular acidosis

One cause of the raised [Na']; in hypertrophied myocardium may be a reduced ability of
the cell to extrude Na". This was investigated by measuring the rate and extent of
recovery of [Na']; in response to an intracellular acidosis. In preparations where
prolonged stable microelectrode impalements were obtained, intracellular acidosis was
generated after termination of a brief exposure to 10 mM NH4Cl. Figure 3.18 shows
examples of recordings from preparations taken from a control (Part A) and an aortic-

constricted heart (Part B). During application of NH4Cl, [Na']; decreased and on

134



removal, the [Na']; increased above control levels before returning to the resting value
over a period of minutes. Application of 1 mM amiloride prevented the increase of
[Na']; above the resting level after NH4Cl removal suggesting it accompanied H'
extrusion. In control hearts the [Na']; recovered from a peak of 11.4 = 3.4 mM to a
mean value of 6.2 + 1.3 mM with a time constant of 171 £ 77 s (n=8). Corresponding
experiments from aortic-constricted hearts showed a recovery of the [Na']; from 21.1 +
3.2mM to 12.6 =+ 1.6 mM (n=6) with a time constant of 306 &+ 140 s (mean + SD). Both
the recovery time constant (p<0.05) and the peak and final values of [Na'}; (p<0.001)
were significantly greater in the preparations from aortic-constricted hearts. The change
in [Na']; (A Na;) between the peak value and the recovery value was also greater in the

aortic-constricted hearts (8.4+2.1 vs 5.2+2.1 mM, (mean + SD) p<0.05).

(1.6/0.8)

2.0 o
A
1.8 A
4
1.6 AN
144 O DO O
o 0% o ¢
1.2+ od % [ ] ® ® .
®) ®
1.0 .O ®
0.8 ® °
°
0.6 1 [ | 1 T 1
4.0 6.0 8.0 10.0 12.0 14.0 16.0
[Na'] mM

Figure 3.17. The relationship between the force-frequency response (T(1¢/08) and
[Na'};. Open triangles represent data obtained from right ventricular myocardium, open
squares data from unoperated controls, open circles data from sham-operated controls

and filled circles data from aortic-constricted hearts
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Figure 3.18. Recordings of [Na']; and membrane potential, Ey, in papillary muscles
from A: a sham-operated animal and B: an aortic-constricted animal. 10 mM NH,4CI
was added to the superfusate when shown by the horizontal bar. The dotted lines show

the pre-intervention control levels of [Na']; and Ey,.
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3.8. Summary

These experiments confirm the first hypothesis that the [Na']; is increased in
hypertrophied guinea-pig myocardium. The rise of [Na']; occurred in moderate
hypertrophy with little further increase in severe hypertrophy. This is in contrast to
other cellular changes, such as intracellular acidosis or an increase in gap junction
resistance, which occur throughout the hypertrophy process, or only in more severe
hypertrophy, respectively (Wallis et al., 1997, Cooklin et al., 1997). This preliminary
observation raises the important point that an increase of [Na']; represents the primary
event in left ventricular hypertrophy and may be causal to other cellular changes. It is

possible that as hypertrophy progresses changes occur which halt the rise in [Na'J;

These experiments support the hypothesis that a negative force-frequency relationship in

hypertrophied guinea-pig myocardium is due to a raised [Na'];.

The mechanical function and [Na']; of the left ventricular myocardium from age-
matched sham-operated animals, or from the right ventricle of aortic-constricted hearts
behaved in an analogous manner to younger, unoperated guinea-pigs. Thus, it is

unlikely that these changes are due to progressive ageing of the myocardium.

The finding that the recovery of a raised [Na']; after an acute acidosis was slowed in
hypertrophied myocardium and stabilised at a higher level, suggests that the membrane

mechanisms that regulate [Na']; are reset.

There are a number of possible explanations for the rise of [Na']; and the decline in
contractile function in hypertrophy, namely, altered Na'/H" exchange activity, altered
Na'-K'ATPase activity and altered sarcoplasmic reticulum Ca®" handling. The next

series of experiments were designed to investigate these possibilities.
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3.9. Measurement of intracellular pH, pH;

3.9.1. Measurement of pH; in isolated cells

Determination of pH; was made in isolated ventricular myocytes from control and aortic-
constricted guinea-pigs. Measurement was made in all cases using epifluoresence
microscopy, by observing the ratio of the fluorescence output at 490/430 nm of cells
loaded with the pH sensitive fluorochrome, BCECF. Calibration of the ratiometric
signal was performed in individual cells allowing calculation of the absolute value of pH;
in each cell. In addition to determination of the baseline pH; further interventions were
made to determine the intracellular H' buffering capacity, the rate of H' recovery and the
acid-equivalent efflux from intracellular acidosis. All recordings were made from cells
superfused, at 37 °C with either HEPES or CO,/HCO; buffered Tyrode's solution as
described in Methods (Chapter 2, section 2.6).

pH 7.0

5 mins

Figure 3.19. Measurement and intracellular calibration of pH; in an isolated myocyte
from a control heart superfused with HEPES buffered Tyrode's solution equilibrated with
100% O,. Vertical lines indicate where solution changes were made for calibration

solutions of pH 7.0, 4.0 and 9.0. pH; measured prior to calibration was 7.17.
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Myocytes were superfused with HEPES buffered Tyrode's solution for 5 to 10 minutes to
allow stabilisation before steady-state values of pH; were measured. A recording of pH;
including calibration readings in a cell isolated from a control animal superfused with

HEPES-buffered Tyrode's is shown in figure 3.19.

3.9.2. Effect of hypertrophy on pH;

The mean pH; in HEPES-buffered Tyrode's solution was 7.22 + 0.12 (pH units, mean +
SD, n=89 cells from 37 animals) in cells isolated from unoperated hearts and 7.20 + 0.12
(pH units, mean + SD, n=37 cells from 11 animals) in cells from sham-operated hearts.
No significant difference in steady state pH; was observed between cells isolated from
unoperated and sham-operated animals. A significant decrease of the mean value of pH;
to 6.95 £ 0.08 (pH units, mean + SD, n=37 cells from 7 animals) was observed in cells

isolated from aortic-constricted hearts, p<0.001.

3.9.3. pH; as a function of heart-to-body weight ratio

All the experiments were pooled to determine pH; as a continuous function of heart-to-
body weight ratio. Values of pH; of all the cells isolated from any particular heart were
grouped and the mean value = SD was determined. The mean values for aortic-
constricted hearts were plotted as a function of the heart-to-body weight ratio of the
animal from which they were derived and the data from control hearts are expressed as a
single value in Figure 3.20. Between 3 and 11 cells were used for the determination of
each mean value of pH;. There was a significant negative correlation between pH; and

heart-to-body weight ratio (r=-0.715, p<0.001).
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Figure 3.20. The relationship between pH; and heart-to-body weight ratio. Data derived
from 163 cells from 51 animals. Between 3 and 11 cells were used for the determination
of each data point. The mean value obtained from control hearts is shown as an open
circle (mean = SD) and values obtained from aortic-constricted hearts are shown as filled

circles. (r=-0.715, p<0.001).
3.10. Determination of intracellular H buffering capacity
3.10.1. Theory of measurement of buffering capacity,

The addition and subsequent removal of the weak acid NH4Cl to the superfusing solution
of isolated ventricular myocytes has been shown to alter pH; in a predictable way without
altering extracellular pH, pH, (Baro et al., 1989) as described in Methods (Chapter 2,
section 2.7, page 97).

Determination of the H' load allows measurement of the intracellular H® buffering
capacity of the cell assuming there is no significant contribution from a physiological
NH;-NH4" buffering system. If the change in pH; following removal of NH4Cl is
measured then, as the H' load is known, B can be calculated from the relationship given

as equation 3.2.
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B (mequiv.I".pH unit™") = (A[NH,"]/ApH;) (3.5)

In practice the experimental determination of B was made in the presence of 1 mM
amiloride to block the effects of H" membrane transport systems. Active or passive
membrane transport systems would be anticipated to blunt any change in pH; produced

by chemical perturbation leading to an overestimation of 3.

3.10.2. Determination of non-bicarbonate intracellular H' buffering capacity, f;

The intrinsic or non-bicarbonate H' buffering capacity, B;, was determined in cells
isolated from control (unoperated and sham-operated) and aortic-constricted hearts. As
described in the Methods (Chapter 2, section 2.7.3) the extracellular Tyrode’s solution
was buffered with HEPES and equilibrated with 100% O,. The absence of HCOj;  ions
allowed calculation of the non-bicarbonate chemical buffering capacity of the

sarcoplasm.

3.10.3. p;in cells from control and aortic-constricted hearts

The intrinsic or non-bicarbonate buffering capacity, B; was measured in myocytes
isolated from hearts of control and aortic-constricted hearts using the method described
above. 10 mM NH4CI and 1 mM amiloride were used in all experiments and all cells
were superfused with HEPES-buffered Tyrode’s solution equilibrated with 100% O,.

Addition of 10 mM NH4Cl increased pH; in myocytes from control hearts from baseline
of 7.22 + 0.15 by 0.20 £ 0.06 pH units (mean + SD) and removal generated a peak
intracellular acidosis of -0.50 + 0.16 units (mean + SD). An example is illustrated in
plate 2. Corresponding values in myocytes from aortic-constricted hearts were an
increase in pH; from a baseline 0f 6.91 + 0.11 by 0.26 =+ 0.14 pH units (mean = SD) and a
peak intracellular acidosis of -0.21 £ 0.12 units (mean £ SD). The actual pH; produced
on removal of NH4Cl was similar in both groups of cells (6.73 + 0.2, n=75 cells from
control hearts and 6.71 = 0.19, n=19 cells from aortic-constricted hearts (mean + SD))

but the baseline pH; was significantly lower in the cells from aortic-constricted hearts.
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Plate 2. The effect of addition and removal of NH4C1 on pH; in a myocyte from a sham-

operated animal

A plot of pH; taken from a myocyte isolated from an aortic-constricted heart is shown in
figure 3.21. This recording illustrates the typical effect, in the absence and presence of

amiloride of the removal of NH4Cl on pH;.

pH.
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Figure 3.21. Derived plot of pH; in a myocyte isolated from an aortic-constricted heart
following application of 10 mM NH,4Cl and its subsequent removal in the absence and
presence of 1 mM amiloride. Myocyte superfused with HEPES-buffered Tyrode's at
37°C. Steady state pH; was 6.93, and B; was 102 mequiv.l'l.pH unit ™.

In cells isolated from control hearts B; was 30.5 + 15.1 mequiv.]”’.pH unit” (mean + SD,
n=75 cells from 31 animals). In cells isolated from hearts with aortic constriction B; was
significantly higher, 104.2 + 25.5 mequiv.I".pH unit’ (mean + SD, n=19 cells from 6
animals), p<0.0001. A significant correlation was observed between B; and heart—to-
body weight ratio as shown in individual values in figure 3.22, part A (r=0.625,
p<0.001). In Part B the individual values for myocytes from aortic-constricted hearts are
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plotted as a function of heart-to-body weight ratio and the data from control hearts are

expressed as a single value.

3.10.4. Correlation of B; with pH;

A significant correlation was observed between P; and the steady-state value of pH;
measured prior to the application of NH4C1 as shown in individual values in figure 3.23,
part A. The more acidic the baseline value of pH;, the higher the value of B; calculated
for that cell. These data were fitted to a linear relationship (r=-0.80, p<0.001). In figure
3.23, part B the individual values for myocytes from hypertrophied hearts are plotted as a
function of heart-to-body weight ratio and the data from control hearts are expressed as a

single value.

3.10.5. Determination of bicarbonate and non-bicarbonate intracellular H' buffering

capacity, Prot

The total, bicarbonate and non-bicarbonate, H' buffering capacity, P, was also
determined in some cells isolated from control hearts. As described in the Methods
(Chapter 2, section 2.7.3) the extracellular Tyrode’s solution contained HCOs™ and was
equilibrated with 95% O,, 5% CO, gas mixture. CO; is freely diffusable across cell
membranes and results in a constant [CO;];. In this situation intracellular HCO3 ions
become a very powerful buffer, even though the pK, of carbonic acid is 6.1, as
intracellular CO, levels, effectively clamped by the extracellular solution remain
constant. Hence determination of By under these conditions includes intracellular
buffering attributable to intracellular HCO;5™ ions (Bcoz) as well as the non-bicarbonate

chemical buffering (B;) of the sarcoplasm measured above in the absence of HCO;' ions.
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Figure 3.22. Relationship between B; and heart-to-body weight ratio. In A data from

individual cells (n=94) from all experimental groups with values from control hearts

represented by open circles and from aortic constricted hearts represented by filled
circles. In B the mean value obtained from control hearts is shown as an open circle

(mean + SD) and the values from aortic-constricted hearts are shown as filled circles.

Data in A fitted to a linear relationship (r=0.625, p<0.001).
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Figure 3.23. Relationship between B; and steady-state pH;. Cells superfused with

HEPES buffered Tyrode's solution. In A data from individual cells (n=94) from all
experimental groups (values from control hearts represented by open circles and from
aortic-constricted hearts represented by filled circles) and in B data from the control
hearts shown as a single point (open circle). Data in A fitted to a linear relationship

(r=-0.80, p<0.001).
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3.10.6. By in cells from control hearts

The bicarbonate and non-bicarbonate H" buffering capacity, B, was also determined in
some cells isolated from control hearts. Determination was made using the methods
described above. 10 mM NH4Cl and 1 mM amiloride were used in all the experiments
and the cells were superfused with a bicarbonate buffered Tyrode’s solution equilibrated
with 95% O,, 5% CO, gas mixture. Addition of 10 mM NH,Cl increased pH; from
baseline of 7.25 + 0.13 by 0.24 £ 0.11 units (mean += SD) and removal generated an
intracellular acidosis of -0.42 + 0.10 units (mean = SD). Steady state pH; (7.22 + 0.11,
mean £+ SD, n=102 vs 7.22 + 0.12, n=126) and the degree of alkalosis produced did not
differ from that in HEPES-buffered Tyrode's solution. The acidosis produced in
bicarbonate-buffered solution was significantly less than that produced in HEPES-
buffered solution (see above, 0.50 = 0.16 units, (mean + SD) p<0.005). Pt Was
determined to be 38.8 + 12.1 mequiv.I"\.pH unit”" (mean + SD, 52 cells from 23 hearts) in
control hearts and was significantly higher than B; (30.5 + 15.1 mequiv.I".pH unit’,
(mean + SD) in 75 cells from 31 hearts, p=0.003).

3.10.7. Bicarbonate dependent buffering, Pcoz

In 11 individual cells both iy and P; were determined. The mean value of f§ in
bicarbonate-buffered Tyrode's was 34.4 + 12.8 mequiv.I’.pH unit” which decreased to
22.0 + 7.3 mequiv.I".pH unit' in HEPES-buffered Tyrode's (mean + SD), (p=0.0003,
paired t-test). The value of By comprises the algebraic sum of B; and Bco,. Subtracting
the buffering power determined in HEPES-buffered solution from that in bicarbonate-
buffered solution therefore gives a value for Bco,. Using this method Pcor was
calculated to be 12.4 + 7.8 mequiv.I’.pH unit’ (mean + SD). In these cells the

proportion of the total buffering power due to bicarbonate was 34 + 10 % (mean + SD).

3.10.8. Correlation of P with pH;

A significant correlation was observed between Py and the steady-state value of pH;
measured prior to the application of NH4Cl in cells isolated from control hearts as shown

in individual values figure 3.24. The more acidic the baseline value of pH;, the higher
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the value of By calculated for that cell. These data were fitted to a linear relationship (r=-

0.62, p<0.001).

B (mequiv.l'1 pH unit")

69 70 7.1 72 73 74 75 76
pH.

Figure 3.24. Relationship between B¢, and Isteady—state pH; of individual cells isolated
from control hearts (n=52). Cells superfused with bicarbonate-buffered Tyrode's
solution and equilibrated with 95%CO, and 5%Q,. Data fitted to a linear relationship
(r=-0.62, p<0.001).

Figure 3.25 shows the relationship between [y and B; and pH; in cells from control

hearts. Both sets of data were fitted to a linear relationship.

3.11 pH; recovery from intracellular acidosis
3.11.1. Calculation of the non-bicarbonate dependent pH; recovery rate

The rate of recovery of pH; ApHi/dt, on NH4Cl removal in the absence of amiloride was
measured in individual cells. The cells were superfused with HEPES-buffered Tyrode’s
solution equilibrated with 100% O,. The pH; was plotted against time and a single
exponential curve fitted to calculate the time constant of the recovery phase. Typical
curves in myocytes from a control and aortic constricted heart are shown in figure 3.26.
Curve fitting was performed using the Scientific Analysis application; KaleidaGraph ™,

for Windows, version 3.5, (Synergy Software (PCS Inc)).
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Figure 3.25. Relationship of By (filled triangles) and B; (open circles) and steady-state
pH; in myocytes isolated from control hearts. Data plotted as individual points and fitted

to linear relationship (r=-0.62 for P, dashed line, and r=-0.70 for B; continuous line).
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Figure 3.26. The recovery of pH; on NH4Cl removal in the absence of amiloride in a
myocyte from a control heart (A) and from an aortic-constricted heart (B). In A the
resting pH; was 7.18, and recovered from a nadir of 6.88 to 7.13 on removal of NH4CI
with a time constant of 63 s. In B the resting pH; was 6.84 and recovered from a nadir of

6.45 to 6.76 with a time constant of 174 s.
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In control hearts pH; recovered from a nadir of 6.76 + 0.21 to a mean value of 7.14 +
0.11 with a time constant of 165 = 88 s (n=68)(mean + SD). Corresponding data from
aortic-constricted hearts show a recovery of pH; from 6.71 £ 0.19 to a mean value of 6.93
+ 0.11 with a time constant of 231 + 82 s (n=26) (mean + SD). The degree of acidosis
produced was similar in cells from control and aortic-constricted hearts but the steady-
state recovery pH; was significantly lower (p<0.0001) and the recovery time constant

was significantly greater in cells from aortic-constricted hearts (p=0.001).

3.11.2. Calculation of the bicarbonate and non-bicarbonate dependent pH; recovery

rate

The recovery of pH;, on NH4Cl removal in the absence of amiloride was measured in 10
cells from control hearts initially in bicarbonate-buffered Tyrode's and then in HEPES-
buffered Tyrode's. The data are summarised in table 3.8. Baseline pH; was not
significantly different in the two solutions. The acidosis generated was greater in
HEPES-buffered solution. In the absence of bicarbonate, pH; recovery following acid

loading was slower and the H' efflux rate was also significantly less.

Table 3.8. Changes in pH; and the rate of recovery of pH; on NH4Cl removal in the
absence of amiloride in bicarbonate- and HEPES-buffered Tyrode's solution (n=10 cells
from control hearts). Values are mean = SD. * denotes p<0.01 and ** p<0.05 compared

to bicarbonate-buffered solution (paired Students t-tests).

Baseline pH; Alkalosis Acidosis Recovery Time H

pH; constant (s)  efflux.min™

Bicarbonate-buffered solution

7.28+0.11 7.49+0.16 6.77+£0.17 7.27£0.10 128+64 4.6£2.0

HEPES-buffered solution

7.26+0.11 7.43+£0.09 6.58+0.26*%*  7.15+0.08 173+81* 3.7£1.9%*
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3.12. Calculation of sarcolemmal acid-equivalent flux (Jg)

Measurement of the cellular H' buffering capacity allowed calculation of the rate of acid
efflux during the recovery of acidosis after removal of NH4Cl. The average rate of pH;
recovery was calculated between 30 and 150 seconds after the peak acidosis. The net H'
efflux rate was calculated as the product of the average rate of pH; recovery over this
time period, ApHi/dt, and the intracellular buffering power as described in the methods
(Chapter 2, section 2.8.2). In HEPES-buffered solution, § was taken as the intrinsic
intracellular buffering power (B;) at peak acidosis and in CO,/HCO; -buffered solutions,

B was taken as the total buffering power of the cell (B) at peak acidosis.

Ju = p*(ApHy/dt)

3.12.1. Non-bicarbonate acid-equivalent flux in myocytes from control and aortic

constricted hearts

The non-bicarbonate acid efflux rate was calculated as the product of ApHj/dt, and the
intrinsic buffering power, P; (as determined above) measured in myocytes superfused
with HEPES-buffered Tyrode's solution. The mean value in 68 cells from control hearts
was 3.7 + 1.9 mequiv.I".min" and was not significantly different from the value in 21
cells from aortic-constricted hearts (4.2 + 1.9 mequiv.I". min™). Figure 3.27 shows that
the efflux-rate was dependent on the value of pH; at the commencement of acid
extrusion. At more acid values of pH;, the rate of extrusion was greater irrespective of

the origin of the cell.

The recovery of pH; from an acid load in HEPES-buffered Tyrode's is known to be
mediated by acid extrusion on Na'-H' exchange (Lagadic-Gossmann et al., 1992).
Consistent with this, pH; recovery was completely inhibited in 17 out of 45 myocytes
isolated from control hearts in the presence of 1 mM amiloride and greatly attenuated in
the remainder (0.75 + 0.9 mequiv.I'.min, mean + SD). Results were similar for
myocytes isolated from aortic-constricted hearts with complete inhibition of pH;

recovery in 11 out of 19 cells and a mean value in the remainder of 0.75 + 1.3
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Figure 3.27. Non-bicarbonate dependent H' efflux rate as a function of intracellular pH
at the commencement of acid extrusion in 68 myocytes isolated from control hearts
(open circles) and 21 myocytes from aortic-constricted hearts (filled circles). Cells were
superfused with HEPES-buffered Tyrode's. Acid loading was induced after removal of
superfusate NH4Cl. r=-0.65, p<0.001.

mequiv.’ "min” (mean + SD). A similar inhibitory effect on pH; recovery from
intracellular acidosis in myocytes from control hearts was observed by reducing external
Na, thereby reducing the gradient for Na'-H" exchange. The cells were superfused with
HEPES-buffered Tyrode's containing 24 mM and 0 mM Na* (NaCl replaced with Tris-
Cl, see Chapter 2, section 2.8.1, table 2.9). Recovery was completely inhibited in 26 out
of 35 cells in 24 mM Na and 5 out of 6 cells in 0 mM Na. Figure 3.28 shows the effect
of 1 mM amiloride and reducing external Na on recovery from intracellular acidosis in a

myocytes from a control heart. The results are summarised in table 3.9.
3.12.2. Non-bicarbonate acid-equivalent flux in myocytes from control hearts
Figure 3.29 illustrates a similar experiment to that shown in figure 3.28 in a myocyte

from a control heart, but performed in bicarbonate-buffered Tyrode's equilibrated with

95% O, and 5% CO,. Recovery of pH; from the acid load is now mediated by a
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pH

NH Cl1 NH C1 NH Cl1
7.3 4 4 4
7.2 —_[\
7.1
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6.8
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6.7~ 5 mins

Figure 3.28. Effect of 1 mM amiloride and reduced external Na on recovery from
NH4CI induced acidosis in a myocyte from a control heart. Cell superfused with
HEPES-buffered Tyrode's solution at 37 °C

Table 3.9. Summary of H" efflux rates in HEPES- and bicarbonate-buffered Tyrode's
solution in cells from control and aortic-constricted hearts. Values are mean + SD. *
denotes p<0.0lcompared to HEPES-buffered and ** denotes p<0.01 compared to

baseline rate (i.e in absence of amiloride or reduced external sodium).

H" efflux rate (mequiv.]”.min")

Control hearts Aortic-constriction
HEPES-buffered Tyrode's 3.7+ 2.0 (n=68) 42+1.9 (n=19)
1 mM amiloride (HEPES) 0.75 £ 0.9 (n=45)** 0.75 + 1.3 (n=19)
24 mM NaCl (HEPES) 0.31+£0.7 (n=35)**
Bicarbonate-buffered Tyrode's 4.6 2.0 (n=68)*
1 mM amiloride (Bicarbonate) 1.6 £ 0.8 (n=29)**
24 mM Na(l (Bicarbonate) 1.3+ 1.3 (n=19)**
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NH Cl NH Ci NH Cl
7.6 4 4 4

7.4
7.2+
7.0

6.8
24mM NaCl ImM amiloride
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Figure 3.29. Effect of ImM amiloride and reduced external Na’ on recovery from
NH4CI induced acidosis in a myocyte from a control heart. Cell superfused with
bicarbonate-buffered Tyrode's solution at 37 °C

combination of Na'-H" exchange and Na™-HCOs™ cotransport (Dart & Vaughan-Jones,
1992; Lagadic-Gossmann ef al., 1992). The H' efflux rate calculated in 68 myocytes
from control hearts superfused with bicarbonate-buffered Tyrode's solution was
significantly higher than that in HEPES-buffered solution (4.6 = 2.0 vs 3.7 + 1.9
mequiv.]".min”, (mean + SD) p=0<0.01). Figure 3.30 shows that the efflux rate was
dependent on the value of pH; at the commencement of acid extrusion. The data from
figure 3.27 and 3.30 are combined in figure 3.31 to show the efflux rate in both HEPES-
and bicarbonate-buffered Tyrode's solution. Both sets of data fitted to a linear

relationship.

ImM amiloride reduced the H'efflux rate in 29 cells to a mean value of 1.6 = 0.8
mequiv.I'.min” (mean + SD) (p<0.001, paired Student's t-test) but recovery was not
completely inhibited in any cell. Reducing the external Na™ in Tyrodes to 24 mM (NaCl
replaced with Tris-Cl, see Chapter 2, section 2.3.2, table 2.2) reduced the H efflux rate in
19 cells to a mean value of 1.3 + 1.3 mequiv.I".min? (mean + SD) with complete

inhibition of recovery in 6 of the cells.
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Figure 3.30. Bicarbonate and non-bicarbonate-dependent H' efflux rate as a function of

intracellular pH at the commencement of acid extrusion in 68 myocytes isolated from

control hearts. Myocytes were superfused with bicarbonate-buffered Tyrode's solution.

Acid loading was induced after removal of superfusate NH4Cl. r=-0.55, p<0.001.
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Figure 3.31. H' efflux rate as a function of intracellular pH in myocytes isolated from

control hearts (HEPES-buffered shown as open circles and bicarbonate-buffered as filled

triangles). Data plotted as individual points and fitted to a linear relationship using a

least squares fit.

bicarbonate-buffered, dashed line).

(r=-0.64 for HEPES-buffered, continuous line and r=-0.55 for
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3.13. Summary

1.

Recovery from intracellular acidosis is dependant on Na'-H' exchange and Na'-
HCOs" exchange and could be modulated by 1 mM amiloride and reducing the
external Na concentration. In bicarbonate-free conditions recovery from acute
intracellular acidosis in myocytes from control hearts was slower and incomplete
compared to that in bicarbonate-buffered conditions. The H' efflux rate during
recovery from acidosis was also reduced in bicarbonate-free conditions.

In bicarbonate-buffered conditions, intracellular buffering power, Py Was increased
by approximately 35% in myocytes from control hearts.

In bicarbonate-free conditions, the recovery rate from acute intracellular acidosis was
slowed in isolated myocytes from aortic-constricted hearts. In the papillary muscles
preparations the recovery of raised [Na']; was also slowed in aortic-constricted
hearts.

The H' efflux rate during the recovery from acidosis was not significantly different
between the myocytes from the control and aortic-constricted hearts in bicarbonate-

free conditions.

155



3.14. Measurement of intracellular [Ca®'], [Ca®");
3.14.1. Measurement of [Ca’']; in isolated cells

Determination of [Ca*];, was made in isolated ventricular myocytes from control and
aortic-constricted guinea-pigs. Measurement was made in all cases using epifluoresence
microscopy, by measuring the ratio of the fluorescence output at 340/380 nm of cells
loaded with the calcium sensitive fluorochrome, Fura-2. An in-vitro calibration was
performed by determining the fluorescence ratio at increasing concentrations of Ca*" in
the absence of cells as described in the Methods (Chapter 2, section 2.9.3). In addition to
determination of baseline [Ca*"];, 10 mM caffeine was applied to allow estimation of
sarcoplasmic reticulum (SR) Ca®* content. All recordings were made from cells
superfused, at 37°C with CO,/HCO; -buffered Tyrode's solution prepared as described in
Methods (Chapter 2, section 2.3, table 2.1).

Myocytes were superfused with CO,/HCO;5™ buffered Tyrode's solution for 5 to 10

minutes to allow stabilisation before steady-state values of [Ca*]; were determined.
3.14.2. Effect of hypertrophy on resting [Ca**];

The mean resting [Ca>*}; of cells from control hearts was 247 + 68 nM (mean + SD,
n=74 cells from 25 hearts). No significant difference in resting [Ca*"); was observed
between cells from unoperated and sham-operated hearts. The mean resting [Ca>']; of
cells from aortic- constricted hearts was 235 + 75 nM (mean + SD, n=34 cells from 7
hearts). Figure 3.32 shows the median and interquartile ranges for [Ca®"]; in the different

groups.
3.14.3. Effect of hypertrophy on SR Ca’* content

To estimate the SR Ca®>* content, the rise of [Ca®*]; when released by caffeine was
recorded. Application of 10 mM caffeine produced a transient rise of [Ca**]; which
spontaneously decreased back to resting levels. In 34 cells from control hearts, mean
[Ca®']; increased from 287 + 64 nM to 421 + 91 nM with a mean change 133 + 70 nM
(mean + SD).
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Figure 3.32. Resting [Ca2+]i in isolated myocytes from control and aortic constricted
hearts measured using the fluorescent indicator Fura-2. The boxes enclose 50% of the
data points with the median value displayed as the central line and the top and bottom of
the box marking the limits of + 25% of the data. The lines extending from the top and

bottom indicate the maximum and minimum values.

However, it was observed that this response was very variable with 52% of cells in the
resting state showing no response to caffeine. Following KCI induced depolarisation,
most cells showed a transient increase in [Ca’*]; when caffeine was subsequently applied
and this intervention was therefore used in all subsequent experiments and also served to
confirm the viability of the cells. A typical caffeine transient in a myocyte from a sham-
operated heart is shown in plate 3A. In figure 3.33 derived caffeine transients from a
control and an aortic-constricted heart are superimposed. In both cells Ca®* rises to a
peak and then falls below baseline levels before recovering back to baseline. The fall is
clearly more rapid in the myocyte from the control heart illustrated by the continuous

line.
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Figure 3.33. Derived plot of a caffeine transient from a control (continuous line) and an
aortic-constricted (broken line) heart both scaled to 100% to allow comparison . [Ca*'];
measured using the fluorescent indicator, Fura-2 and plotted as the ratio of the
fluorescence output at 340/380 nm. In the control cell resting [Ca**]; was 253 nM and
increased to 428 nM and in the aortic-constricted cell resting [Ca*']; was 254 nM and
increased to 364 nM.

Following exposure to 40 mM KCI for one minute, [Ca®*]; increased to a plateau and on
removal of KCI the [Ca*"]; declined rapidly to baseline. The results are shown in table
3.10. The typical effect of exposure to 40 mM KCl is illustrated in plate 3B. The
magnitude of the increase in [Ca®"]; during exposure to KCI was significantly higher in
the combined control group compared to the aortic constricted hearts (p=0.017) but
comparing myocytes from sham-operated and aortic-constricted hearts no significant
difference was observed (p=0.54).

After a KCl-induced depolarisation, subsequent application of 10 mM caffeine produced
a transient increase of [Ca®*]; in most myocytes. The results are shown in table 3.11.
The increase of [Ca*']; in myocytes isolated from aortic-constricted hearts was
significantly lower than in the control hearts (69 + 51 vs 107 + 68 nM, (mean + SD)

p<0.01). A significant negative relationship was observed between the increase of
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Plate 3. In A the increase in [Ca™i in response to 10 mM caffeine in a myocyte from a
sham-operated heart is illustrated as the ratio values. Resting [Ca™]i was 309 nM,
increasing to 684 nM on application of caffeine. On removal of caffeine [Ca"Vi fell
rapidly to a nadir of 278 nM before returning to baseline. In B the increase in [Ca™], in
response to 40mM KCl is illustrated followed by a caffeine response in another cell from
a sham-operated heart. Resting [Ca™Ji was 332 nM, increasing to 1007 nM after KCl
and 507 nM after caffeine. On removal of caffeine [Ca™]j fell to a nadir of 296 nM

before returning to baseline.
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[Ca®*); in response to 10mM caffeine and the heart-to-body weight ratio of the animal
from which the cells were derived as shown in figure 3.34 (r=-0.68, p<0.01). The values
for all the cells isolated from any particular hearts were grouped together and their mean
value + SD was determined and plotted as a function of the heart-to-body weight ratio of

the animal from which they were derived.

Table 3.10. Change of [Ca®']; during exposure to 40 mM KCl in isolated myocytes
measured using the fluorescent indicator, Fura-2. Values are shown mean + SD. *

denotes p < 0.05 compared to unoperated and combined control group.

Baseline [Ca”*]);, ;M + 40 mM KCI (nM) A [Ca**};, ntM

Unoperated 220+ 56 626 + 72 407 + 128
(n=39)

Sham-operated 222+ 63 559 + 154 337+ 120
(n=22)

Unoperated and 221+ 58 602 + 150 381+ 129
Sham (n=61)

Aortic- 247+ 103 565+ 216 317 £ 142*
constricted

(n=47)

Table 3.11. Change of [Ca*']; on application of 10 mM caffeine (after a brief exposure
to 40 mM KCl) in isolated myocytes measured using the fluorescent indicator, Fura-2.
Values are shown mean = SD. * denotes p<0.01 compared to unoperated and sham-

operated groups and combined control group.

Baseline [Ca’ |, nM  + 10 mM Caffeine (nM) A [Ca®'];, M

Unoperated 234+ 64 334 +£102 102 + 64
(n=39)

Sham-operated 249 + 83 367 + 134 117+ 75
(n=22)

Unoperated and 244 + 80 351+122 107 £ 68
Sham (n=61)

Aortic- 262 + 109 322 + 147 69 £ 51%*
constricted

(n=46)
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A second application of 10 mM caffeine, after a 2 minute quiescent period produced a
significantly smaller rise in [Ca®]; in all groups (45 + 395 nM, mean + SD, n=24,
p<0.001 in control group vs 37 £ 29 nM, mean £ SD, n=17, p<0.001 in aortic-constricted
group). There was no difference in the magnitude of this response between myocytes

from control and aortic-constricted hearts (p>0.05).

[c:a“]i nM
200

150

100 | J - T

IE:
_+. |

3.0 3.5 4.0 4.5 ]5.0 5.5
Heart-to-body weight ratio (g.kg)

Figure 3.34. Relationship between SR calcium content, measured in isolated myocytes
as the increase in [Ca®*]; produced on application of 10 mM caffeine, and heart-to-body
weight ratio. Data from 106 myocytes from 18 hearts. The values for all the cells
isolated from any particular heart were grouped together and the mean + SD plotted as a
function of the heart-to-body weight ratio. Values for control hearts shown as open
circles and values for aortic-constricted hearts as filled circles. Between 3 and 13 cells
were used for the determination of each data point. Data fitted to a linear relationship,
r=-0.68, p<0.01.

3.14.4. Effect of reduced external Na on SR Ca** content

Substitution of 147 mM NaCl Tyrode's with 29 mM NaCl Tyrode's (Chapter 2, section
2.3.2, table 2.2) caused an increase of [Ca’*]; which returned towards baseline on

reperfusion with 147 mM NaCl Tyrode's. These changes of [Ca®']; are presumably due
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to activation of the Na*-Ca?*-exchanger. The increase of [Ca®']; was variable with some
cells showing a rapid and marked increase as shown in figure 3.35 and plate 4 and other
cells showing a smaller increase. The increase was not significantly different between
cells from control and aortic-constricted hearts (p=0.64, table 3.12). Figure 3.36 shows

the effect of different external concentrations of Na on [Ca2+],-,

Table 3.12. Change of [Ca®*]; during superfusion with reduced external Na solution (29
mM NaCl Tyrode's) in isolated myocytes measured using the fluorescent indicator, Fura-
2. Values are shown mean + SD. No significant differences between aortic-constricted

and any control group observed.

Baseline [Ca” ], oM +29 mM NaCl (mM) A [Ca®];, M

Unoperated 258 + 74 848 + 644 591 + 624
(n=51)

Sham-operated 264 + 82 600 + 399 336 + 389
(n=13)

Unoperated and 259+ 75 798 £608 540 + 591
Sham (n=64)

Aortic-constricted 237+75 842 + 722 604 £716
(n=39)

Subsequent application of 10 mM caffeine resulted in an increase of [Ca®*]; which was
significantly lower in myocytes from aortic-constricted hearts (table 3.13). A second
application of 10 mM caffeine after a 2 minute quiescent period produced a smaller rise
in [Ca®*]; (61 £ 58, mean + SD, n=25, p<0.001 in control group vs 38 + 44, mean + SD,
n=13 in aortic-constricted group, p>0.05). There was no significant difference in the
magnitude of this response between the myocytes isolated from control and aortic-

constricted hearts (p>0.05).
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Plate 4. Change in [Ca™]i in response to superfusion with reduced external Na solution
and 10 mM caffeine in a myocyte from a control heart illustrated as ratio signals.
Resting [Ca™]i was 310 nM and increased to 1327 nM following 29mM external Na, 624
following 10 mM caffeine and 793 nM following 50 mM external Na.
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Figure 3.35. Derived plot showing the effect of reduced external Na concentration (29
mM) on [Ca®]; measured using the fluorescent indicator, Fura-2 and plotted as the ratio

of fluorescence emitted at 340:380 nm in a myocyte from an aortic-constricted heart.
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Figure 3.36. Derived plot showing the effect of altering external Na concentration on
[Ca®*]; measured using the fluorescent indicator, Fura-2 and plotted as the ratio of the

fluorescence output at 340/380 nm in a myocyte isolated from a sham-operated heart.
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Table 3.13. Change of [Ca>']; on application of 10 mM caffeine (after superfusion with
reduced external Na solution (29 mM NaCl Tyrode's)) in isolated myocytes measured
using the fluorescent indicator, Fura-2. Values are shown mean + SD. * denotes p

<0.001 compared to control groups.

Baseline [Ca”'], nM  + 10 mM Caffeine (M) A [Ca®'], nM

Unoperated 292 + 89 424 + 141 129 + 84
(n=46)

Sham operated 257 £ 84 363 £+ 100 106 + 32
(n=9)

Unoperated and 286 + 88 414 + 137 126 + 79
Sham (n=55)

Aortic-constricted 253 £ 82 325+ 113 72 £ 70*
(n=38)

3.14.5. Estimation of the rate of Ca’" efflux

The Ca®* released from the SR by caffeine is pumped out of the cell mainly via an
electrogenic Na'™-Ca®" exchange (Bers e al., 1989; Negretti et al., 1995). The rate of this
Ca®* efflux was determined by measuring the time constant of the decay of the caffeine
response. The change in [Ca*']; was plotted against time and a single exponential curve
fitted to calculate the time constant of the recovery phase. Curve fitting was performed
using the Scientific Analysis application; KaleidaGraph ™, for Windows, version 3.5,

(Synergy Software (PCS Inc)).

Figure 3.37 shows typical curves from a control (A) and an aortic-constricted heart (B).
In quiescent myocytes from control hearts [Ca2+]i fell from a peak of 421 + 91 nM to a
nadir of 243 + 70 nM (mean + SD, n=34) with a recovery time constant, t;, of 10.6 + 4.7
s. Corresponding values in 6 cells from aortic-constricted hearts were a peak of 444 +
85 nM falling to a nadir of 279 £+ 51 nM with a time constant of 11.7 + 4.9 s (mean + SD)
(p>0.05 vs control).

However, as discussed above this response was very variable with a significant

proportion of cells in the resting state showing no response to caffeine. Following KCl-
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Figure 3.37. Time constant of the decay of the caffeine transient (t;) in a myocyte from
a control heart (A) and a myocyte from an aortic-constricted heart (B). In A the [Ca®"];
declined from 428 nM to 222 nM with a time constant of 6.7 s and in B the [Ca®'];
declined from 364 nM to 227 nM with a time constant of 12.5 s.

induced depolarisation, most cells showed a transient increase in [Ca®*]; when caffeine
was subsequently applied and this intervention was therefore used in all subsequent
experiments. The data are summarised in table 3.14. In 28 myocytes from unoperated
control hearts [Ca®]; fell from a peak of 358 + 128 nM to a nadir of 215 + 66 (mean +
SD) with a recovery time constant of 10.5 + 3.8 s (mean + SD). Corresponding values in
18 myocytes from sham-operated hearts were a peak of 406 + 186 nM to a nadir of 233 +
84 (mean = SD) with a recovery time constant of 8.6 + 3.8 s (mean = SD). These results
were not significantly different from each other. In 40 myocytes from aortic-constricted
hearts [Ca*']; fell from a peak of 344 + 126 nM falling to a nadir of 233 + 68 nM (mean
+ SD) with a time constant of 15.0 £ 5.5 s (mean + SD). This was significantly slower
than that in either the unoperated or sham-operated control group (p<0.001). A
significant relationship was observed between the time constant of the decay of the
caffeine transient and heart-to-body weight ratio as shown in figure 3.38 (r=0.57,
p<0.01).

166



Table 3.14. Peak and nadir of [Ca“]i and the time constant of the decay of the caffeine
response (after a brief exposure to 40 mM KCl) in isolated myocytes. [Ca**}; measured
using the fluorescent indicator, Fura-2. Values are shown mean + SD. * denotes

p<0.001 compared to control groups.

Peak [Ca”]; nM Nadir [Ca”"]inM  Time constant (s)

Unoperated 358 £128 215+ 66 10.5+ 3.8
(n=28)
Sham-operated 406 + 186 233+ 84 8.6+3.8
(n=18)
Unoperated+sham 374 + 155 222 £75 9.74 + 3.87
(n=46)
Aortic-constricted 344 + 126 233 + 68 150+£55*
(n=40)
k!
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Figure 3.38. Relationship between the time constant of the recovery phase of the
caffeine transient (t;) and heart-to-body weight ratio. Data from 86 cells from 17 hearts.
The values for all the cells isolated from any particular heart were grouped together and
the mean + SD plotted as a function of the heart-to-body weight ratio. Values for control
hearts shown as open circles and values for aortic-constricted hearts as filled circles.

Between 3 and 13 cells were used for the determination of each data point.
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3.14.6. Effect ofreduced external [Na] on the rate of Ca™" efflux

The rate of efflux was also calculated in myocytes from control and aortic-
constricted hearts using the caffeine transients produced after exposure to reduced
external Na as illustrated in plate 5. During caffeine-induced Ca™ transients in reduced
sodium solutions, the [Ca™]i decline is much more dependent on transport of Ca™ by the
mitochondrial Ca uniporter and the sarcolemmal Ca-ATPase (Bassani et al, 1992). As
described above 10 mM caffeine was applied after a brief exposure to Tyrode's solution
containing 29 mM NaCl (Chapter 2, section 2.3.2, table 2.2). As shown in figure 3.39
the time constants in myocytes from control and aortic-constricted hearts were prolonged
compared to those after KCl-induced depolarisation in normal Tyrode's (10.0 = 3.9 vs
17.3 = 10.3 s, mean £ SD, n=27, p<0.001 for control and 15.1 £ 5.7 vs 19.4 + 9.6 s, mean
+ SD, n=17, p =0.019 for aortic-constricted group, paired Student's t-tests).

29 mM NacCl

340:380
10 mM caffeine

r- 0.55

— 0.4
10 mM caffeine 0.45

— 0.35

L- 0.25

30 s

Plate 5. Change in [Ca™]i in response to 10 mM caffeine before and during
superfusion with reduced external [Na] solution plotted as 340:380 fluorescence
ratio. Resting [Ca™ji was 264nM and increased to 454 nM on caffeine exposure
with a recovery time constant of 11.4s. [Ca™\|i increased to 818 nM on superfusion
with 29 mM NacCl and the recovery time constant of the second caffeine transient

was 16.9s.
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Figure 3.39. Time constant (t;) of the recovery phase of the caffeine transient after KCl-
induced-depolarisation and reducing external [Na] in myocytes from control (open
circles) and aortic-constricted (closed circles) hearts. Values are mean + SD. Paired

Student's t-test.
3.14.7. Refilling of the SR

In some myocytes after removal of caffeine a transient undershoot of [Ca®'}; was
observed which then recovered to baseline levels. It has been suggested that the
undershoot results from the depleted SR offering a transient greater uptake gradient
which gradually equilibrates with the pre-intervention [Ca*]; as the store refills (Baro ez
al., 1993). The change in [Ca®*]; was plotted against time and a single exponential curve
fitted to calculate the time constant of the recovery phase of the undershoot. Curve
fitting was performed using the Scientific Analysis application; KaleidaGraph ™, for
Windows, version 3.5, (Synergy Software (PCS Inc)).

In 16 myocytes from control hearts [Ca®"}; increased from a nadir of 197 + 66 nM to
baseline of 225 + 76 nM (mean + SD) with a time constant of 51.8 + 16.3 s (mean + SD).
Corresponding values in 24 myocytes from aortic-constricted hearts were a nadir of 247
+ 67 nM to baseline of 277 £ 76 nM (mean + SD) with a significantly slower time
constant of 71.2 £+ 33.9 s (mean + SD) (p<0.05). A significant relationship was observed
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between the time constant of the recovery of the undershoot and heart-to-body weight

ratio as shown in figure 3.40 (r=0.73, p<0.01).

The time constant of the recovery of the undershoot was significantly slower than the
time constant of the decay of the caffeine response. The ratio of the time constant of the
recovery of the undershoot to the time constant of the decay of the caffeine transient was
similar in the myocytes from control and aortic-constricted hearts (5.9 + 3.7 vs 6.0 £+ 3.4,

mean = SD, p>0.05).
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Figure 3.40. Relationship between the time constant of the recovery phase of the
undershoot of the caffeine transient (t;) and heart-to-body weight ratio. Data from 40
cells from 12 hearts. The values for all the cells isolated from any particular heart were
grouped together and the mean = SD plotted as a function of the heart-to-body weight
ratio. Values for control hearts shown as open circles and values for aortic-constricted
hearts as filled circles. Between 1 and 9 cells were used for the determination of each

data point.
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Summary

1. Resting [Ca®*]); was not significantly different between myocytes isolated from
control and aortic-constricted hearts.

2. The Ca® released from the SR by caffeine was significantly reduced in myocytes
from aortic-constricted hearts and there was a significant correlation between the
change of [Ca*']; and heart-to-body weight ratio.

3. The time constant (1) of the decay phase of the caffeine transient was prolonged in
myocytes from aortic-constricted hearts and correlated with heart-to-body weight
ratio.

4. The time constant of the recovery phase (t2) of the undershoot was also prolonged in
myocytes from aortic-constricted hearts and correlated with heart-to-body weight
ratio.

5. Reduction of external sodium caused an increase in [Ca®']; which was not

significantly different between myocytes from control and aortic-constricted hearts.
These findings suggest that the SR Ca®* content is reduced and / or the ability of the SR

to release and re-accumulate Ca’* is impaired in this model of left ventricular

hypertrophy.
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3.15. Na'-K'-ATPase pump isoforms

3.15.1. Quantitative immunoblotting

Western blotting or immunoblotting was used to determine the relative quantities of the
isoforms of the o subunit of the Na'-K'-ATPase pump in samples from right and left

ventricular samples from sham-operated, aortic constricted and debanded guinea-pigs.

3.15.2. Calsequestrin in hypertrophy

The infiltration of new cell types and collagen deposition in hypertrophied hearts could
have a diluting effect on the protein of interest. Furthermore as myocyte size increases,
the membrane does not increase relatively as much as the intracellular volume so the
cytosol has a diluting effect as well. Equal volumes of sample (10% weight / volume of
the homogenate) were loaded from sham-operated and aortic constricted hearts and to
correct for any differences in the amount of protein added the samples were also
analysed for calsequestrin which is not altered by the process of hypertrophy (Arai ef al.,
1996; Tsutsui et al., 1997, Schotten et al., 1999; Shorofsky et al., 1999; Somura et al.,
2001). Figure 3.41 shows calsequestrin levels in the different groups. The sample that
gave the greatest signal was defined as 100% and the other values are expressed as a
percentage of this sample. No significant difference was observed between calsequestrin
levels in sham-operated, aortic-constricted and debanded hearts. Calsequestrin levels
were lower in right ventricular samples from all three groups but the difference was only

significant in the sham-operated group (p<0.05).

3.15.3. a-isoform expression in hypertrophy

Rat brain was used as a positive control for the a; isoform. Each o isoform was detected
as a specific band at M; ~100 kD. Figure 3.42 is an immunoblot showing the proteins
detected using antiserum specific for the a;-isoform. No difference in ay-isoform levels
was observed between sham-operated and aortic-constricted hearts. Figure 3.43 shows
oy-isoform levels expressed as the ratio of ay-isoform:calsequestrin in the different

groups.
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Figure 3.41. Densitometric quantification of western blot analysis of calsequestrin in
right (RV) and left ventricular (LV) samples from sham-operated, aortic-constricted
(AC) and debanded (deb) guinea-pig hearts. The maximum calsequestrin signal
recorded was taken as 100% and the other values expressed as a percentage of this
sample. (n=14 for sham, n=7 for AC and n=5 for deb). The mean + SD values are

shown in A and the individual data points are shown in B.
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Figure 3.42. A. Immunological detection of the ai-isoform of the Na*-K"-ATPase
pump. Western blots of right and left ventricular samples from sham-operated, aortic-
constricted and debanded hearts loaded randomly. The ai-isoform was detected with a
monoclonal antibody specific for ai. (The blank lanes are samples of lung tissue). B
shows distribution of molecular weight markers. The ai-isoform runs exactly with the

98 marker (arrowed)
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Figure 3.43. Densitometric quantification of western blot analysis of the ai-isoform of
the Na"-K”*-ATPase pump in right (RV) and left ventricular (LV) samples from sham-
operated, aortic-constricted (AC) and debanded (deb) guinea-pig hearts. Values are
mean = SD and expressed as the ratio of the ai-isoform to calsequestrin. (n=14 for

sham, n=7 for AC and n=5 for deb)
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The o, isoform was undetectable in both right and left ventricular samples from sham-
operated and aortic constricted hearts using either the commercially available antibody
(rabbit polyclonal from Upstate Biotechnology, USA) or the McB2 mouse monoclonal
from Dr KJ Sweadner, Massachusetts General Hospital, Boston MA, USA (Urayama et
al., 1989). The ratio of as-isoform:calsequestrin levels is shown in figure 3.44 and was
not significantly different between the groups. The ratio of the oz-isoform:a;-isoform

was also not different between the various groups (data not shown).
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Figure 3.44. Densitometric quantification of western blot analysis of the o;3-isoform of
the Na'-K'-ATPase pump in right (RV) and left ventricular (LV) samples from sham-
operated, aortic-constricted (AC) and debanded (deb) guinea-pig hearts. Values are
mean + SD and expressed as the ratio of the a;j-isoform to calsequestrin. (n=14 for

sham, n=7 for AC and n=5 for deb)

3.16. The sarcoplasmic reticulum Ca**-ATPase pump (SERCA2)

No change in the SERCA2 levels were observed between sham-operated, aortic-

constricted and debanded hearts (figure 3.35).
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Figure 3.35. Densitometric quantification of western blot analysis of SERCA2 pump in
right (RV) and left ventricular (LV) samples from sham-operated, aortic-constricted
(AC) and debanded (deb) guinea-pig hearts. Values are mean + SD and expressed as the
ratio of the SERCAZ2 to calsequestrin. (n=14 for sham, n=7 for AC and n=5 for deb)

3.17. Summary

As expected calsequestrin expression was unaffected by the hypertrophy process. Both
the o, and the o isoforms of the Na'-K'-ATPase pump were expressed in the guinea -
pig but the a,-isoform was not detected by the antibodies used in this study. No change
in the SERCA2A expression was observed in hypertrophy. These findings may be due
to the small numbers of samples studied and are discussed further in Chapter 4, Section
4.2.4.1).
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Chapter 4: Discussion

4.1 Methods
4.1.1. The model of hypertrophy

While the use of human tissue is ideal in attempting to investigate the properties of
myocardial hypertrophy, many problems exist with respect to availability and suitability
of the biopsies provided. Advantages of animal models of hypertrophy include the
ability to perform control experiments and allowing different stages of the disease
process to be studied. The method of ascending thoracic aortic constriction in the
guinea-pig used in this thesis resulted in significant cardiac and myocardial hypertrophy
as assessed by heart-to-body weight ratio and histological measurements (Cooklin ef al.,
1998) with a mortality of less than 10%. The contractile response of normal guinea-pig
myocardium resembles that of the human with a positive force-frequency response and
absence of post-rest potentiation. From an electrophysiological viewpoint, guinea-pig
action potential morphology resembles that of the human quite closely, with the absence
of a phase 1 notch unlike the dog (Boyden et al., 1988) but a maintained plateau phase
unlike the rat (Aronson, 1980).

Qualitative anatomical and physiological comparisons can be made between the
hypertrophy induced using this model and the pathological process as it occurs in
humans. Induction of LVH by ascending thoracic aorta constriction most closely
approximates the morphological changes seen in aortic stenosis in humans (Weber et al.,
1987). Electrophysiological studies of whole hearts (Winterton et al., 1994) and isolated
preparations (Cooklin et al., 1998; Carey et al., 2001) of this model have demonstrated
impaired conduction velocity, a change that is similar to that in isolated human
myocardium (McIntyre & Fry, 1997) and also parallels the delayed ventricular activation
and propensity to ventricular arrhythmias seen in LVH in the human heart. Impaired
coronary flow reserve and elevated coronary resistance have also been demonstrated in
this model (O'Gorman et al., 1992) which is similar to the changes in coronary

haemodynamics seen in patients with LVH (Marcus et al., 1982; Opherk et al., 1984).

In clinical studies regression of LVH has been well documented such as after aortic valve

replacement for aortic stenosis (Ikonomidis et al., 2000) or treatment with angiotensin
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converting enzyme inhibitors (Sleight et al., 2001). In this model removal of the
previously placed constriction resulted in regression of established LVH. However, after
43 days, heart-to-body weight ratios did not completely reverse to control values. After
100 day regression seemed to be complete and indeed in this model cellular hypertrophy
has been shown to reverse to control values at this stage (Botchway, 2001). Several
studies have shown that there is collagen deposition during the process of hypertrophy
(Weber et al., 1987, Brilla et al., 1991) which may persist in regression. Some studies
have shown no reversal (Dussaillant et al., 1996; Dixon et al., 1997; Yang et al., 1997)
while others have shown some reversal of collagen deposition (Brilla et al, 1996)
associated with regression of left ventricular mass. The residual hypertrophy seen in this
study is probably due to some degree of residual collagen deposition that developed
during the hypertrophic process and may persist even after the removal of the aortic

constriction.

Banding of the ascending aorta has been successfully employed to produce LVH in other
species including the dog (Bache et al., 1990), the pig (Breisch et al., 1986a), the cat
(Cameron et al., 1983), the ferret (Bentivegna et al., 1991; Wang et al., 1994), the rabbit
(Milnes & MacLeod, 2001) and the rat (van der Laarse et al., 1989).

Other methods of inducing LVH include renal artery stenosis (Brilla et al., 1990), infra-
renal aortic banding (Ryder et al., 1993), cathecholamine administration (Laylock et al.,
1996; Wong et al., 1998), thyroxine administration (Arai et al., 1991; Tomanek et al.,
1993) growth hormone secreting tumours (Xu & Best, 1991) and physical training
(Breisch et al., 1986b; Belichard et al., 1992). Rat models of hypertension also result in
LVH. The SHR is a polygenic model of long-term pressure-overload induced
hypertrophy. In the Dahl-salt sensitive rat, administration of salt (1% NaCl) and
deoxycorticosterone acetate results in hypertension and LVH in uninephrectomised
guinea-pigs (Tiritilli & Ruff, 1994). LVH has also been demonstrated in transgenic rats
[TG(mREN2)27] overexpressing the mouse renin gene (Flesch et al., 1997).

Many animal models of hypertension, in particular those produced by supra-renal aortic
constriction are associated with an increase in both angiotensin II (AIl) and aldosterone
(AL) (Liard & Spadone., 1985; Crandall ez al., 1991). However, no change in AlI levels

has been demonstrated in the guinea-pig model of ascending aortic-constriction used in
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these studies (Kingsbury et al., 1999). It has been postulated that it is the ventricular
loading provided by the increased afterload that is largely responsible for myocyte
hypertrophy, whilst circulating factors such as AIl and AL are responsible for the
accumulation of collagen. Thus, the hypertrophy seen with infra-renal aortic-
constriction, where AIl and AL are normal is not associated with significant fibrosis
despite significant hypertension (Brilla ez al., 1990) and the degree of fibrosis in the SHR
rat is reduced with low doses of angiotensin-converting enzyme inhibitors which have no
significant anti-hypertensive effect (Brilla et al., 1991). Ascending aortic constriction
may be expected to result in increased activity of the renin-angiotensin-aldosterone axis.
However, evidence for this is lacking in our model (Kingsbury et al., 1999) and in
another study in dogs there was no increase in plasma renin activity with ascending
aortic-constriction (Andersen et al., 1994). In the latter study it was hypothesised that
elevated left atrial pressure inhibited renin secretion by reflex mechanisms and elevated
plasma atrial natriuretic peptide (ANP). However, even if our model is not one of "pure"
myocyte hypertrophy, the presence of fibrosis is generally regarded as an important
determinant of function in pathological hypertrophy (Weber et al., 1987) and is
responsible for abnormal myocardial stiffness which accompanies the development of
LVH (Doering et al., 1988). Furthermore, models of LVH produced by infra-renal aortic
banding tend to be associated with very mild degrees of hypertrophy (Ryder et al., 1993).

4.1.2. Measurement of intracellular [Na'] using ion-selective microelectrodes
g

The use of Na'-sensitive microelectrodes allows direct and continuous monitoring of free
[Na'];, and relatively direct calibration. The electrodes are sensitive enough to detect
small changes in ion concentration. One of the limitations is that the cell has to be
impaled with the Na'-sensitive microelectrode and membrane potential must be
measured separately and simultaneously wusually with a second intracellular
microelectrode. In this study different cells were penetrated with Na'-sensitive
microelectrodes and conventional KCl microelectrodes but it is assumed that the
membrane potential of all cells is similar due to electrotonic coupling. The equivalence
of the membrane potential recorded by the two electrodes after cell impalement was
tested as described in the results and only when identical depolarisations (within 1 mV)
were recorded by raising the extracellular [KCI] were the results analysed. Another

potential problem is that following impalement, the bath solution or electrode contents
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might leak into the sarcoplasm and thus alter the ionic composition. The values of [Na'];
obtained in quiescent muscle in this study are similar to those obtained by others using
Na‘-sensitive electrodes, the fluorescent indicator SBFI and / or *Na NMR

measurements (table 4.1).

A number of these studies report estimated Na* activity (a'x,) values as this is what the
Na'-selective electrode measures, rather than concentration i.e. measured Na'
concentration is converted into activity by multiplying by an activity coefficient of 0.76.
This activity coefficient assumes that the ionisation of Na in the cytoplasm is the same as
that in the external medium. In order to allow comparison between the different studies

a'Na values have been converted back to [Na']; values.

There is considerable variation in the values obtained in these different studies. Some of
this variation may be explained by species differences, the temperature at which the
[Na']; was measured, and the method of measurement. In table 4.2 the results are
grouped according to temperature and the method of measurement. Values measured
using SBFI are generally lower than those measured with ISE's. Experiments performed
at <35 °C when the Na'-K*-ATPase pump would be partially inactive generally report
higher [Na']; values. This can be seen clearly for ISE measurements but SBFI
measurements were not obviously different. This may reflect the fact that most of the
measurements performed at > 35 °C were performed in rat myocardium and [Na']; values
in rat (Shattock & Bers, 1989; Borzak et al., 1992; Donoso et al., 1992; Harrison et al.,
1992b; Baartscheer et al., 1997; Park et al, 1999; Despa et al., 2002) and ferret
myocardium (Chapman et al., 1983; Guarnieri, 1988; Baudet et al., 1991; Blatter &
McGuigan., 1991) are generally higher than in other species.
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Table 4.1. Summary of published values for [Na']; in muscle strips, isolated myocytes

and intact heart. SBFI = sodium-binding benzofuran isopthalate, ISE = ion selective

microelectrode, NMR = nuclear magnetic resonance spectroscopy. Values are mean *

SD or SEM for [Na'};. (Values of [Na']; in parentheses are quoted a'x, by authors).

Method  Species Preparation [Na'; Temp °C Reference

SBFI Rabbit Isolated 4.5+0.4mM Room Despa et al., 2002
myocytes

SBFI Rabbit Isolated 3.8+0.23mM Levi et al., 1994a
myocytes (2.9+0.17)

SBFI Guinea-pig Isolated 6.4+£0.5mM Room Hayashi et al.,
myocytes 1994

SBFI Guinea-pig Isolated 6.7+0.4mM 26 °C Harrison et al.,
myocytes (5.1+£0.3) 1992b

SBFI Guinea-pig Isolated 6.6+0.6mM Room Satoh et al., 1994
myocytes

SBFI Guinea-pig Isolated 7.1£0.9mM 37°C Gray et al., 2001
myocytes

SBFI Rat Isolated 11.1£0.7mM  Room Despa et al., 2002
myocytes

SBFI Rat Isolated 10.7¢1.2mM  27°C Donoso et al.,
myocytes 1992

SBFI Rat Isolated 10.3204mM 26 °C Harrison et al.,
myocytes (7.8+£0.3) 1992b

SBFI Rat Isolated 14.0£2.0mM  37°C Borzak et al., 1992
myocytes

SBFI Rat Isolated 7.6x£1.5mM 35+1°C RuBl et al., 1996
myocytes

SBFI Rat Isolated 9.6+0.4mM 37°C Baartscheer et al.,
myocytes 1997

SBFI Rat Isolated 10.9+£0.7mM Leviet al., 1994a
myocytes (8.3£0.5)

SBFI Rat Isolated 10.2+£0.7mM  35°C Park et al., 1999
perfused heart

SBFI Rat Isolated 3.0£0.15mM  37°C Maier et al., 1997

perfused heart
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ISE

ISE

ISE

ISE

ISE

ISE

ISE

ISE

ISE

ISE

ISE

ISE

ISE

ISE

ISE

ISE

ISE

ISE

Guinea-pig

Guinea-pig

Guinea-pig

Guinea-pig

Rabbit

Rabbit

Rabbit

Rabbit

Ferret

Ferret

Ferret

Ferret

Ferret

Sheep

Sheep

Sheep

Sheep

Sheep

Whole heart

Papillary
muscle
Papillary
muscle
Papillary
muscles (RV)
Isolated
myocytes
Papillary
muscle
Papillary
muscle
Papillary
muscles
Papillary
muscles
Papillary
muscles
Papillary
muscles
Ventricular
trabeculae
Papillary
muscles

Purkinje fibres

Purkinje fibres

Purkinje fibres

Purkinje fibres

Purkinje fibres

11.6+3.7mM
(8.8+2.8)
5.3+1.3mM
(4.0+1.0)
7.6+4.5mM
(5.8+£3.4)
6.2+0.4mM
(4.7£0.3)
11.1+2.0mM
(8.4+1.5)
7.5£3.5mM
(5.7+2.7)
9.5+£0.7mM
(7.2+0.5)
10.8+0.5mM
(8.2+0.4)
14.4+1.3mM
(10.9+1.0)
10.3x1.4

11.8+1.2mM
(9.0+0.9)
8.5£0.5 mM

13.4+1.2mM

9.6+2.7mM
(7.242.0)
9.1+1.8mM
(6.9+1.4)
9.9+£2.9mM
(7.5£2.2)
11.7£0.4mM
(8.9+0.3)
7.3£3.8mM
(5.5%2.9)

31-33°C

36-37°C

36°C

35°C

37°C

25°C

30°C

35°C

22°C

19-22 °C

36-37°C

36+0.5°C

25°C

35°C

35°C

35£1°C

35+£0.5°C

35 °C

Kléber, 1983

Wang ef al., 1988

Cohen et al., 1982

Wang et al., 1993

Desilets &
Baumgarten, 1986
Lee & Fozzard,
1975

Shattock & Bers,
1989

Hool et al., 1995

Chapman et al.,
1983

Baudet et al., 1991
Guarnieri, 1988
Fry et al., 1987
Blatter &
McGuigan, 1991
Ellis, 1977

Ellis, 1985

Ellis & MacLeod,
1985

Gretler, 1985

Bright & Ellis,
1992

182



ISE Sheep Ventricular 8.4+£1.6mM 34+1°C Sheu & Fozzard,
trabeculae (6.4£1.2) 1982

ISE Rat Papillary 14.9£03mM  36x1°C Lagadic-
muscle (11.3+£0.4) Gossmann &

Feuvray, 1991

ISE Rat Papillary 16.7£0.9mM  30°C Shattock & Bers,
muscle (12.7+0.6) 1989

»Na Rat Myocyte 8.8+1.2 mM 30°C Wittenberg &

NMR suspensions Gupta, 1985

»Na Rat Isolated 8.4+2.3 mM 35°C Jelicks & Gupta,

NMR perfused heart 1994

*Na Guinea-pig Isolated 6.407mM 35 °C Jelicks & Siri,

NMR perfused heart 1995

ISE Guinea-pig Papillary 7.4+1.4 mM 37°C This study
muscle

Table 4.2. Effect of temperature, species and the method of measurement of [Na'];.
SBFI = sodium-binding benzofuran isopthalate, ISE = ion selective microelectrode.
Values are mean + SEM for [Na'];, * denotes p<0.05 compared to measurements with

ISE's at <35 °C

Species SBFI ISE
<35°C >35°C <35°C >35°C
All 8.0+£1.5mM  8.6+1.5mM All 11.9+1.2mM 8.8+0.51 mM
(n=7) (n=6) (n=7) (n= 15)*
Rat 10.74#0.2mM 8.9+1.8mM Rat 16.7£0.9mM 14.9+0.3mM
(n=3) (n=5) (n=1) (»=1)
Guinea-pig 6.8£0.4 mM
(n=5)

The ISE measurements of [Na']; reported in most studies are the mean + SD of the
estimated ion concentration. However, Fry et al (1990) have shown that while the
potential differences measured with intracellular Na-sensitive ISE's are normally
distributed, the estimated Na* concentrations are positively skewed. Thus it is more
appropriate to calculate the mean value and standard deviation of the potential difference

or the pNa and afterwards perform the antilogarithmic transformation. As was seen in
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this study (Chapter 3, table 3.8) this method of calculation reduces the mean [Na'];
compared to the more usual approach of performing logarithmic transformation on the
individual potential difference measurements. This may partly explain why values of
[Na']; obtained with ISE's shown are often higher than values obtained with other

methods.

4.1.3. Epifluorescence microscopy and determination of intracellular pH

The use of the pH-sensitive fluorescent dye BCECF in isolated cells allows relatively
non-invasive quantitative measurement of pH; and has been successfully used in isolated
cardiac myocytes. Compared to other methods such as the distribution of weak acids and
bases and NMR spectroscopy it has a reasonably fast time resolution and is therefore
suitable for measuring the relatively rapid changes in pH; occurring in these studies.
Cells were exposed to the acetoxymethylester of the parent compound that is lipid
soluble and diffuses freely across the cell membrane. Once the BCECF was within the
sarcoplasm it was hydrolysed to the active form of the fluorochrome that is polar and
lipid insoluble and was trapped inside the cell. The viability of the myocytes was

unaffected by this process.

As described in the literature, compartmentalisation of the dye can occur with the cell.
In this cell type the fraction of the dye incorporated into intracellular organelles varies
from 8 to 40% (Borzak et al., 1990; Bond et al., 1993; Wang et al., 1994; Peréz et al.,
1995; Schifer et al., 2000). As the majority of the indicator is cytoplasmic, changes of
the BCECEF ratio signal are likely to mainly reflect a change of cytoplasmic pH (Wang et
al., 1994). Therefore the potential error in pH; measurements due to
compartmentalisation should be relatively small and in this study correction of the data

for compartmentalisation was not performed.

The ratiometric method used in this study for measurement of pH; by BCECF and [Ca®";
by Fura-2 has considerable advantage when an epifluorescence technique is used. By
comparing the fluorescent output of the dye at two different wavelengths, generally one
at which the fluorescence intensity varies with the concentration of the ion and one at
which it less affected, a ratio of two values rather than absolute fluorescence intensities

. + . . .
can be used as an index of H' or Ca®* concentration. This form of analysis removes
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errors attributable to variability of dye loading in individual cells, loss of dye from the

cell and / or bleaching by the light source (Eisner et al., 1989).

4.1.4. Limitations of epifluorescence microscopy for determination of pH; and H'

buffering capacity

Problems with this technique mainly centre on calibration. Calibration was achieved by
exposing the cell to solutions of known external pH, each containing the H' selective
ionophore, nigericin. This cationophore is incorporated into the cell membrane and
mediates cation-H exchange, thus equilibrating the H', Na" and K" gradients and clamps
the intracellular concentration to the extracellular values. This permits variation of the
intracellular pH through titration of the extracellular medium. The extracellular
solutions were designed to mimic the sarcoplasm and allow cell integrity to be
maintained during the calibration process. Errors in calibration could have arisen if the
sarcoplasm had not completely equilibrated with the calibrating solution and this
blunting could have produced systematic errors in the quantitative assessment of pH;. To
minimise this care was taken to ensure that the signal changes had stabilised before
measurements were taken. Calibration errors could also have occurred as a result of
increased signal noise, reflecting the intolerance of cells to high pH as it was sometimes

noted that calibration failed at pH 9.0.

The use of HEPES as a buffer in the calibrating solution could lead to errors in
calibration of the pH; signal. The pK, of HEPES is 7.5, hence buffering of the pH 7.0
calibration solution should have been effective but errors could have arisen at pH 4.0 and
9.0. However, it is unlikely that this was the case in this study as the pH of the
calibrating solution was checked immediately prior to use with a pH meter that was
calibrated at regular intervals. A better alternative would have been to buffer the pH 4.0
calibrating solution with high concentration s of 2-[N-morpholino] ethane-sulphonic acid
(MES, pK, 6.1) and the pH 9.0 calibrating solution with 3-[cyclohexylamino]-2-
hydroxyl-1-propanesulphonic acid (CAPSO, pK, 9.6).

The values of pH; obtained in this study in normal myocytes are similar to those obtained
by others either measured in muscle strips using pH-sensitive microelectodes, single

cells using fluorescent indicators, BCECF and SNARF-1
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(carboxyseminaphthorhodafluor), and / or in whole heart using NMR (tables 4.3 and
4.7). This would suggest that any potential errors from the above factors were small.
Unlike [Na'];, the temperature of the experiment did not appear to effect the pH; in
quiescent cells in keeping with the findings of Ellis & Thomas in the rat (1976).

Table 4.3. Summary of values for pH; in muscle strips, isolated myocytes and intact
heartt BCECF = 2',7-bis(carboxyethyl)-5(6)-carboxyfluorescein, SNARF-1 =
carboxyseminaphthorhodafluor, ISE = ion-selective microelectrode, NMR = nuclear

magnetic resonance spectroscopy. Values are mean = SD or SEM for pH;.

Method Species Preparation  pH; Temp °C  Extracellular Reference
buffer

BCECF  Rat Cultured 7.3+£0.02 37°C HEPES Weissberg et
myocyte al.,1989

BCECF Rat Isolated 7.17£0.6 35£1°C  HEPES RuBl et al,
myocyte 1996

BCECF Rat Isolated 7.08+0.07 37°C HCO;/CO, Hayashietal.,
myocyte 1992

BCECF Rat Isolated 7.06+£0.03 37°C HCO;/CO, Nodaetal.,
myocyte 1992

BCECF Rat Isolated 7.08+0.08 28 °C HEPES Kanaya et al.,
myocyte 1998

BCECF  Rat Isolated 7.16+0.05 30°C HEPES Eisner et al.,
Myocyte 1989

BCECF  Rat Isolated 7.13£0.03 37°C HEPES Schifer et al.,
Myocyte 2000

BCECF  Rabbit Isolated 7.01£0.04 27°C HCO;/CO, Nakanishi et
Myocyte al., 1990
Whole 7.1£0.09
heart

BCECF  Rabbit Isolated 7.03£0.06  30+1°C  HCO;/CO, Mohabir et
perfused al., 1991
heart

BCECF  Rabbit Isolated 7.13+£0.03 37°C HCO,/CO, Atakaetal.,
perfused 1992
heart
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BCECF

BCECF

BCECF

SNARF-1

SNARF-1

SNARF-1

ISE

ISE

ISE

ISE

ISE

ISE

ISE

ISE

Ip
NMR

Guinea-pig

Cat

Cat

Guinea-

pig

Guinea-

pig

Rat

Rabbit

Guinea-pig

Guinea-pig

Ferret

Ferret

Sheep

Sheep

Sheep

Rat

Ferret

Isolated
myocyte
Papillary

muscle

Papillary

muscle

Isolated

myocyte

Isolated
myocyte
Isolated
perfused
heart
Purkinje
fibre
Isolated
myocyte
Papillary
muscle
Ventricular
trabeculae
Papillary

muscle

Purkinje
fibres
Purkinje
fibres
Purkinje
fibre
Ventricular

trabeculae

Isolated
perfused heart

7.06+0.18

7.15+£0.04
7.23+0.02

7.10+£0.02
7.13+£0.03

7.14+0.02

7.07+0.01

7.38+0.03

7.24

6.99+0.01

7.16+0.03

7.13+0.08

6.99+0.01

7.26+0.16

7.10+£0.21

7.26+0.12

7.2+0.05

7.2+0.03

7.17£0.06
6.98

37°C

30°C

30°C

37°C

37°C

35°C

37°C

36°C

33x1°C

36+0.5

°C

25+0.5

°C

35°C

35°C

35°C

35°C

20°C
30°C

HCO;/CO,

HEPES
HCO5/CO,

HEPES
HCO;/CO,

HEPES

HEPES

HEPES

HEPES
HEPES
HEPES
HCO;/CO,

HCO;/CO,

HEPES

HEPES

HEPES

HEPES

HEPES

HCO;/CO,

Wallis et al.,
1997
Camilion de
Hurtado et al.,
1995
Camilion de
Hurtado et al.,
1996
Lagadic-
Gossmann et
al., 1992
Leemet al.,
1999

Park et al.,
1999

Bielen et al.,
1990
Bountra et al.,
1990

Shida et al,
1994

Fry et al,
1987

Blatter &
McGuigan,
1991

Bright &
Ellis, 1992
Deitmer &
Ellis, 1980
Ellis &
Thomas,

1976

Allen et al.,
1985b
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p Rats Isolated 7.04+0.01 37°C HCOy Jeffrey et al.,

NMR perfused 1987
heart

’p Rats Isolated 7.1940.04  37°C HEPES Pike et al.,

NMR perfused 1993
heart

BCECF  Guinea-pig Isolated 7.22+0.12 37°C HEPES This study
myocyte 7.22+0.01 HCO,/CO,

An additional problem exists for the calculation of intracellular buffering capacity.
BCECF acts an intracellular H' buffer itself and thus will tend to oppose the changes in
H" being determined and may lead to overestimation of the buffering capacity of the cell.
The pK, of BCECF measured in these experiments was 6.96 + 0.11, which are in good
agreement with others and is within the physiological range (Eisner et al., 1989).
However, the mean value for B; obtained here in control myocytes was 31.1 £ 15.2
mequiv.]" .pH unit? which is similar to values of between 18-50 mequiv.I".pH unit’
measured in isolated cells using pH sensitive microelectrodes (Bielen et al., 1990;
Bountra et al., 1990; Vaughan-Jones & Wu, 1990; Blatter & McGuigan, 1991; Do et al.,
1996). Studies in multicellular preparations tend to overestimate PB; as diffusion into
multicellular tissue mass occurs relatively slowly and may be incomplete (Bountra et al.,

1990). Use of the isolated myocyte preparation removes this problem.
4.1.5. Use of Fura-2 to measure [Ca?']..

There are limitations to the use of Fura-2 to measure [Ca’*];. The Ca®* sensitivity of
Fura-2 in-vivo may be different from that of the free acid in-vitro (Scanlon et al., 1987)
which was used to calibrate the Fura-2 in this study. The recorded signal may also
contain some components such as cell autofluorescence from pyridine nucleotides that
are not related to [Ca®'];, but this effect has been shown to contribute <10% to cell
fluorescence (Frampton ef al., 1991a) and in this study background autofluorescence was
subtracted from each signal before the ratio was obtained. Like BCECF, Fura-2 may be
compartmentalised within the cell so that the recorded fluorescence signals contain
components from non-cytoplasmic sources especially the mitochondria and would not be
an accurate estimate of cytoplasmic [Ca*']; However this effect is likely to be small and

the fluorescent signal from intracellular stores has been shown to be less than 10%
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(Eisner et al., 1989; Frampton et al., 1991a; Nakaniski et al., 1990; Schifer et al., 2000).
Another potential problem is that Fura-2 may act as a Ca®" buffer (Noble & Powell,
1990; Siri ef al., 1991) and will decrease the [Ca®*]; and slow the rate of decline of the
calcium transient. This effect is also likely to be small as in rat cardiac myocytes
Frampton et al (1991b) showed that while the time course of contraction was slowed by
~14%, that of relaxation was unchanged in Fura-2 loaded cells and the size of the Ca®*
transient was reduced by ~ 30%. All of these effects are likely to affect cells from
control and hypertrophied hearts and therefore unlikely to influence our comparative

data.

The inherent inaccuracies in the calibration process especially in-vitro calibration may
explain why the values of resting [Ca*']; measured in this study are higher than those
reported by others using Fura-2 (table 4.4). It is unlikely that the higher values reflect
poor cell viability as care was taken to only select elongated, striated cells for study. It
should be emphasised that calibrated signals for Fura-2 are at best an approximation and
the absolute levels of resting and peak [Ca®’]; are still debated. The advantage of
calibration as opposed to reporting the ratio values is that it allows some semi-

quantitative evaluation of interventions
4.1.6. Use of isolated myocytes

Of concern is the validity of results derived from isolated cells when considering the
function of whole tissue. It is possible that the process of isolation disturbs cell function
sufficiently to distort ion concentration gradients across the sarcolemma and such a
disturbance may be more marked in pathological states such as hypertrophy. However,
studies using ISE's and fluorescent indicators give similar values and more recently
application of techniques such as magnetic resonance spectroscopy applied to whole
tissue has helped to assess the validity of these results as similar values (Tables 4.1 and

4.3) are reported for pH; and [Na']; as in isolated preparations.
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Table 4.4. Summary of values for resting [Ca®*]; in muscle strips, isolated myocytes and
ry g p

intact heart. NMR = nuclear magnetic resonance spectroscopy, Values are mean + SD or

SEM for [Ca®"];.
Method Species  Preparation [Ca®™']; Temp Buffer Calibration Reference
Fura-2 Rabbit  Isolated 169+22 nM 27 °C HCOs;" In-vitro  Nakanishi
myocytes /CO, etal., 1990
Fura-2 Rabbit  Isolated 188+19nM 37°C HCO; In-vivo  Atakaet
perfused /CO, al., 1992
heart
Fura-2 Rat Isolated 76+£8 nM 37°C HCO;  In-vivo Hayashi et
myocytes /CO, al., 1992
Fura-2 Rat Isolated 755 nM 37°C HCO;"  In-vivo Noda et al.,
myocytes /CO, 1992
Fura-2 Rat Isolated 131+47nM 37 °C HEPES In-vivo  Borzak et
myocytes al., 1990
Fura-2 Mouse  Ventricular 50-110nM  21+1°C HCO;  In-vivo Gao et al.,
trabeculae /CO, 1998
Fura-2 Human Isolated 95+47nM  35°C HEPES [In-vitro Beucklemann
myocytes etal., 1992
Indo-1 Rabbit  Isolated 315£25nM  30+1°C  HCO;  In-vivo  Mohabir et
perfused /CO, al., 1991
heart
Indo-1 Mice Isolated 12711 nM  22°C HEPES In-vitro Terracciano
myocytes etal., 1998
Fluo-3 Dog Isolated 108+20nM Not HEPES In-vitro  Sipido et
myocytes given al., 2000
Aequorin  Human  Ventricular 230£50nM 30 °C HCO;  In-vivo Gwathmey
trabeculae /CO, etal., 1990
ISE Sheep  Ventricular 272+62nM = 34+1°C HCO; In-vitro Sheu &
trabeculae /CO, Fozzard,
1982
ISE Ferret Ventricular 270+60mM  36+0.5 HCO;  In-vitro Fryetal,
trabeculae °C /CO, 1987
YFNMR Ferret Isolated 202+22nM 30 °C HEPES In-vivo  Marban et
heart al., 1988
Fura-2 Guinea- Isolated 247+68 nM 37 °C HCO;  In-vitro  This study
pig myocytes /CO,
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4.1.7. SDS-PAGE Western blots and the Na'-K -pump isoforms

In this study Western blotting was used to determine whether changes occurred in the o-
subunit isoforms in hypertrophy that might explain the increase of intracellular [Na'].
However, this method has limitations in that it is only semi-quantitative and there may be
uncertainties regarding the affinities of the antibodies used in different species. Other
methods of Na'-K'-ATPase quantification such as ouabain-binding and estimation of
Na'-K'-ATPase activity are available but also have limitations. The major problem
regarding Na'-K'-ATPase quantification in myocardium is the presence of large
quantities of nonspecific ATPases. This necessitates membrane purification procedures
prior to Na'-K*-ATPase activity measurements and membrane material is invariably lost.
Thus the recovered fraction of Na'-K*-ATPase may not be representative of the in-vivo
situation and as outlined in the introduction there is still a lot of controversy over the
changes in pump activity found in hypertrophy using these methods. Another approach
is to measure Na'-K* pump current using the whole cell voltage clamp technique in
isolated myocytes (Shattock & Matsuura, 1993). This method allows measurement of
sodium pump function in situ in intact cells, thus largely overcoming the possibility that
isolation of the enzyme for ATPase measurements may artefactually alter enzyme

activity. This method has not been studied in hypertrophied myocardial tissue.

4.2. Results

4.2.1. Mechanical function in hypertrophy

Normal guinea-pig myocardium demonstrated a positive force-frequency relationship
whereas in hypertrophied myocardium from aortic constricted guinea-pigs a depression
of the force-frequency relationship was observed which correlated with the degree of
hypertrophy as assessed by heart-to-body weight ratio. These findings suggest that there
is a progressive decline in left ventricular contractile function as hypertrophy progresses.
It is likely that the decline in the force-frequency relationship is a consequence of
hypertrophy as in two right ventricular papillary muscles obtained from hearts with LVH
but normal right ventricles, the force frequency response was positive. These results are
in keeping with previous findings in human myocardial preparations from patients with

varying degrees of hypertrophy due to aortic and mitral valve disease (Gray et al., 2001).
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In addition, biphasic force-frequency responses have been demonstrated in patients with
severe hypertenisve LVH (Inagaki et al., 1999) and in patients with hypertrophic
cardiomyopathy and severe LVH even in the absence of left ventricular dysfunction
(Somura et al., 2001). Both these in-vivo studies showed that the maximum first
derivative of left ventricular pressure (LV dP/dt,,x) initially increased with increasing
heart rate induced by pacing but then declined as heart rate was further increased to a
maximum of 130 beats per minute. It is important to remember that this index of

contractile function is dependent on loading conditions.

4.2.2. The rise of [Na']; and the force-frequency relationship in hypertrophy

[Na'];, measured using ion-selective microelectrodes, was increased in hypertrophied
guinea-pig myocardial preparations. The results support the hypothesis that a negative
force-frequency relationship in hypertrophied guinea-pig is due to the raised [Na'];, A
negative relationship has also been described in normal myocardium from several
species, including rat and ferret; a feature of these tissues is the relatively high [Na'];
compared to myocardium from species with a positive relationship (Shattock & Bers,
1989). The finding that the force-frequency relationship could be converted from a
positive to a negative one in normal guinea-pig myocardium by artificially raising the
[Na']; with strophanthidin lends support to this hypothesis as did the finding of post-rest
potentiation in the hypertrophied hearts and also observed in normal rat myocardium
(Shattock & Bers, 1989). Further support for the role of [Na'}; in determining the force-
frequency response comes from the study of Mubagwa et al (1997) which showed that
the monensin-induced reversal of the positive force-frequency response in rabbit and
guinea-pig myocardium was associated with an increase of [Na']; caused by the

ionophore.

Figure 4.1 shows that the increase of [Na']; and reduction of the T} ¢ ratio was already
established with moderate hypertrophy and did not change further with continued growth
of the left ventricle, whereas intracellular pH continued to fall in moderate and severe
LVH. Furthermore, other cellular changes such as increased gap junction resistance (and
consequently reduced conduction) are only seen in more severe hypertrophy (Cooklin et

al., 1997). The temporal dissociation of changes to these variables raises the important
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Figure 4.1. Changes to the force-frequency relationship (A), myocardial [Na'}; (B) and
pH; (C) in normal LV myocardium from unoperated (unop) and sham-operated hearts
(sham), moderate LVH (HBR 4.0-5.5 gkg') and severe LVH (HBR >5.5 gkg'). *

denotes p<0.001 compared to unoperated or sham-operated groups.
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point that an increase of [Na']; may represent an initial change in LVH and may be

causal in other cellular changes.

The increase of [Na']; cannot be attributed to the age of the animal. The sham-operated
and the constricted animals were left for similar times post-operation; 60-100 days to
produce moderate hypertrophy and about 250 days to generate severe hypertrophy.
Furthermore, the similarity of [Na']; values in the sham-operated and unoperated control
groups suggest that the operative procedures required to place the constricting ring

around the aorta do not per se raise the [Na'J;.

To reduce the risk of hypoxia which could impair contractile function and elevate [Na'J;
in the isolated preparations, the preparation diameter was less than 1mm, a rapid flow of
well-oxygenated Tyrode's solution was ensured and a relatively low stimulation rate was
used as the physiological rate in the guinea-pig is ~200 beats per minute (>3Hz).
Preparations of similar size were used from control and hypertrophied animals.
Furthermore care was taken to impale superficial cells of the preparation microelectrodes

in where hypoxia is unlikely.

A rise of the intracellular [Na'] in hypertrophied guinea-pig myocardium is consistent
with other reports (table 4.5). An NMR study showed that [Na'}; increased in
compensated hypertrophy in aortic-constricted guinea-pigs (Jelicks & Siri, 1995), but
declined again in the failing hypertrophied heart. Another NMR study found that [Na'];
was significantly greater in spontaneously hypertensive rat hearts (Jelicks & Gupta,
1994), and Clarke et al (1990) showed that ischaemia generated a larger rise of [Na']; in
hypertrophied rat hearts compared to controls. However, in a ferret model of right
ventricular hypertrophy no increase of [Na']; was observed (Baudet et al., 1991),
although these experiments were carried out at 20°C when the Na-pump would be

partially inactive and the [Na']; consequently already raised.

The decline of the force-frequency relationship when [Na'}; is raised is probably due to
excessive Ca’" influx through Na*-Ca®* exchange and overload of intracellular stores. In
support of this is the finding that high concentrations of cardiac glycosides have been
shown to reduce twitch force and the force-frequency relationship and the intracellular
[Ca®*] as the SR is unable to retain Ca?* when the resting SR concentration rises above

normal levels (Allen ef al., 1985a).
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Table 4.5. Studies of [Na'}; in myocardial hypertrophy. NMR = nuclear magnetic

resonance spectroscopy, ISE = ion selective microelectrodes. Values are mean + SD *

denotes p<0.01, ** denotes p<0.05 and *** p<0.001.

Species  Model Method [Na‘]; mmol.l” Reference
Normal Hypertrophy  Failure
Guinea- Thoracic NMR 6.4+0.7  12.8+1.2* 8.7£1.9 Jelicks &
pig aortic Spectroscopy Siri, 1995
constriction
Rat Spontaneous =~ NMR 84423  17.3£3.6** Jelicks &
hypertension  Spectroscopy Gupta,
1994
Ferret Pulmonary ISE 10.3x1.4 10.7¢1.6 Baudet et
artery banding al., 1991
Guinea- Thoracic ISE 74+1.4  12.1+]1.3*** This study
pig aortic-
constriction

Using the [Na']; and [Ca®']; measured in this study the reversal potential for a simple 3:1

Na*-Ca®" exchanger can be calculated, assuming the system is in equilibrium, i.e. there

are no other removal systems from the sarcoplasm. The electrochemical gradients for

Ca®" and Na" are thus:

-RT In ([Ca**]y/[Ca**]}) + 2FE = 3 (-RT In ([Na']¢/[Na‘);) + FE)

i.e. [Ca*']/[Ca®]; = ([Na']/[Na'];)’ exp (-FE/RT)

but the equilibrium potential for Ca®>*, Ec, = (RT/2F) In ([Ca**]¢/[Ca**]))

and the equilibrium potential for Na*, Ex, = (RT/F) In ([Na‘]/[Na'];)

The value of E at which the gradients are in balance, the reversal potential, En,.cais

Ena-ca= 3Ena-2Ec.
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In normal myocardium for [Na*Jo = 147 mM; [Na”j = 7.4 mM and [Ca™o = 1.8 mM,;
[Ca™ji = 247 nM, E"a = 79.8 mV and Eca= 118.8 mV. Therefore Eaca- 18 mV.

In hypertrophied myocardium for [Na*Jo = 147 mM; [Na]j = 12.1 mM and [Ca™]o = 1.8
mM; [Ca™]i = 235 nM, E"a= 66.7 mV and Eca= 119.4 mV. Therefore E*aCa= -38.7
mV.

During diastole, when E"a-Ca is positive to Em, Ca™ extrusion via Na"-Ca™ extrusion is
thermodynamically favoured and when Em is positive to Enaca Ca™ entry is
thermodynamically favoured. Two situations illustrate conditions where the latter is the
case; firstly as shown in the left hand panel (A) of figure 4.2. during depolarisation the
rise in Em during the action potential exceeds the rise of E*a (3 secondary to sarcolemmal
Ca™ influx and the exchange reverses and secondly, when [Na“]j is elevated in which
case ENaca becomes more negative. This is illustrated in figure 4.2, panel B. A rise of
[Nar)j+ from 7 to 10 mM will increase E*aCa by -30 mV, thus reducing the driving force

for Ca™" extrusion thereby elevating Ca™ and consequently tension.

50n
0 0
-50-
Na-Ca
m E
-10CH 200ms 100- "

Figure 4.2. Membrane potential (Em) and equilibrium potential for Na*-Ca**-exchange
(ENaCa). [Na“]i =7.0 mM in panel A and 10.0 mM in panel B. The dark shading
represents circumstances during which Ca™ extrusion is favoured i.e. ENaca > Em The
light shading represents the time during which Ca™ entry is favoured i.e. Ena.ca < Em and
the exchange reverses. In panel B it can be seen that from electrochemical

considerations Ca™ entry will predominate.
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In normal guinea-pig myocardium, Ca** extrusion will be favoured at the resting
potential and Ca®" entry during the action potential, whereas in hypertrophied hearts,
when the [Na']; is increased, Ca®* entry at resting potential and Ca** loss during

repetitive activity will be favoured (Shattock & Bers, 1989).

The observation that hypertrophied hearts demonstrated post-rest potentiation can also be
explained by the higher [Na']; measured in the hypertrophied hearts. The [Na'J;
measured in these hearts was similar to that measured in rat ventricle (Shattock & Bers,
1989). Using Ca-selective microelectrodes Shattock & Bers (1989) demonstrated a net
loss of cellular Ca”" at rest and a net gain during stimulation in the rabbit, whereas in the
rat there was a net gain of Ca®* during rest and a loss during stimulation. The higher
[Na']; in the hypertrophied guinea-pig hearts would favour Ca** entry via the Na"-Ca**-
exchanger at resting membrane potential leading to rest-potentiation, whereas the lower
[Na']; in the normal hearts would favour Ca** extrusion at rest leading to rest decay as

seen in this study.
4.2.3. Effects of reduced [Na], on the force-frequency relationship

Further support for the role of the Na'-Ca’*-exchanger in determining the inotropic
response of the myocardium to increased stimulation frequency comes from the
experiments where external Na was reduced. Reducing external Na from 147 mM to 50
mM produced an increase of twitch tension. However, when external Na was
progressively reduced, twitch tension failed to increase in response to increasing
frequency of stimulation. In isolated guinea-pig myocytes, Méme et al/ (2001) showed
that with reduction of external [Na] there was a net systolic loss of [Ca**] as a result of
decreased Ca”" entry via the L-type Ca>* current and increased Ca®" efflux via Na'-Ca®*-
exchange while SR Ca" content increased as a result of diastolic Ca®* influx via Na*-
Ca’*-exchange. Of note, these experiments were performed at a holding potential of -40
mV and at physiological diastolic potentials of ~ -80 mV the driving force for Ca** entry
would be less. Reducing external [Na] from 147 to 29 mM will reduce the Na' reversal
potential (En,) and will also reduce the [Na']. Fry et al (1987) showed that when
external Na was reduced to 29.4 mM, [Na+],- falls to 2.9mM. Thus Eyx, = 62.1 mV and if
intracellular Ca** rises to 500 nM, Ec, = 95 mV. Thus Enaca = -3.7. Thus the driving

force for Ca” extrusion will be reduced thereby elevating Ca* and consequently tension
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whereas during repetitive activity, Ca®>* loss will be favoured resulting in a decline in

tension at higher frequencies.

It was observed that in a number of preparations the tension generated in 29 mM Na was
less than that in 50 mM Na. One possible explanation for this finding is that in low
external [Na] solutions, up to 30% of the calcium accumulated by the cell is sequestered

in other sites like the mitochondria (Fry et al., 1987).

To verify, or otherwise, that the degradation of the force-frequency relationship in LVH
is mirrored in the magnitude of Ca®" release on stimulation, further experiments to
measure the Ca®" transients during a change of stimulation rate would be desirable but

could not be performed within the time constraints of this study.
4.2.4. Mechanisms underlying the rise of [Na']; in hypertrophy

There are several possible explanations for the rise of [Na']; in hypertrophy.
Intracellular pH also declines in hypertrophy and this could increase [Na']; via the
Na'/H'-exchanger. However the finding that the rise of [Na']; occurs early in
hypertrophy, whilst pH; continues to fall throughout (figure 4.3), would suggest that this
is not the primary cause in this model. Furthermore as discussed below there was no
evidence in this study to support increased activity of the Na'/H'-exchanger in this

model of hypertrophy.
4.2.4.1. Role of the Na'-K"-ATPase pump in the rise of [Na']; in hypertrophy

Alteration to the kinetics and activity of the Na'-K'-ATPase pump is an alternative
possibility to explain the raised [Na'];. Reduced pump activity has been described in a
number of models of hypertrophy including SHR rats (Nakanishi et al., 1989), cats with
pulmonary artery banding (Silver & Houser, 1985; Nirasawa & Akera, 1987), pigs with
thoracic aortic banding (Khatter & Hoeschen, 1984), one-kidney, one-clip hypertensive
rats (Whitmer et al, 1986) and humans with LVH (Ellingsen ef al., 1994), and would be

consistent with the slowed recovery from a raised [Na']; recorded in these experiments.
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[Na'] pH

14.0 — —7.4
—7.3

12.0 1
—7.2
10.0 1 —7.1
—7.0
8.0 6.9
6.0- ~6.8
I 6.7

T T T
Unop Sham 4.0-5.5 >5.5

Figure 4.3. Values of [Na'J; (filled circles) and pH; (open circles) in unoperated (unop)
and sham operated hearts (sham) , moderate LVH (HBR 4.0-5.5 gkg™) and severe LVH

(HBR >5.5 gkg™)

The time constant of recovery, 1, of [Na']; and pH; is larger in multicellular preparations
than in isolated myocytes (Bountra et al., 1990) due to diffusion constraints in the former
preparation and also the artificial damping of the signals due to the high impedance of
the ion-selective electrodes. The frequency response of the ISE-headstage system was
checked by imposing sinusoidal voltage changes from an external source. The response
was flat at frequencies < 0.01 Hz yielding a time constant for the recording system of
~16 seconds which is faster than the time course of recovery of [Na'];. Therefore the
ISE-head-stage system will not have imposed significant damping of the biological
system.  Furthermore, because preparation sizes were similar in control and
hypertrophied hearts comparison of 1 values is still possible using the same

methodology.

The raised [Na']; in this model of hypertrophied myocardium could result from a reduced
number of Na'-K'-ATPase pump sites or altered expression of the o-subtype isoform as
outlined in the introduction (Chapter 1, section 1.8.1). The interest in changes of a-

isoform expression is that the o-isoforms exhibit different sensitivities to the [Na'];, with
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the o;-subtype having a K, of ~ 12 mM and the a, and o3 subtypes having high Ky,
values ~ 22-33 mM (Zahler et al., 1997b). Thus, if isoform expression changed from an
exclusively a,;-subtype to a more mixed pattern, a rise of [Na']; would occur. This was
investigated by quantitative immunoblotting to determine the relative quantities of the
o, o and a; isoforms of the Na-pump. In keeping with previous findings (McDonough
& Schmitt, 1985; Sweadner et al., 1994; McDonough et al., 1996), the predominant
1soform expressed in both control and hypertrophied guinea-pig hearts was o;. Small
quantities of the o3-isoform were also detected but we were unable to detect the ;-
isoform. No differences in protein levels between sham-operated, aortic constricted and
debanded hearts were observed. This may be due to the small numbers of samples

studied and the wide variation in protein levels in normal myocardium.

There is controversy in the literature as to whether the a,-isoform is present in the
guinea-pig (table 4.6) and others have also only detected the a;-isoform (McDonough &
Schmitt, 1985; Sweadner et al., 1994; McDonough et al., 1996). Failure to detect the o,-
isoform in this study may have been lack of sensitivity of the antibodies used. However,
the monoclonal rat antibody obtained from KJ Swaedner (Massachusetts General
Hospital, Boston MA, USA, Urayama et al., 1989) used has broad species cross-
reactivity and others have detected the oy-isoform in guinea-pig using this antibody
(Ramirez-Gil et al., 1998; Trouve et al., 2000) and shown an increase in hypertrophy.
Some of these differences in o, detection may be related to the preparation (crude
myocardial preparation vs sarcolemmal membranes) or the small amount of protein used

in Western blot assays.

The failure to detect the a-isoform in this study could also be due to varying degrees of
protein degradation by endogenous proteases in the samples. The samples used were
obtained from the hearts after papillary muscles were removed for electrophysiological
experiments. Inevitably there was a time delay while this preparation was secured before
the specimens were frozen in liquid N,. Care was taken however to ensure oxygenation

of the preparation in Tyrode's solution at 37 °C during this delay.

The wide standard deviations of the data suggest considerable variability in o-isoform

protein levels in normal myocardium. This could be due to stability of the protein or
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Table 4.6. Summary of studies of the a-isoforms of the Na'-K'-ATPase pump. * not detected

Species Model Preparation Isoform  Amount of Antibody Source Results Reference
protein
Guinea-pig  Aldosterone- Crude particulate o 60 ng Rat polyclonal R Mercer oy mRNA and Ramirez-Gil et
saltinduced  preparation protein <> al., 1998
hypertension o 120 pg Rat (McB2) KJ Sweadner o, mRNA and
monoclonal protein T
s 120 pg Rat polyclonal R Mercer o; mRNA T
o3 protein
undetectable
Guinea-pig  Abdominal Crude particulate 60 pg Rat polyclonal R Mercer o; mRNA and Trouve et al.,
aortic preparation protein <> 2000
constriction o, 60 pg Rat (McB2) KJ Sweadner o, mRNA and
monoclonal protein T
s 100 pg Rat polyclonal R Mercer o; mRNA T
o3 protein
undetectable
Guinea-pig Crude particulate 100 pg Rat (McK1) KJ Sweadner Sweadner et
preparation monoclonal al., 1994
o, * 100 pg Rat (McB2) KJ Sweadner
monoclonal
o * 100 pg Rat polyclonal R Mercer
Guinea-pig Isolated o Mouse (McK1) KJ Sweadner McDonough et
myocytes monoclonal al., 1996
o, * Rat (McB2) KJ Sweadner
Monoclonal
o * Rat polyclonal T Pressley
Guinea-pig Microsomal oy 40 ng Specific Berrebi-
preparations o, 40 pg antibodies Bertrand et al.,
(details not 1991
supplied)
Guinea-pig Sarcolemmal oy 70 & 280 ug  Guinea-pig McDonough &
fraction o, * kidney Schmitt 1985
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regional differences. Zahler et al (1993) reported reduced a-isoform mRNA expression
in endocardium compared to epicardium in human autopsy specimens. The samples
used in this study were transmural and therefore included both endocardium and

epicardium.

It has been suggested that changes in a-isoform expression are related to the increased
intravascular pressure rather than hypertrophy. This is supported by the study of Herrera
et al (1988) where the down-regulation of a; and a3 mRNA was seen in the left ventricle
of hypertensive rats even in the absence of hypertrophy. Most models showing altered
isoform expression in hypertrophy are associated with systemic hypertension (Chapter 1,
section 1.8.1.1, table 1.2). The model of ascending aortic constriction used here is
substantially different and systemic hypertension does not occur. Therefore, it is
possible that the release of neurohormonal agents, growth factors or proto-oncogenes
from non-cardiac tissues due to systemic hypertension may affect isoform expression,
rather than hypertrophy per se. This suggests that altered a-isoform expression is not

the cause of the elevated [Na']; seen in this study and other cause need to be considered.

Downregulation of Na"-K'-ATPase pump function may be mediated either by a genomic
effect with a reduction in the rate of synthesis of new pump units or by an increase in the
rate of internalisation of pumps pre-existing in the cell membrane. Thus, even if protein
levels of the a-isoforms and pump activity are unaltered by the process of hypertrophy in
this model, it is possible that pump function could be reduced by other mechanisms.
Furthermore, oxidative stress such as might arise on reperfusion after ischaemia, causes
inhibition of the Na"-K'-ATPase pump, leading to a rise in intracellular Na* and an

enhanced cellular calcium uptake via Na*-Ca®* exchange (Shattock & Matsuura, 1993).

The use of other methods to quantify Na'-K'-ATPase activity, such as measurement of
Na-pump current in voltage-clamped myocytes or using K-dependent 3-0-
methylfluorescein  phosphatase (3-OMFPase) or K-dependent paranitrophenyl
phosphatase activity (pNPPase) determinations in crude homogenates, might have
provided additional information on pump function in this model of hypertrophy but were

not possible in the time constraints for this study.
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4.2.5. pH;in hypertrophy

The data in this thesis showed that the intracellular pH of cells isolated from
hypertrophied hearts were acidotic compared to those isolated from sham-operated and
unoperated animals. Furthermore, there was a significant correlation between the
decrease of pH; and the degree of hypertrophy as determined by measurement of heart-
to-body weight ratio. Comparison with published data of values of pH; in hypertrophy is

shown in table 4.7.

As can be seen the evidence available is conflicting. Using >'P NMR, a fall in pH; has
been demonstrated in patients with LVH but the numbers were small (de Roos et al.,
1992). In isolated perfused hearts from rats with abdominal aortic constriction, a fall in
pH; was also demonstrated using >'P NMR and the pH difference was accentuated by a
reduction in perfusion pressure (Aufferman et al., 1990). Wallis et al (1997)
demonstrated a fall in pH; that correlated with the degree of hypertrophy using isolated
myocytes from the same guinea-pig model as in this study. Other studies in SHR rats
(Astaire et al., 1992; Pérez et al., 1995) and rats with abdominal aortic constriction
(Saborowski et al., 1973; Oldershaw et al., 1988) have shown an increase of pH; in
hypertrophy, while others have shown no effect of hypertrophy on pH; (Lortet et al.,
1993; Wu et al, 1994; Do et al., 1996; Ito et al., 1997b; Wisleff et al., 2001).

In light of the conflicting evidence, caution must be exercised in interpretation of the
results obtained here. The cell isolation procedure might contribute to the measured
acidosis, as it is possible that cells isolated from hypertrophied myocardium might be
more susceptible to damage from enzymatic digestion protocols. Consequently they
might be metabolically compromised and acidotic. However, the isolation procedure
typically yielded a similar proportion (between ~50 and 80 %) of viable striated cells
from both hypertrophied and control hearts making this proposition less likely. This
hypothesis could be tested by using alternative methods to determine pH; that are not
dependent on cell isolation such as ion-selective microelectrodes in muscle strips or *'P-
NMR in whole hearts. Furthermore, no attempt was made to distinguish between
endocardial and epicardial cells in the isolation procedure and the latter population of

cells may undergo more significant hypertrophy in vivo (Weber et al., 1988).
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Table 4.7. Summary of values of pH; in hypertrophied myocardium. SHR=

spontaneously hypertensive rat, DMO = distribution of the weak acid 5,5-dimethyl-2,4-
oxazolidinedione, BCECF = 2',7',-bis(carboxyethyl)-5(6)-carboxyfluorescein, SNARF =

Carboxy-seminaphthothodafluor-1, NMR = nuclear magnetic resonance spectroscopy,

ISM = ion-selective microelectrodes. Values are mean = SEM. * p< 0.05, 1 p<0.01, I

p<0.001.
Species Model Method pH; control pH;, hypertrophy Reference
Rat Abdominal DMO 6.95 7.07 t Saborowski et
aortic banding al., 1973
Rat Abdominal DMO 7.00£0.01 7.06£0.01% Oldershaw et
aortic banding al., 1988
Rat Abdominal P-NMR  7.120.03 6.86+0.15* Auffermann et
aortic banding al., 1990
Rat SHR BCECF 7.09+0.03 7.19+£0.02% Astarie et al.,
1992
Rat SHR BCECF 7.10+0.04 7.23+0.03* Pérez et al.,
1995
Rat SHR BCECF 7.28+0.02 7.29+0.02 Wuetal.,
1994
Rat Endurance BCECF 7.27+£0.34 7.26+0.35 Wisleff et al.,
training 2001
Rat SHR P-NMR  7.25+0.09 7.12+0.5 Lortet et al.,
1993
Rat Thoracic SNARF 7.10£0.01 7.07+0.02 Tto et al.,
aortic banding 1997b
Ferret Banded ISM 7.03£0.01 7.04+0.02 Do et al., 1996
pulmonary
artery
Guinea-pig Thoracic BCECF 7.08+0.03 6.86+0.04} Wallis ef al.,
aortic banding 1997
Human HOCM P-NMR  7.15+0.03 7.07+0.07* De Roos et al.,
1992
Guinea-pig Thoracic BCECF 7.22+0.12 6.95+0.081 This study

aortic banding
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4.2.6. Mechanisms underlying intracellular acidosis in hypertrophy

Intracellular acidosis can be produced by two mechanisms; either by a net reduction of
extrusion of H' equivalents or by an increase of intracellular H production. The
increase of [Na']; observed in this model will reduce the Na™ gradient across the cell
membrane and hence the driving force available for the Na'-H'-exchanger to extrude H'.
Reduced H" extrusion could also occur as a result of a decrease in membrane density of

the Na'-H" exchanger or its efficiency.

The increase in [Na']; could reduce the activity of the Na'-H'-exchanger and thereby
slow pH; recovery from intracellular acidosis. Using HEPES as extracellular buffer,
Na'-H"-exchange is the only mechanism regulating pH;, therefore the steady state pH;
values can be directly correlated to Na'-H'-exchange activity. Although the time
constant of recovery from an intracellular acid load was slower in hypertrophied
myocytes from aortic constricted hearts, there was no difference in the acid extrusion rate
over the range of pH; studied. Acid extrusion rates increased at low values of pH; in both
groups. Do et al (1996) also reported no change in acid extrusion rate in ferrets with
right ventricular hypertrophy. In this study the B; at peak acidosis was used to calculate
the rate of H' extrusion. Other studies have used the B; at the mid-point of pH; recovery.
Recalculating the results using this value increases the H" extrusion rate in all the groups
but the results are not significantly different (6.2 + 4.3 for control vs 5.3 £+ 2.3 mequiv.I’

" min™ for aortic-constricted, p >0.05).

An alternative explanation for the acidosis seen in the hypertrophied hearts is an increase
in production of metabolic acids, especially lactic acid. Experimental observations of
stimulation-rate dependent changes of pH; in Purkinje fibres have shown a decrease of
extracellular pH by up to 0.15 pH units in unbuffered extracellular solutions following a
2 Hz train of contractions (Bountra et al., 1988). In perfused ferret hearts, a rate-
dependent fall of pH; attributable to the generation of lactic acid was observed (Allen et
al., 1986). More recently, Wallis et al (2001) demonstrated that under conditions of
maximal inotropic stimulation, hypertrophied myocytes showed action potential changes
that were consistent with ATP depletion and also constructed a simple diffusion model
for oxygen demonstrating that hypertrophied myocytes were likely to develop an

hypoxic core.
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These findings suggest that pH; in cardiac muscle is greatly influenced by the metabolic
state of the tissue and there is evidence that the metabolic status of the cell is altered in
hypertrophied myocardium. Anaerobic metabolism as determined by total lactate
production oxygen consumption ratio was found to be increased in hypertrophied hearts
compared to sham-operated controls (McAinsh et al., 1995). In rats with hypertrophy
induced by abdominal aortic-constriction the contribution of glycolysis to ATP
production was greater in hypertrophied hearts than in controls (Allard et al., 1994).
These changes would increase cellular lactate production predisposing the sarcoplasm to

acidosis.
4.2.7. Functional implications of the fall in pH; in hypertrophy

The intracellular acidosis could contribute to the contractile dysfunction observed in this
model of hypertrophy. A fall of pH; of as little as 0.2 pH units (similar to the change
observed in these studies) can lead to a 50% reduction in contractile force (Fabiato &
Fabiato, 1978; Vaughan-Jones et al., 1987; Bountra & Vaughan-Jones, 1989). A fall of
pHi reduces the sensitivity of contractile proteins to Ca®" (Orchard & Kentish, 1990),
attenuates I¢, (Kaibara & Kameyama, 1988) and also reduces the sequestration of Ca®
ions by the SR (Orchard & Kentish, 1990). These effects could impair systolic and
diastolic function. However, in this study the twitch tension at 1 Hz stimulation
frequency was not significantly less in hypertrophied myocardium, whereas the force-
frequency relationship was reduced. Acidosis has also been shown to inhibit the Na'-
Ca’*-exchanger, regardless of the direction in which it is operating (Philipson et al.,
1982). Thus if the Na*-Ca®*-exchanger extrudes Ca®* from the cell during diastole,
inhibition will lead to an increase of [Ca®'];, whereas if the exchanger reverses during the
action potential, inhibition will lead to less Ca®* entry during the action potential and as
action potential shortens at higher frequencies of stimulation this could contribute to the

depression of the force-frequency relationship in hypertrophy.

The fall in pH; observed in hypertrophy could also contribute to the electrophysiological
abnormalities reported in hypertrophy (Chapter 1, section 1.1). Conduction velocity is
reduced by up to 22% both in this model of hypertrophy and in human LVH caused by
aortic stenosis (Mclntyre et al., 1997; Cooklin et al., 1998). Equivalent intracellular
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acidosis in human and dog myocardium reduces conduction velocity by between 9 and
18% (Mclntyre et al, 1997, Vorperian et al., 1994) and thus may account for a
significant porportion of the decline in conduction velocity seen in this model of
hypertrophy. A fall in pH; has been shown to reduce conductance of connexin 43
channels (Firek & Weingart, 1995; Hermans ef al., 1995). Decrease of pH; also prolongs
action potential duration (Fry & Poole-Wilson, 1981; Nattel et al., 1981), and thus may
contribute to the prolongation of the action potential seen in many models of

hypertrophy.

4.2.8. Intracellular buffering capacity in hypertrophy

The intrinsic or non-bicarbonate buffering capacity of the sarcoplasm, B;, was determined
by manipulation of pH; by the application and subsequent removal of NH4Cl, from
bicarbonate-free external solution in isolated myocytes. Under conditions of acid-
loading, a considerable proportion of accumulated H' is rapidly transported out of the
cell (Blatter & McGuigan, 1991) leading to an overestimation of B;. To reduce this error
the experiments were performed in the presence of 1 mM amiloride. However, a slow
recovery of pH; was observed in the presence of amiloride in these experiments

suggesting that it does not achieve a 100% block of proton extrusion.

Bi was increased in hypertrophied hearts and is in keeping with previous findings in rat
myocardium (Saborowski et al., 1973; Oldershaw & Cameron., 1989). The mechanism
of the increase of B; with hypertrophy remains unclear, although it has been suggested
that the increased protein synthesis in hypertrophy improves intracellular H* buffering
capacity, thus improving the ability of the myocardium to withstand acute acid-base
changes (Oldershaw & Cameron, 1988). The finding that 3; was inversely related to
pH;, irrespective of the tissue of origin is in keeping with similar findings in normal
(Lagadic-Gossmann et al., 1992; Leem et al., 1999) and hypertrophied guinea-pig hearts
(Wallis et al., 1997) and in ferrets with right ventricular hypertrophy, although no change
in pH; was observed in the latter model (Do et al,, 1996) and suggests an alternative
mechanism for the increase in f; seen in hypertrophy. This finding suggests that the
‘effective pK,' of H' buffering by the sarcoplasm is lower than the normal pHj of the cell.
This would enhance pH stability within the normal cell and any tendency for the pH; to

fall, produced for example by a sudden metabolic load or ischaemia, would tend to be
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resisted. As the acidosis became more severe the buffering system resisting the change

would become more effective.
4.2.9. Characterisation of recovery from acid-load in normal guinea-pig myocytes

In paired experiments it was observed that pH; recovery from acid-loading was faster in
CO,/HCOj;- buffered. Acid extrusion was also greater than that estimated in HEPES-
buffer. These findings showed that recovery from intracellular acidosis in the absence of
HCOs™ was almost wholly due to Na'-H'-exchanger activity, although 1 mM amiloride
did not completely block recovery. In the more physiological situation with HCO3
present, recovery was enhanced, presumably due to Na'-HCOs-cotransport. Other
studies have demonstrated that this additional H" efflux is due to Na"-HCO5 -cotransport
and can be inhibited by DIDS (4,4'-di-isothiocyanatostilbene-2-2'-disulphonic acid),
(Lagadic-Gossmann et al., 1992; Ng et al., 1993; Leem et al., 1999).

A slow recovery of pH; was observed in the presence of amiloride in HEPES-buffered
solutions suggesting that it does not achieve a 100% block of proton extrusion via the
Na'-H'-exchanger. The reduction of external Na' inhibits acid extrusion on both the
Na'-H'-exchanger and the Na™-HCO;-exchanger. In HEPES-buffered solution with zero
extracellular Na, acid extrusion was effectively blocked. In CO,/HCOj;-buffered
solution, the inward driving force for Na was reduced but not abolished due to the
presence of 24 mM Na (as NaHCO;) in the external solution and therefore acid extrusion

was reduced below that with 1 mM amiloride but not completely abolished.

4.2.10. [Ca®'];in hypertrophy

Diastolic [Ca”**]; was unchanged in this model of hypertrophy, in keeping with findings
in other models of right (Gwathmey & Morgan, 1985; Gwathmey et al., 1995) and left
ventricular hypertrophy (Brandes et al., 1998; McCall et al., 1998; Maier et al., 1998)

(table 4.7).

In the resting state a significant proportion of cells in this study did not respond to

caffeine. Superfusion with high-[K] solutions should load the cell and has been shown to
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Table 4.7. Summary of values of [Ca®']; in hypertrophied myocardium. * results

expressed as log of the fractional luminescence, (L/Liax)

Species Model Method [Ca*'], [Ca*']; Reference
Control Hypertrophy

Rat Suprarenal Indo-1 163£19 nM 157+13 nM McCall et al.,
aortic 1998
constriction

Rat Suprarenal Indo-1 293+39 nM 271+£31 nM Maier et al.,
aortic 1998
constriction

Rat Suprarenal Indo-1 ~150 nM ~150 nM Brandes et
aortic al., 1998
constriction

Ferret Pulmonary Aequorin -4.7+£0.2 * -4.6£0.2 * Gwathmey &
artery Morgan.,
banding 1985

Ferret Pulmonary Aequorin -3.11+0.1* -3.11+£0.3* Gwathmey et
artery al., 1995
banding

Guinea-pig Thoracic Fura-2 247+68 nM 235+75 nM This study
aortic
constriction

increase cellular Ca®" uptake in cardiac muscle (Wendt & Langer,1977; Fry et al., 1981).

Depolarisation with elevated [K*] has been shown to reduce [Na'};, and increase [Ca®*];

via Na'-Ca®* exchange (Sheu & Fozzard, 1982). In this study, perfusing the cells with a

depolarising solution in which the KCI concentration was increased from 4 mM to 40

mM, would be expected to change the membrane potential by ~60 mV and as expected

resulted in an increase of [Ca®*];. The magnitude of this increase was not different in the

sham-operated and aortic constricted hearts.

4.2.11. Caffeine and SR calcium content

The data in this thesis showed that the SR Ca®" content assessed by measuring the

magnitude of the caffeine-induced Ca’* transient was reduced in aortic-constricted
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compared to control guinea-pigs and there was a significant correlation between the
A[Ca*"]; and the degree of hypertrophy as determined by measurement of heart-to-body
weight ratio. The decay phase of the caffeine transient and the recovery phase of the
undershoot were slower in aortic constricted myocytes and also correlated with heart-to-
body weight ratio. However, no changes in calsequestrin or SERCA2 protein levels

were found using quantitative immunoblotting.

The absolute change of [Ca**] on application of caffeine was smaller than that reported
by some other studies. This may be for several reasons: Ca" release in this model may
be less; the calculation of [Ca*'}; is dependent on the Fura-2 calibration and may differ
from other studies; the rate of caffeine delivery to the cell may be slower and attenuate
the response. The latter is considered not to be a significant factor, however, as the
upstroke of the Ca®*-transient is comparable to other studies (C. Wu, personal
communication). However, experiments with cells from control and hypertrophied
hearts were carried out under identical conditions so that the conclusions reached in the

study can be considered to be justified.

Caffeine activates SR Ca®" release channels, thereby promoting SR Ca®* release and
preventing Ca®* re-accumulation by the SR and was therefore used as an estimate of SR
Ca®* content in this study. However, Ca** efflux via Na'-Ca** exchange may limit the
peak of the caffeine-induced Ca®* transient. This has been shown to occur in the rabbit
(Bassani et al., 1992) but not in rat (Bassani et al., 1994a) or ferret myocardium (Bassani
et al., 1994b). It is unclear as to whether caffeine releases all of the Ca** stored within
the SR or releases Ca** from the same SR pool as that released by a physiological
stimulus and studies to date provide conflicting results. Studies in isolated rabbit
myocytes suggest that caffeine empties the releasable Ca®* pool in the SR (Bassani et al.,
1993b) whereas during a twitch only half of the SR Ca®* content is released (Bassani et
al., 1993a). Other studies, however, showed good correlation between the size of the
Ca®" transient released by electrical stimulation and that released by caffeine (Smith et

al., 1988; Frampton et al., 1991a).

Calsequestrin is the predominant Ca* storage protein and has a high capacity and low
affinity for Ca®*. Its primary function is to sequester large amounts of Ca®" in the lumen

of the SR, thereby reducing the luminal concentration of free Ca®" and facilitating further
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uptake of Ca®* by the SR. There was no significant change in mRNA levels of
calsequestrin in this study suggesting that the calcium storage capacity of the SR is
unaltered in this model of hypertrophy. This suggests that the reduced caffeine-induced
Ca transients observed in aortic constricted hearts are due to reduced fractional release of
Ca®" rather than reduced SR Ca®* loading. However, we did not measure calreticulin
levels in this study. Calreticulin is another Ca®" binding protein that differs from
calsequestrin in having a high affinity and low capacity for Ca**. Its expression is
downregulated during cardiac muscle differentiation but there is evidence that it may be
reexpressed in hypertrophied myocardium (Tsutsui et al, 1997) and contribute to

alterations in Ca’* storage capacity.

Continuous application of caffeine prevents net SR calcium reuptake and the rate of
decline of [Ca®*']; during caffeine exposure provides information about Ca’* extrusion
primarily by Na“-Ca®*- exchange in normal Tyrode's or the combined action of the
mitochondrial Ca uniporter and the sarcolemmal Ca-ATPase in reduced extracellular Na
solution. These transport systems remove Ca** from the cytoplasm simultaneously and
are interdependent because of their common influence and dependence on [Ca*'};. The
slow decline in [Ca?*); during caffeine-induced Ca®* transients after exposure to low-Na
solutions is presumably due to slow transport of Ca’* by the mitochondrial uniporter and
the sarcolemmal Ca**-ATPase and from the time constant we can infer that aortic
constriction did not affect Ca** removal by these combined processes. The decline in
[Ca®*}; in normal Tyrode's solution is due primarily to Ca®* extrusion via Na'-Ca®'-
exchange (Bassini et al., 1992) and was slower in myocytes from aortic constricted
hearts suggesting that Na*-Ca®*-exchange activity may be reduced in this model of
hypertrophy and would be consistent with the raised [Na'];. This is contrary to the
finding of McCall et al (1998) in rats with abdominal aortic constriction where Na'-
Ca®*-exchange activity was reported to be unchanged by abdominal aortic banding but
the experiments in that study were carried out at 23°C, when [Na']; might be raised in

control animals, and low work levels which could have masked differences between the

groups.
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4.2.12. The SR Ca**-ATPase (SERCA2) pump in hypertrophy

The prolongation of the relaxation phase of the twitch seen in a number of models of
hypertrophy (Gwathmey & Morgan, 1985; Davey et al., 2001; Yoneda et al., 2001)
could be explained by reduced Ca®* uptake into the SR which is largely dependent on the
SR Ca’*-ATPase pump. In this study there was no difference in SERCA2 protein levels
in this model of hypertrophy compared to controls but we did not measure pump
function as SR re-uptake was measured in the presence of caffeine. As discussed in the
introduction this is in keeping with some but not all studies in hypertrophied
myocardium (Chapter 1, section 1.8.2). However, it is important to remember that in
vivo function of SERCA2 may not be directly related to its abundance measured in a
Western blot and there is evidence that activity of SERCA2 can be altered by changes in
its regulation. Phospholamban (PLB) is a SR protein that associates with SERCA2 and
inhibits its Ca** transport rate. Phosphorylation of PLB by either protein kinase or
calmodulin-dependent protein kinase causes it to dissociate from SERCAZ2, resulting in
enhanced Ca®" transport. Therefore alterations in PLB phosphorylation or PLB/SERCA2
ratios could contribute to altered Ca** in hypertrophy. Reduced PLB/SERCA2 protein
ratio was observed in mice with decompensated but not compensated LVH (Ito et al.,
2000) and in rats a decreased ratio was observed with progression from compensated to

decompensated hypertrophy (Okayama et al., 1997).

The presence of a Ca**~ATPase with a different kinetic cycle could alter Ca®" transport
activity. Five different isoforms of the Ca’’-ATPase have been described but only
SERCA2A has been found in the normal heart and studies to date have shown no

evidence of isoform shifts in hypertrophied muscle (de la Bastie ez al., 1990).

Further assessment of the role of the SR in regulating intracellular Ca** as myocyte
hypertrophy occurs could have been provided by combining fluorescent measurements
of intracellular Ca** with voltage-clamp studies. In this way which flux through the L-
type Ca®" channel or Na*-Ca>" exchanger can be estimated by integration of the current

traces when other routes have been eliminated as described by Varro et al (1993).
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Conclusions

These experiments support the hypothesis that changes to the cell physiology of the
myocardium occur during the compensated phase of LVH which may eventually lead to

the decompensated phase of contractile and electrophysiological dysfunction.

LVH in a guinea-pig model of supra-aortic stenosis was accompanied by a decline in the
force-frequency relationship which was related to the degree of hypertrophy. This is

similar to findings in hypertrophied human myocardial preparations.

The decline in contractile function is accompanied by changes to intracellular ion
regulation. [Na'); increases, pH; declines, and the ability of the SR to regulate Ca®"
release declines as hypertrophy progresses. The rise of [Na']; occurred in moderate
LVH with little further increase in severe hypertrophy, whereas intracellular pH
continued to decline in severe hypertrophy. This suggested that the rise of [Na']; is an
early change in LVH and may be causal in bringing about the other changes to pH; and

SR Ca®" transport.

The increase of [Na']; could contribute not only to the contractile dysfunction in
hypertrophy but also to the electrophysiological abnormalities such as reduced

conduction velocity and increased gap-junction resistance observed in other studies.

The mechanism of the rise of [Na']; remains unclear. There was no evidence for
increased activity of the Na'-H' exchanger, while Na*-Ca’*-exchanger activity was
reduced in this model of hypertrophy. Furthermore, no changes in Na'-K'-ATPase
pump isoforms at protein level were observed but this does not exclude an alteration in
pump activity as a cause. Further experiments are required to address the cause of the

increase of [Na']; in hypertrophy.
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Variation of the force-frequency relationship in hypertrophied myocardium
R Gray, "H Mclnytre, CH Fry.

Institute of Urology and Nephrology, University College London, London W1P 7PN and “The
Conquest Hospital, St. Leonards-on-Sea, East Sussex, TN37 7RD.

Normal myocardium from most species shows a positive force-frequency relationship whereas in
failing myocardium a negative relationship is found (Mulieri e al. 1992). In species like the rat
where the force-frequency relationship is negative the intracellular [Na*], ([Na*]:) is raised
(Shattock & Bers, 1989). We wished to test the hypothesis that in hypertrophy the force-frequency
response is impaired and that this might be related to a rise in [Na*]..

Human myocardial specimens were obtained from patients undergoing cardiac surgery for
correction of aortic or mitral valve lesions. Local Ethics committee approval was obtained and the
patients gave informed consent. Left ventricular hypertrophy was induced in guinea-pigs by
ascending aortic constriction under halothane(2 %), N20(49%) and 0O2(49%) anaesthesia (Winterton
et al. 1994). Preparations were superfused with Tyrode's at 35°C and isometric tension was
measured. The response to increasing stimulation frequency is expressed as the ratio of tension
generated at 1.6 and 0.8Hz, (Ta.60s). Ratios >1.0 and < 1.0 equate with positive and negative
force-frequency relationships, respectively. [Na*]i was measured in normal guinea-pig ventricular
myocytes, loaded with the [Na*] sensitive fluorescent indicator SBFI, in increasing concentrations
of strophanthidin.

In isolated human preparations there was a progressive decline from a positive to a negative force-
frequency relationship which correlated with cell diameter (r=-0.58,n=31,p=0.002). Compared
to normal guinea-pig myocardium, hypertrophied guinea-pig hearts (heart:body weight ratios
3.3+0.4*10°gm and 5.7+ 1.3*10°gm respectively [mean+SD]) showed a negative force-frequency
relationship (Ta.60.8=1.72+0.32,n=25 and 0.97+0.20 n=10, respectively: p=0.029). On
exposure to strophanthidin, (10nM to 3uM) a progressive inotropic effect was observed in normal
guinea-pig myocardium, however the force-frequency relationship changed from positive to negative
(e.g. Taensy=1.64+0.18 at 0OuM, 1.240.15 at 0.3uM and 0.67+0.19 at 3uM, n=13) and this was
associated with an increase in [Na*]i (e.g. 5.9+0.4mM at OuM and 10.1+0.7mM at 0.3uM).

The decline in force-frequency relationship in normal guinea-pig myocardium exposed to
strophanthidin is associated with a progressive rise in [Na*]i. A decline in the force-frequency
relationship is observed in hypertrophied myocardium from humans and guinea-pigs and in humans
the decline is related to the degree of hypertrophy. Thus hypertrophy may be associated with a
progressive rise in [Na*]i which we plan to test subsequently.
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Relationship between intracellular sodium and the force-frequency response in control and
hypertrophied guinea-pig myocardium

R.P. Gray !, P Carey '?, D.J. Sheridan %, C.H. Fry '. Institute of Urology & Nephrology,
University College London, UK' and Academic Department of Cardiology, St Mary’s
Hospital, London, UK

Left ventricular hypertrophy (LVH) following increased mechanical load is associated with
increased cardiovascular mortality due to heart failure and arrhythmias. LVH is also
associated with a reduced force-frequency relationship(Gray et al 1996). We wished to test
the hypothesis that the reduced force-frequency relationship was related to an increase of
intracellular sodium, [Na']; in hypertrophied guinea-pig myocardium.

LVH was induced in guinea-pigs by ascending aortic constriction under Halothane(2%),
N,0(49%) and O, anaesthesia (Winterton et al 1994). Sham operated guinea-pigs served as
controls. Papillary muscles were stimulated to contract electrically in-vitro and isometric
tension was measured. The response to increasing stimulation frequency is expressed as the
ratio of the tension generated at 1.6 and 0.8Hz, (T 610.5)). Ratios >1.0 and <1.0 equate with
positive and negative force-frequency relationships respectively. [Na']; was measured in the
same papillary muscles using ion selective microelectrodes(Fry et al 1987).

Constricted guinea-pigs showed significant cardiac hypertrophy compared to control
animals (heart:body weight ratio (5.7+1.1x10gm, n=12 vs 3.6+0.3x10°gm, n=21,
p<0.001). In right ventricular papillary muscles from normal and hypertrophied guinea-pigs
a positive force-frequency relationship was observed (T 605 =1.7£0.14 [mean+SD], n=6
and 1.44+0.04, n=2, respectively) and [Na']; was 6.5+£0.5 mmol.I"', n=6 and 7.05+0.8
mmol.I", n=2, respectively. Compared to control myocardium, left ventricular papillary
muscles from hypertrophied guinea-pigs showed a depressed force-frequency relationship
(T.60.8y= 1.39£0.21,n=21 and 1.02+0.18, n=12:p<0.001) which correlated negatively with
heart:body weight ratio (r=-0.51,p<0.01). [Na']; was significantly higher in left ventricular
papillary muscles from hypertrophied myocardium compared to control (13.62.7 mmol.1”,
n=12, compared to 7.6+2.3 mmol.I"', n=21:p<0.001). There were significant relationships
between [Na'); and heart:body weight ratio, (r=0.57:p<0.001 and between [Na']; and the
force-frequency relationship, (r=-0.69:p<0.001).

There is a significant relationship between the development of left ventricular hypertrophy
and an increase in [Na'];. These results suggest that the decline in the force-frequency
relationship in hypertrophied myocardium is related to this increase in [Na'];.
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Abstract We tested the hypothesis that in left ventricular
myocardial hypertrophy (LVH) the positive staircase
effect is impaired and is related to a raised intracellular
[Na*] ([Na+]j). Human myocardial specimens were
obtained from patients undergoing mitral and aortic valve
surgery, the latter group had LVH. LVH was induced in
guinea-pigs by ascending aortic constriction. The extent of
hypertrophy was quantified by measuring myocyte cross-
section area, echocardiographic mass (in humans) and
heart-to-body weight ratio (in guinea-pigs). The response
to increasing stimulation frequency was expressed as the
ratio of tension generated at 1.6 and 0.8 Hz (T, 50§); ratios
greater and less than 1.0 equate with positive and negative
force/frequency relationships respectively. [Nat]j was
measured using ion-selective microelectrodes. In human
and guinea-pig myocardium Tj g/o.s values decreased and
[Nat]j increased with hypertrophy. For guinea-pig myo-
cardium Tj Qg decreased from 1.39+0.05 to 1.02+0.05
and [Na”jj increased from 7.3+1.4 to 12.1+1.3 mM in
LVH. There was a close relationship between the reduc-
tion of T, 6/0.8 ~tid increase of [Na+]j which was also ob-
served when the [Na*"]| was increased with strophanthidin
in normal myocardium. The recovery of a raised [Nat]j
after an acute acidosis was slowed in hypertrophied myo-
cardium and stabilised at a higher level, suggesting that
the membrane mechanisms that regulate [Na+]j are reset.
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Introduction

Left ventricular hypertrophy (LVH) is an adaptive process
that enables the heart to compensate for an increased
mechanical load, but, left untreated, LVH is associated
with the eventual development of heart failure [14]
and arrhythmias [13]. The mechanisms whereby a well-
compensated hypertrophied heart eventually decompen-
sates are not yet understood. In vitro abnormalities
of contractile fiinction have been demonstrated when
hypertrophy is severe or heart failure has developed [25],
whilst in less-severe hypertrophy peak tension is normal
although the twitch may be prolonged due to a relaxation
delay [8]. It would be valuable to measure functional
myocardial changes earlier in the development of hyper-
trophy in order to investigate the cellular defects that
result in electro-mechanical disorders. Much current
understanding of myocardial physiology in hypertrophy
is derived from artificial animal models. Given the
species differences and the various models of experi-
mental hypertrophy used, a comparison of data from
animal models with that from human myocardium would
be valuable to allow animal data to be applied to the
human condition.

Normal myocardium from humans and most animal
species demonstrates a positive force/frequency relation-
ship i.e. increasing stimulus frequency increases contrac-
tility, whereas in failing myocardium a negative relation-
ship is found [18]. Negative force/frequency relation-
ships are also seen in rat and ferret myocardium [12] as
well as in atrial myocardium [24] and a common feature
of myocardium exhibiting such force/frequency relation-
ships is a relatively high intracellular [Na+] ([Na+]j),
[22,24].

The aim of this study was to test the hypothesis that,
in a guinea-pig model of hypertrophy, the force/frequency
relationship is impaired and is accompanied by a rise in
[Na+]j. Both variables were measured in the same prepa-
ration to facilitate comparison of data. In addition, the
results were compared with similar measurements from
hypertrophied human myocardium.
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Materials and methods

Mpyocardial tissue

Human myocardium was obtained from patients undergoing elective
aortic or mitral valve replacements. Ethical committee approval
was obtained and the patients gave informed consent. Clinical and
investigative details were obtained when possible from the
patients’ notes, including cardiac catheter and echocardiographic
data. A wedge of myocardium from the upper septum was taken
prior to aortic valve replacement and a segment of papillary muscle
was excised during removal of the diseased mitral valve. Samples
were transported to the laboratory in polypropylene vials filled
with pre-gassed Tyrode’s solution. Transit time was 3-25 min; no
deterioration of muscle function has been reported for up to
30 min [9] and there was no correlation between any experimental
variable and transport time for the samples used in this study. No
patient had a clinical history of heart failure.

LVH was induced in male Dunkin-Hartley guinea-pigs
(600800 g) by constricting the ascending thoracic aorta with a
high-density plastic disc (internal diameter 2.0 mm) under anaes-
thesia (0.22 ml kg~! pentobarbitone sodium, followed by inhalation
of a 49%/49%/2% N,0:0,:halothane mixture). Animals recovered
after wound closure with post-operative analgesia with buprenor-
phine (50 pg kg! s.c.) [26]. Controls were either unoperated
animals or sham-operated animals that underwent the same
operation, but without clip placement. At 50-250 days post-
operation the animals were weighed immediately prior to study
and then killed by cervical dislocation. The hearts were removed
immediately, weighed and placed in gassed Tyrode’s solution at
37 °C. No animals showed evidence of heart failure and all proce-
dures were performed according to the Guidance on the Operation
of the Animals (Scientific Procedures) Act 1986, Her Majesty’s
Stationery Office, London, England.

Isolated preparations

Left ventricular papillary muscles were removed from control
(sham-operated) and aorticconstricted guinea-pig hearts. For
human myocardial preparations the fibre orientation of the biopsy
sample was identified under x20 magnification and a “v”-shaped
section removed with a razor. The muscle dimensions were
measured using a binocular microscope with a calibrated eyepiece
graticule, with 100-pm markers and x40 or x80 magnification.
Preparations were generally 0.7 mm or less in diameter (and never
greater than 1 mm) and 3—5 mm long — see Discussion about
prevention of hypoxia in the muscle core.

Tension recordings

Isolated preparations were mounted horizontally in a superfusion
trough, tied at one end to a fixed hook and at the other end to an
isometric force transducer using 100-um silk thread. Preparations
were superfused with Tyrode’s solution containing in mM: NaCl
118, KCl 4.0, NaHCO, 24, NaH,PO, 0.4, MgCl, 1.0, CaCl, 1.8,
glucose 6.1, Na pyruvate 5.0. The solution was gassed with a
mixture containing 95%0,/5% CO,, pH 7.35+0.03. All experiments
were performed at 36+0.5 °C. Preparations were stimulated electri-
cally and peak isometric twitch tension in response to increasing
frequency of stimulation (0.5-2.0 Hz) measured.

[Na*]; measurement

[Na*]; was measured with ion-selective microelectrodes (ISEs) in
39 guinea-pig papillary muscles used for tension recordings.
Successful recordings were also made in six human preparations.
Membrane potential (E,) was recorded with 3 M KCl-filled
microelectrodes made from thick-walled borosilicate glass. Na*-ISEs
were made from the same glass; they were exposed to dimethyl-

dichlorosilane vapour for 3 min and heated at 200 °C for 40 min.
A small sample of Na*-selective material, N,N’,N”-triheptyl-
N,N’,N”-trimethyl-4,4°,4 ”-propylidyne-tris(3-oxabutyramide)
with Na tetraphenylborate (ETH227; Fluka, Poole, Dorset, UK),
was introduced into the tip of the microelectrode from the rear and
the remainder filled with a solution containing 10 mM NaCl and
140 mM KCl. The Na*-ISEs record both E and the change in
[Na*] when penetrating a cell. The equivalence of E_ values
(within 0.5 mV) recorded by the two microelectrodes after cell
impalement was tested by superfusing the preparation with Tyrode’s
solution containing 40 mM KCIl. The Na*-ISEs were calibrated in
mixed NaCl and KCl solutions, containing also (mM) MgCl, 3.0,
ethyleneglycol-bis(B-aminoethylether)-N,N,N’,N -tetraacetic acid
(EGTA) 2.0 and 4-(2-hydroxyethyl)-1-piperazineethanesulphonic
acid (HEPES) 5.0; pH 7.1. [Na*] was varied between 0 and
147 mM, with [Na*[+{K*]=147 mM. All measurements were
made with reference to a 3 M KCl junction. The method has been
previously described in detail [10].

Histology

Samples of the human myocardial biopsies were placed in 10%
formol saline. Sections (3—5 pm) were cut from paraffin-embedded
blocks and stained using a standard haematoxylin and eosin
procedure. Cell circumference was measured at the plane across
the nucleus at X400 magnification with a calibrated eyepiece grati-
cule and a transverse cross-sectional area calculated [2]. In each
preparation at least 50 cells were measured from each of two
sections 20-30 pm apart. The SD of the measurement from an
individual section was 10% or less of the mean, the two mean
values were averaged and results accepted if there was less than
5% discrepancy. Assessment of the degree of fibrosis was
performed on a slide stained for connective tissue using a
trichrome MSB stain. Percentage fibrosis was estimated with a
12x12 eyepiece graticule by counting the proportion of intersections
laying over extracellular space.

Statistical analysis

Results are expressed as mean+SD or +SEM if several measure-
ments were made on one preparation. Groups were compared using
paired or unpaired Student’s f-tests. The null hypothesis was
rejected when P<0.05.

Results
Assessment of hypertrophy and base-line properties

Human myocardial preparations were divided into two
groups: from patients undergoing mitral valve replace-
ment (unloaded ventricles; age 60+15 years, n=16) or
aortic valve replacement (pressure-overloaded ventricles;
age 65+11 years, n=15). The mean echocardiographic
left ventricular mass (in grams) and cell cross-section
area (square micrometre) in samples from the two groups
were: 211+99 vs. 442496 g respectively (P<0.001, n=10,
9) and 281+£8 vs. 412+9 um? (P<0.001, n=16, 15) respec-
tively. The pressure gradient across the aortic valve in the
pressure-overloaded group was 88+24 mmHg and is
henceforth referred to as hypertrophied group; data are
compared with the control unloaded group.

For the guinea-pig model the heart:body weight ratio
(HBR) was used as an index of hypertrophy. The sham-
operated and unoperated animals were combined to a
single control group with an HBR of 3.55+0.30 g kg-!
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Fig. 1A, B Force/frequency relationships in normal and hypertro-
phied human myocardium. A Traces from samples taken from
patients with mitral stenosis {left) and aortic stenosis (right) when
the stimulation rate was doubled from 30 to 60 min ' at the
arrows. The right-hand trace shows pulsus altemans at the higher
rate. B Mean force/frequency relationship for human myocardium
(closed symbols) and the most extreme positive (open circles) and
negative (open squares) relationships

(n=22). The HBR of the aortic-constricted group was
significantly greater (5.73+£1.10 g kgr’, «=12, P<0.001).
Peak isometric forces generated by the human prepara-
tions were 0.83+0.12 and 0.56+0.21 mN mm'" for the
control and hypertrophied groups respectively (P>0.05).
For the guinea-pig preparations the values were
1.29+0.42 and 1.00+£0.65 mN mm-2 for the two groups
(M .05).

Force/frequency relationships

Figure 1A shows examples of isometric contractions
from two human myocardial preparations when the
frequency of stimulation was increased from 0.5 to 1.0 Hz.
The left-hand trace was from a control preparation and
shows a positive staircase with increasing frequency; the
right-hand trace shows a decrease of force, with the
appearance in this example (and in one other preparation
from a total of 15) of alternate large and small contractions
(pulsus altemans). Figure IB shows mean steady-state
isometric tension as a function of stimulation frequency
in isolated human myocardial preparations, expressed as
the percentage of that generated at 1 Hz. The closed
circles represent the mean responses from all prepara-
tions, where there was a reduction of isometric tension
when stimulation frequency was increased. However,
the force/frequency relationship showed considerable
variability and Fig. IB also shows the most positive
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Fig. 2 A Heart-to-body weight ratios (HBR), B force/frequency
relationship (expressed as the ratio of peak tensions developed at
1.6 and 0.8 Hz, 7j*"g) and C intracellular [Na*] (/Na*JD in
myocardium from unoperated, sham-operated, mildly hypertophied
and severely hypertrophied hearts. Means+SD, *f<0.05 vs. sham-
operated hearts

(open circles) and most negative (open squares) relation-
ships obtained.

To compare quantitatively the range of responses
between preparations the ratio of peak tension when the
stimulation frequency was doubled from 0.8 to 1.6 Hz
(r, 6o.s) was recorded; thus ratios above and below 1
equate with positive and negative force/frequency relation-
ships respectively.

Force/frequency relationships and [Na+]j.
Guinea-pig myocardium

Figure 2 shows values of HBR (Fig. 2A), Tj g (Fig. 2B)
and [Na+], (Fig. 2C), obtained in preparations from aortic-
constricted and sham-operated hearts as well as a further
control set from unoperated animals. Data from aortic-
constricted hearts were divided into two sets, one with
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Fig. 3 The relationship between T 45 and [Na*]; in guinea-pig
and human myocardium. Data from guinea-pig right ventricle
(closed square), left ventricle from sham-operated and unoperated
hearts (open circles, see text for details) and moderately and severely
hypertrophied left ventricle (closed circles). Shown also are data
from strophanthidin-treated guinea-pig left ventricle (crosses) and
human myocardium from patients with mitral valve and aortic
valve disease (open squares). Means+SD

moderate hypertrophy (HBR 4.0-5.5 g kg-!) and another
with severe hypertrophy (HBR above 5.5 g kg-1). As stated
above, HBR was significantly larger in the aortic-con-
stricted groups than in the sham-operated and unoperated
groups. The T 4, ¢ ratio was reduced significantly in the
aortic-constricted groups (moderate LVH 1.05+0.15, n=6;
severe LVH 1.00+0.23, n=6) compared with the two con-
trol groups (sham-operated 1.38+0.27, »=10; unoperated
1.40+0.16, n=12). The decrease of the T ¢y 5 ratio was
accompanied by increased [Na*]; in the aortic-constricted
groups (moderate LVH 12.0+1.4 mM, r=6; severe LVH
12.3+1.0 mM, n=6) compared with control (sham-operated
7.7£1.4 mM, r=10; unoperated 7.2+1.4 mM, n=12).

[Na*], was also measured in two right ventricular
papillary muscles taken from hearts with LVH with values
of 6.2 and 6.9 mM. These values compare with that of
[Nat]; of 6.540.6 mM (n=6) in similar muscles from
unoperated hearts. Thus these limited data suggest that
the increase of [Na*]; in the aortic-constricted hearts was
confined to the left ventricle.

The relationship between the T ;5 ratio and [Nat],
was further investigated by measuring both variables in
the presence of strophanthidin. Superfusion with 0.3 and
1.0 uM strophanthidin increased [Na*}; from a control of
7.1£0.9 mM (n=6) to 10.1+1.2 and 14.2+1.4 mM respec-
tively and was accompanied by a reduction of the T ¢ ¢
ratio from 1.38+0.14 to 1.20+0.15 and 0.95+0.17,
respectively.

Force/frequency relationships and [Na*],.
Human myocardium

A similar trend in T 4 ¢ ratios was observed in human
myocardial preparations. In control, unloaded hearts
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Fig. 4A, B Recordings of [Na*]; and membrane potential (£,) in
guinea-pig myocardium. A Sham-operated animal. B Aortic-
constricted animal. NH,Cl (10 mM) was added to the superfusate
as shown by the horizontal bar. The dotted lines show the pre-
intervention control levels of [Na*}; and E

(mitral valve disease) the value was 1.13+0.056 (n=16)
and was significantly less (0.91+0.019, n=15, P<0.001)
in preparations from hypertrophied hearts (aortic valve
disease). Measurement of [Na']; was possible in six
human preparations, although the success rate was less
due to the higher proportion of connective tissue in the
samples, the mean value was 12.7+]1.6 mM. Two samples
were from patients with aortic stenosis, with values of
14.0 and 14.3 mM, whilst the remainder were from
patients with mitral valve disease (mean 11.8+1.4 mM);
three of the latter patients had a history of taking digoxin
several weeks prior to operation.

Figure 3 collects the above data from guinea-pig
and human experiments and shows a strong negative
relationship between the T, ratio and [Nat],.
These data are consistent with the hypothesis that the
negative force/frequency relationship in hypertrophied
guinea-pig and human heart is associated with a raised

[Na*];.
Recovery of [Na*]; after intracellular acidosis
One cause of the raised [Na']; in hypertrophied tissue

may be a reduced ability of the cell to extrude Na*. This
was tested by generating an intracellular acidosis after



termination of a brief exposure to 10 mM NH,Cl
Figure 4 shows examples of recordings from prepara-
tions taken from a sham-operated animal (Fig. 4A) and
a hypertrophied heart (Fig. 4B). Addition of NH,Cl
caused a small reduction of the [Na*]; that was followed
by a large increase upon its removal. With muscles from
sham-operated hearts the [Na*]; recovered from a peak
of 11.4+0.8 to a mean of 6.2+0.4 mM with a time
constant of 171£26 s (SEM, n=9). Corresponding
experiments from aortic-constricted hearts showed a
recovery of the [Nat], from 21.1+1.3 to 12.6+£0.6 mM
(n=6) with a time constant of 306+57 s. The recovery
time constant and the final value of [Na*]; were
both significantly greater in the muscles from aortic-
constricted hearts.

Discussion

The rise of [Na*]; and force/frequency relationships
in LVH

These experiments support the hypothesis that a
negative force/frequency relationship in hypertrophied
human and guinea-pig myocardium is due to a raised
[Na*];. The fact that the force/frequency relationship
could be converted from positive to negative in normal
guinea-pig myocardium by artificially raising the [Na*];
with strophanthidin lent support to the hypothesis. A
negative relationship has also been described in normal
myocardium from several species, including rat and
ferret, a feature of these tissues is the relatively high
[Na*]; compared with those with a positive relationship
[22].

Data from aortic-constricted guinea-pig hearts were
divided into two groups. Hearts were constricted for
either 60—100 days or for about 250 days. The shorter
period tended to generate a moderate hypertrophy (HBR
4.0-5.5; mean increase 32%) whilst the longer period
produced a more severe growth (HBR above 5.5; mean
increase 83%). However, the increase of [Na‘]; and
reduction of the T ¢ 5 ratio was already established with
moderate hypertrophy and did not change further with
continued growth of the left ventricle. This pattern is in
contrast to other cellular changes; intracellular acidosis
develops progressively throughout myocardial growth
[23]), whilst increased gap junction resistance (and
consequently reduced conduction) occurs only in more
severe LVH [7]. The temporal dissociation of changes to
these different variables raises the important point that
an increase of [Na']; may represent an initial change
during the development of LVH and may be causal in
other cellular changes.

The increase of [Na*]; cannot be attributed to the age
of the animal. The sham-operated and the constricted
animals were left for similar times post-operation;
60-100 days to produce moderate hypertrophy and about
250 days to generate severe hypertrophy. Furthermore,
the similarity of [Na*]; values in the sham-operated and
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unoperated control groups suggest that the operative
procedures required to place the constricting ring around
the aorta do not per se raise [Na‘],.

In human myocardial preparations the force/frequency
relationship also declined with LVH. Tissue from
patients with mitral valve disease was used as a control
as there was no evidence of clinical or microscopic
hypertrophy; both echocardiographic mass and cell
cross-section area were within the normal ranges [17]. It
is important to emphasise that the non-hypertrophied
tissue was taken from papillary muscle and hypertrophied
tissue from endocardial septum. However, it is unlikely
that the different force/frequency relationships in the two
groups were merely due to the site from which biopsy
samples were taken. A previous study [20] has shown
that endocardial trabeculae from normal ventricles show
a positive force/frequency relationship of similar magni-
tude to those reported here for normal myocardium from
papillary muscle.

It was possible to measure [Na*]; in a small number
of human samples, the mean was 12.7 mM; omitting the
two samples from patients with aortic stenosis reduced
this to 11.9 mM. The T,¢0s and [Na*]; values fell
within the range of the guinea-pig data (Fig. 3). The
relatively high [Na*]; and lower T ¢ g values for human
myocardium, especially from the control group, com-
pared with guinea-pig, could have several explanations:
there is a real species difference and/or human prepara-
tions may have been affected by some of the patients
having taking digoxin prior to operation. About 75% of
the patients with mitral valve disease and 20% of those
with aortic valve disease had been administered digoxin.
If the effects of digoxin on the myocardium had persisted
to the time at which biopsy samples were taken, this
would have reduced more the control T ¢4 ¢ values and
lessened the difference between the hypertrophied
group. However, this factor would strengthen the
conclusion that hypertrophy is associated with a signifi-
cant reduction of the force/frequency relationship. We
do not consider that biopsy samples suffered significant
insult in transport from the operating theatre and labora-
tory; transit time was 3-25 min, with no correlation
between this and in vitro characteristics [9]. To reduce
the risk of hypoxia, which could impair contractile func-
tion and elevate [Na*]; in both human and guinea-pig
preparations, the preparation diameter was less than
1 mm, and usually 0.7 mm or less, and preparations
were superfused rapidly with Tyrode’s solution. The
potential problems with interpreting data from human
biopsy samples emphasises the need for well-validated
animal models and their comparison with data from
human samples.

Comparison with other studies
A rise of [Na*]; in hypertrophied guinea-pig myocardium

is consistent with other reports. A nuclear magnetic
resonance (NMR) study has demonstrated an increase of
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[Na*]; with moderate left ventricular hypertrophic
growth [11], whilst another has shown that ischaemia
generates a larger rise of [Na']; in hypertrophied than in
control hearts [6]. However, in a model of right ventricular
hypertrophy no increase of [Na*]; is observed [3],
although these experiments were carried out at 20 °C, at
which the Na-pump would be partially inactive and the
[Na']; consequently already raised [21].

Causes of the rise of [Na*]; and reduction
of the force/frequency relationship

There are several possible explanations for the rise of
[Na*]; and decline of the T ¢ ¢ ratio. The intracellular
acidosis that accompanies hypertrophic growth [23]
could increase [Na*]; via the Na*/H* exchanger. How-
ever, the rise of [Na']; occurs early in cardiac growth,
whilst pH; continues to fall throughout, suggesting
that this is not the primary cause. Alteration to the
kinetics and activity of the Na-pump is an alternative
possibility to explain the raised [Na*];. Reduced pump
activity has been described in spontaneously hyperten-
sive rats [19] and is consistent with the slowed recovery
from a raised [Na*]; recorded in these experiments. The
time constant of recovery (7) of [Na*]; and pH; is larger
in multicellular tissue than in single cells [4] due
to diffusion constraints in the former. However,
because preparation sizes were similar in the control and
hypertrophied samples comparison of T values is still
possible.

The Na-pump comprises an o-catalytic subunit and a
smaller B-glycoprotein subunit. The a-subunit has the
binding sites for Na*, K+, adenosine 5’-triphosphate
(ATP) and ouabain. Several isoforms of the a-subunit
have been identified. The a,-subtype is expressed
ubiquitously in myocardium and virtually exclusively in
normal guinea-pig myocardium [16], with a Michaelis-
Menten constant (X)) for Na*; of about 12 mM. The o,
and o subtypes have a higher K| (22-33 mM) [27] and
are expressed during normal development and hypertrophy
associated with hypertension [5, 15]. Thus it is possible
that the raised [Na*]; in obstructive hypertrophic myo-
cardium described in the above experiments could result
from a reduced number of pump sites or an altered
expression of the a-subtype isoform. These possibilities
are currently under examination.

Reduction of the force/frequency relation when
[Nat]; is raised is probably due to excessive Ca2* influx
through Na*/Ca?* exchange and overload of intracellular
stores. High concentrations of cardiac glycosides reduce
twitch force and the intracellular [Ca2?*] as the sarco-
plasmic reticulum is unable to retain Ca2+ as the resting
sarcoplasmic concentration rises above normal levels

[1].
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