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ABSTRACT

The effects of modulation of CICR on spontaneous and systolic Ca2+ release
were investigated in isolated rat ventricular myocytes. Spontaneous waves of
Ca2+ release were initially abolished and then resumed at a lower frequency
during exposure to 100 J.LMtetracaine. Both the duration of the initial quiescent
period and oscillation frequency in tetracaine were dependent on the control
oscillation frequency and the concentration of tetracaine applied.
Electrophysiological quantification of the SR Ca2+ content of myocytes revealed a
significant increase during exposure to tetracaine. The amplitude of spontaneous
Ca2+ release was also increased such that despite decreased frequency, efflux per
unit time activated by Ca2+ waves was not changed significantly. Using confocal
microscopy, the spatial and temporal properties of Ca2+ waves were studied
revealing that tetracaine inhibits the propagation of Ca2+ release. The increased
SR Ca2+ content and the increased amplitude of Ca2+ release can reverse this
effect.

Application of 100 J.LMtetracaine to electrically stimulated cells transiently
depressed systolic Ca2+ release and contraction but had no effect in the steady
state. Removal of tetracaine was associated with potentiation of systolic Ca2+
release followed by gradual recove~. Quantification of the SR Ca2+ content
revealed that in tetracaine the SR Ca + content was significantly increased in the
steady state. This increase was accounted for by inhibition of systolic Ca2+
release activating less Ca2+ efflux in the presence of the same or increased Ca2+
influx on the L-type Ca2+ current. As the SR Ca2+ content increases, more efflux
is activated until eventually efflux and influx balance in the steady state. The
transient potentiation of contraction on removal of tetracaine is due to the
increased SR Ca2+ content, which increases the gain of CICR in the absence of
inhibition of Ca2+ release.

The mechanism of post rest potentiation in rat cardiac tissue has not been
conclusively elucidated by previous studies. This investigation provides evidence
that changes in SR Ca2+ content and recovery of channels from inactivation could
contribute to the potentiation of contraction observed in rat ventricle after a period
of rest. Tetracaine enhances the degree of potentiation of contraction, which can
only partially be attributed to its ability to enhance SR Ca2+ accumulation.

During myocardial ischaemia dramatic changes in the substrate and
metabolite levels in cells occur and a number of these changes are known to affect
the RyR. However, the overall effects of metabolic blockade on the sensitivity
CICR in intact cells have been overlooked. Experiments were carried out to
investigate the effect of metabolic inhibition on spontaneous Ca2+ release and SR
Ca2+ content in isolated rat ventricular myocytes. The results show that CICR is
inhibited during metabolic inhibition. This could contribute to the degree of
damaging and potentially fatal Ca2+ overload experienced on reperfusion of
ischaemic tissue.
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CHAPTER 1

INTRODUCTION

Calcium ions (Ca2+) are implicated in the regulation of many different

aspects of cell function including neuronal excitation, muscle contraction,

secretion, cell division and apoptosis (see [36] for review). In many cases the

initiating step in signal transduction is a transient increase in cytosolic free

calcium ([Ca2+]j). However, prolonged exposure to elevated intracellular Ca2+

leads to cell death. Stringent regulation of intracellular Ca2+ is achieved through

transport across the plasma membrane and buffering by intracellular Ca2+ stores

and Ca2+ -binding proteins. Excitation-contraction coupling (EC-coupling) in

cardiac muscle is a typical example of a Ca2+ signalling mechanism essential to

normal cell function.

The contractile activity of the heart propels blood throughout the body. Its

ability to function as a pump requires co-ordinated cycles of contraction, to expel

blood into the circulation, and relaxation, to allow the chambers to refill with

blood for the next cycle. At rest, the intracellular concentration of free Ca2+ ions

([Ca2+]j - 200 nM) is maintained at one ten thousandth that of the extracellular

space ([Ca2+]o - 1-2mM). This low intracellular concentration of Ca2+ is essential

if the muscle is to remain relaxed, and this coupled with the electronegativity of

the cell interior creates a large electrochemical gradient in favour of Ca2+ entry.

This results in the continual Ca2+ leakage into the cell by passive diffusion, and

the continual need for Ca2+ removal. Pumps and exchangers in the plasma
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membrane maintain this large electrochemical gradient, while intracellular stores

and Ca2
+ buffers, such as the sarcoplasmic reticulum (SR) and calmodulin, also

sequester Ca2+, helping to maintain diastolic Ca2+ at very low levels.

In skeletal muscle the summation of contractions and recruitment of

additional fibres can vary contractile force, and it can remain contracted for long

periods of time. Cardiac muscle on the other hand, functions as a syncytium, with

each cell contracting on every beat. The need for cardiac muscle to relax between

beats to allow refilling of the chambers with blood means that tetanus would be a

totally inappropriate response to meet increased demands on the muscle for the

pumping of blood. Instead contractile force is varied by changes in the peak

[Ca2+]j reached during systole.

The purpose of the work described in this thesis was to investigate the

effects of modulating SR Ca2+ release channel gating on spontaneous and

stimulated Ca2
+ release, contraction and sarcolemmal Ca2

+ fluxes. This chapter

provides an overview of Ca2+ regulation in cardiac muscle cells and reviews some

of the mechanisms regulating the contraction and relaxation of cardiac muscle

(See [40] for more detailed review).

1.1 EXCITATION-CONTRACTION COUPLING IN CARDIAC MUSCLE

The physiological stimulus for contraction is depolarisation of the surface

membrane, caused by an action potential, which propagates throughout the

cardiac syncytium to co-ordinate the contraction of individual cells. This

electrical signal is transformed into contraction of the myofilaments, but the exact

mechanism for this transduction remains a matter of considerable debate. The
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role of Ca2+ in the control of cardiac contraction was first suggested in the last

century by Ringer, who found that the heart would not contract in the absence of

Ca2+ ions in the extracellular fluid [304]. It was later shown that simple Ca2+

diffusion into the cells of the frog skeletal muscle was not fast enough to account

for EC coupling [175], implying the involvement of other mechanisms. An

intracellular Ca2+ store, the sarcoplasmic reticulum (SR), was found to be essential

to EC coupling in skeletal muscle [120, 139] and cardiac muscle [129, 130]. It is

clear that depolarisation of the membrane somehow induces the release of a large

amount of Ca2+ from this intracellular store. In skeletal muscle, conformational

changes in the dihydropyridine receptor (DHPR) induced by depolarisation of the

sarcolemma are communicated directly from the transverse tubule to the SR Ca2+

release channel to induce Ca2+ release [305, 306, 318], and there is no absolute

requirement for Ca2+ entry [15]. The majority of evidence suggests that

depolarisation of the sarcolemma does not play a direct role in cardiac muscle

contraction [21, 62] (See [126] for review). Instead, the relatively small amount

of Ca2+ that enters the cell during the action potential through voltage-gated Ca2+

channels is thought to trigger the release of Ca2+ from the SR. This hypothesis is

known as "calcium-induced calcium release" or CICR.

Muscle contraction is initiated by the sudden rise in cytosolic Ca2+, caused

by Ca2+ entry and its release from the SR. This sensitivity to calcium is mediated

by troponin, which is a complex of three polypeptides, troponin-T (tropomyosin

binding), troponin-I (inhibitory) and troponin-C (Ca2+-binding). The complex of

tropomyosin with troponin- T and troponin-I inhibits the interaction of actin and

myosin, thereby preventing contraction. When troponin-C binds to Ca2+,
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allosteric changes lead to the displacement of tropomyosin from its inhibitory

position, thereby removing the steric hindrance produced by the other two

troponin components allowing actin to interact with the myosin heads (See [413]

for review). Hydrolysis of ATP then provides the chemical energy necessary for

the myosin cross-bridges to pull the attached actin filaments towards the centre of

the sarcomere, thereby producing contraction [150, 184, 185].

Relaxation of the heart muscle is essential if the ventricles are to fill with

blood for the next cycle of contraction, and to achieve this [Ca2+]i must be

lowered to the diastolic level. This is achieved by sarcolemmal efflux

mechanisms, primarily by sodium/calcium (Na+/Ca2+) exchange, and by

resequestration ofCa2+ by the SR through the activity of the SR Ca2+-ATPase, and

will be discussed in detail later (Section 1.10).

1.2 PATHWAYS FOR SARCOLEMMAL Ca2+ ENTRY DURING CONTRACTION

Since the initial observation by Ringer [304] it has been known that cardiac

contraction is highly dependent on extracellular Ca2+ concentration ([Ca2+]o).

Furthermore, removal or replacement of Ca2+ in the solution bathing cells rapidly

and reversibly abolishes Ca, transients and contraction [271]. It is believed that

Ca2+ can enter the cell during contraction through both voltage-activated Ca2+

channels and via reverse mode Na+/Ca2+ exchange. These mechanisms of Ca2+

entry are discussed below.
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1.2.1 Sarcolemmal Ca1+Channels

Sarcolemmal voltage-dependent Ca2+ channels are integral membrane

proteins that form gated-pores in the plasma membrane. The channels open in

response to changes in membrane potential and allow Ca2+ ions to enter the cell

passively down their steep concentration gradient. To explain the ability of

changes in membrane potential to open and close voltage-sensitive ion channels, it

is postulated that such channels contained a charged region in their polypeptide

structure that could serve as a voltage sensor, changing conformation in response

to depolarisation and repolarisation of the membrane [79, 192]. The existence of

such voltage sensors in Ca2+ channels has been confirmed (see [252] for review).

The Ca2+ current serves a number of functions during the action potential of

heart muscle. The inward movement of positive charge contributes to the

electrical signal responsible for depolarisation of the heart cell membrane and

contributes to pacemaker activity, impulse conduction and the plateau of the

action potential. Perhaps most importantly for this thesis, the influx of Ca2+

causes a transient increase of intracellular [Ca2+]i, which can initiate further Ca2+

release from the SR in a graded manner, provide some activator Ca2+ for binding

to troponin C and contributes to the maintenance of SR Ca2+ stores.

The co-existence of at least two types of Ca2+ channels has been

demonstrated in canine atrial [31], rabbit sino-atrial node [163] and Guinea pig

ventricular cells [266, 280]. These have been designated L-type and T-type Ca2+

channels because of their distinct kinetic properties.

The threshold for activation of L-type Ca1+channels in cardiac myocytes is

around -40 mV. Activation is followed by inactivation that reduces the current to
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near zero within approximately 300 ms and seems to be governed by both

voltage- and Ca2
+ -dependent mechanisms [161, 202, 230]. The current-voltage (I-

V) relationship of the L-type Ca2+ current is bell-shaped, because as the membrane

is depolarised further, the driving force for Ca2+ entry is reduced and eventually

reversed [32, 277].

Because the L-type Ca2+ channel binds to dihydropyridines (DHPs) with

relatively high specificity it is frequently referred to as the dihydropyridine

receptor or DHPR. The channel is inhibited by dihydropyridine (DHP) "Ca2+

antagonists" (e.g. nifedipine and nitrendipine) and activated by DHP "Ca2+

agonists" (e.g. BAY K8644). Isolation of the DHPR from skeletal muscle has

revealed that it is composed of 5 subunits (ai, a2, ~,y and cS. See [64] for review).

The al subunit of both skeletal and cardiac channel possesses the main functional

characteristics of the native channel, while the others are thought to play largely

regulatory roles [181, 262]. A transmembrane spanning portion of this subunit

bears a positively charged amino acid (arginine or lysine) at every third position

with intervening non-polar residues [262] and has been proposed to act as the

voltage sensor [79]. Its primary structure also includes potential cAMP-

dependent phosphorylation sites (Ser residues 124, 1575, 1627, 1700, 1848 and

1928) [262]. The L-type Ca2+ current is believed to have central importance in

loading and maintaining the stored Ca2+ content of the SR [123, 239], ensuring the

continual availability of stored Ca2+ for subsequent contractions. During

development, there is a progressive concentration of L-type Ca2+ channels in the

junctional sarcolemma, in parallel with the formation of t-tubules, where they are

situated in close apposition to the Ca2+ release channels of the SR [396].
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The T'-type Ca2+ channel has been described as transient and low

threshold, activating at potentials of around -60 mV, and then rapidly inactivating

(20 - 50 ms). The complete absence of T-type channels in many ventricular cells

[54] suggests that they do not play an important role in normal working

myocardium [31]. However, Ca2+ entry through T-type Ca2+ channels was

recently demonstrated to be capable of triggering Ca2+ release from the SR, albeit

with lower efficiency than the L-type Ca2+ current [330]. Their predominance in

sino-atrial node tissue and the fact that their activation range overlaps with that of

the pacemaker potential (between -65 mV and -40 mV) has lead to the suggestion

that they play an important role in pace-making activity [163].

A novel third type of Ca2+ channel was identified in sarcolemmal vesicles

from calf ventricle and termed B-type because they are thought to contribute to a

steady background current at negative membrane potentials [308]. Similar

background channel activity was also identified in rat ventricular myocytes [97].

Unlike L- and T-type channels, B-type channels do not require depolarisation for

activation and display mean open times of greater than 100 ms. The existence of

these channels could account for at least some of the resting Ca2+ leak

conductance of the cardiac myocyte sarcolemma [224]. This may have

implications for the frequency of spontaneous SR Ca2+ release and the effect of

rest on contractility, as will be described in this thesis.

1.2.2 Reverse Mode Na+/Ca2+Exchange

The existence of a Na+/Ca2+ exchanger in intact heart tissue has long been

established [210, 303]. The stoichiometry of the exchanger is such that 3 Na+ ions
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are exchanged for a single Ca2+ ion [302], such that there is movement of positive

charge in the direction of sodium translocation. A fundamental feature of the

Na+/Ca2+ exchanger is that elevation of [Na+]j and depolarisation will promote the

reverse mode, i.e. exchange of Na, for Ca.. Local increases in [Na+]j at

depolarised potentials, such as those during the action potential, will therefore

allow Ca2+ entry on the exchanger, and this could trigger SR Ca2+ release. The

ability of reverse-mode Na+/Ca2+ exchange to trigger SR Ca2+ release was first

reported by Berlin et al [33] in a Ca2+ overloaded preparation, and later in the

presence of elevated [Na+]j [20,45]. In the absence of Ca2+ entry through L-type

Ca2+ channels, due to pharmacological blockade with nisoldipine or using a

voltage step insufficient to activate ICa,membrane depolarisation still elicited Ca2+

release from the SR in guinea-pig myocytes [225]. This release was dependent on

Na+ entry through TTX-sensitive Na+ channels and on extracellular Ca2+, and was

attributed to Na+ entry through TTX-sensitive Na+ channels, followed by Na+

efflux and Ca2+ influx on the Na+/Ca2+ exchanger. Lederer et al proposed that to

achieve increases in [Na+]j sufficient to activate Ca2+ entry on the Na+/Ca2+

exchanger, it must enter a restricted volume below the sarcolemma, with access to

Na+ channels, the Na+/Ca2+ exchanger and some SR Ca2+ release channels, the so

called sub-sarcolemmal "fuzzy space" [228]. Direct evidence for such a sub-

sarcolemmal [Na+]j gradient has been provided by electron microprobe

microanalysis [394] (See [74] for review). Furthermore, in the absence of Na+

entry, depolarisation alone may directly stimulate Ca2+ entry on the exchanger

[214]. It has also been proposed that Na+/Ca2+ exchange may supply a larger

fraction of trigger Ca2+ than ICain guinea-pig [232, 234].
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Experimental conditions that favour Ca2+ entry on the exchanger, such as

high [Ca2+]j (reducing the amplitude oflca) [121] and increased [Na+]j[214,231,

239] appear to favour the observation of this phenomenon, as might be expected.

However, its role under normal physiological conditions remains the subject of

considerable debate [54, 321, 329]. Ca2+ release in the absence of L-type Ca2+

may be an artefact of loss of voltage control [54, 321], as a consequence of the

large INacurrent surge, which may allow the membrane to reach the voltages at

which ICa is activated. Incomplete block of ICa may also explain such

observations, and increased SR Ca2+ load, inevitable under conditions that favour

ci+ entry on the exchanger, may lead to overestimation of the contribution of

Na+/Ca2+exchange mediated Ca2+ influx in triggering Ca2+release [54].

There is some evidence that Ca2+ entry on the Na+/Ca2+ exchanger may

trigger Ca2+ release at higher, more physiological temperature [388, 392],

suggesting that the failure of some groups to observe Na+/Ca2+exchange-triggered

Ca2+ release may be a consequence of using lower experimental temperatures.

Further assessment of the quantitative importance of this mechanism is required.

Some clarification of this situation was sought by studying the effect of over-

expression of Na+/Ca2+exchanger in transgenic mice. Even when the Na+/Ca2+

exchanger was over-expressed by up to nine-fold, Ca2+ entry on the exchanger

produced a much smaller rise of [Ca2+]j in comparison to ICa [3]. However,

another group saw enhanced activation of CICR by reverse Na+/Ca2+ exchange

[408]. These differences were attributed to differences in [Na+]j, Na+/Ca2+

exchange mediated Ca2+ release being observed at a higher, perhaps non-
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physiological [Na+]i and therefore not necessarily indicative of a physiological

role for this mechanism of Ca2+ entry.

Recent work has suggested that for a grven Ca2+ influx, the Na+/Ca2+

exchanger may be less efficient than the Ic, trigger at promoting Ca2+ release from

the SR [121, 331]. This may be a consequence of tight functional coupling

between the L-type Ca2+ channel and SR Ca2+ release channels [1, 322].

Perhaps the best description of the situation is that there may be a "dynamic

balance" between the two trigger mechanisms [233]. The majority of evidence is

in favour of the trigger for Ca2+ release from the SR being L-type Ca2+ current

with a small, but significant, contribution from reverse Na+/Ca2+ exchange [152].

1.2.3 Ca1+-Induced Inactivation of L-type Ca1+ Channel

Experimental evidence suggests that the L-type Ca2+ channel is inactivated

by Ca2+, a potential negative feedback mechanism for the regulation of Ca2+ entry

during EC-coupling [202, 230]. The rate of inactivation is decreased when

cations other than Ca2+ (e.g. Ba2+ or Sr2+) carry the current [230, 307, 411] and

when [Ca2+]i is heavily buffered [299]. Inactivation of Ica increases when Ica

amplitude is increased by raising external Ca2+ or by enhancing Ca2+ entry by

changing the voltage-clamp protocol, elevating [Ca2+]o [162, 230, 307] or by

increasing SR Ca2+ release [2, 320, 328]. During systole, SR Ca2+ release is

strictly graded by the amount of trigger Ca2+ entry through L-type channels. It is

interesting that Ca2+ released from the SR also has the ability to regulate ICa,

representing a very important negative feedback mechanism in EC-coupling.

With respect to this thesis, the balance of Ca2+ fluxes during systole is important
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in regulating the Ca2+ content of the SR (See Chapter 5). Changes in the Ca2+

current must be matched in the steady state by changes in the extrusion of Ca2+,

largely via the Na+/Ca2+ exchanger. Changes in lea inactivation by altered SR

Ca2+ release may facilitate recovery of SR Ca2+ load following inotropic

intervention.

1.3 THE SARCOPLASMIC RETICULUM

The sarcoplasmic reticulum (SR) represents a network of membrane bound

tubular sacs with the ability to sequester Ca2+ from the cytosol. Its high luminal

Ca2+ content in comparison to the cytosol means that during excitation, Ca2+

release is a passive process, while Ca2+ sequestration requires energy expenditure

and is mediated through the activity of its intrinsic Ca2+-adenosine triphosphatase

(ATPase) pump. The importance of the SR as a source of Ca2+ in EC-coupling

varies between species [131]. tissue and with developmental stage [87]. For

example, Bers [38] suggested that relative dependence on SR Ca2+ release follows

the order adult rat ventricle> rabbit atrium> rabbit ventricle> frog ventricle.

The SR membrane can be divided both structurally and functionally into

two regions [255]: the sub-sarcolemmal cisternae or junctional SR, which contain

the SR Ca2+ release channels, and the more extensive sarcotubular network or

longitudinal SR, containing densely packed arrays of Ca2+-ATPase proteins. Ca2+

passively released from the junctional SR (JSR) activates contraction and is 'then

actively pumped back into the longitudinal SR (LSR) during relaxation. Ca2+ ions

move from the LSR by diffusion towards the JSR to complete the Ca2+cycling of

transport processes initiated by excitation.
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1.3.1 The Sarcotubular Network or Longitudinal SR

This is the most extensive portion of the SR and is located at the centre of

the sarcomere, surrounding the myofilaments. Its membrane is rich in the Ca2+_

ATPase proteins responsible for Ca2+ uptake by the SR and it has therefore been

linked with Ca2+ sequestration and muscle relaxation.

1.3.2 The Sub-sarcolemmal Cisternae or Junctional SR

This portion of the SR is located at the junction between the SR and the

invaginations of the sarcolemma, known as transverse- or t-tubules. At this

junction, known as a dyad, the SR assumes a flattened shape and "foot" proteins,

corresponding to the Ca2+ release channel of the SR [187, 259], project into the

dyad space. In the lumen of the junctional SR high concentrations of the Ca2+

binding glycoprotein calsequestrin are found. The high capacity of this protein

for binding Ca2+ allows the accumulation of large amounts of Ca2+ within this

region of the SR, while its relatively low affinity allows bound Ca2+ to be released

rapidly when required [407]. Over-expression of calsequestrin in transgenic mice

causes reduced spark frequency and increased SR Ca2+ content in isolated

ventricular myocytes [197]. This suggests that calsequestrin is important as a

Ca2+ storage protein and that increasing store capacity may limit Ca2+ leak from

the SR by regulating the Ca2+ release mechanism. The importance of SR luminal

Ca2+ will be discussed later, but is of great importance to the regulation of CICR.
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The capacity of the SR as a store for Ca2+ will be discussed in this thesis (See

Chapter 3).

1.4 THE SR Ca2+ RELEASE CHANNEL

The Ca2+ release unit of the SR is a cation-selective channel that displays an

unusually large conductance for monovalent and divalent cations (-75 pS in 50

mM Ca2+ [311D. This Ca2+ release channel is also frequently referred to as the

ryanodine receptor (RyR), because of its sensitivity to the plant alkaloid

ryanodine, to which it binds with high affinity and specificity. Taking advantage

of the high specificity ofryanodine binding, eH]-ryanodine binding has been used

as a marker for isolation and purification of the release channel [13, 335, 379],

and as a measure of the open probability (Po) of the channel, since ryanodine

binds preferentially to open channels [257]. Since the RyR is not accessible for

patch-clamping while maintaining the normal physiological environment of the

channel, understanding of the gating and conductance characteristics of the

channel has been achieved by studies using junctional SR vesicles enriched with

RyRs [80, 212, 258, 387], or reconstitution of junctional SR membrane vesicles or

isolated RyRs into planar lipid bilayers [317, 369, 404]. Comparison of the amino

acid compositions of the skeletal and cardiac RyRs has revealed that they are

similar, sharing 66% sequence homology [293], but different enough to suggest

that they are encoded by different genes. These have been designated ryr1 and

ryr2, for skeletal and cardiac RyR genes respectively. The receptors from both

tissues are arranged in a tetrameric structure [13], and electron microscopy has

revealed that the large N-terminal part of each receptor protrudes into the
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cytoplasm, forming the characteristic "foot" structure, which is synonymous with

the RyR [187, 259]. An excellent review of the structure and function of RyRs is

provided by Coronado et at [96].

1.4.1 Activation of the RyR by Cytosolic Ca1+

The activation of RyRs by cytosolic Ca2+ is caused by increasing the

channel open probability (Po) [311], and the primary mechanism for this is an

increase in the frequency of channel opening. The rate of Ca2+ release from

cardiac SR is a biphasic function of [Ca2+] with a maximum at 5-20 IlM [258].

This has been hypothesised to result form the existence of two binding sites, a

high affinity site that stimulates Ca2+ release and a low affinity site that inhibits

release [269]. Such observations are in agreement with those of Fabiato in

skinned myocytes [124]. However, the biphasic nature of this Ca2+ release may

simply reflect the decrease in driving force for Ca2+ efflux, as extra-vesicular Ca2+

approaches the luminal concentration [96]. However, cytosolic Ca2+ alone cannot

fully activate the channel [16] and other endogenous activators are required.

1.4.2 Endogenous and Pharmacological Modulators of the RyR

Like the skeletal RyR [14, 212, 310, 387, 404], the cardiac SR release

channel is activated by endogenous Ca2+ and adenine nucleotide [258], and

inhibited by Mg2+, H+ (low pH), and calmodulin [258]. Pharmacological

activators include caffeine [309, 334], and inhibitors ruthenium red [80] and the

local anaesthetics tetracaine [80], procaine [80, 369, 412] and cocaine [379].
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Ryanodine at sub-micromolar concentrations increases the probability of channel

opening, while at higher concentrations long lasting sub-conductance states

appear, eventually blocking the channel at high (> 100 j.lM)concentrations [312].

1.4.2PotentialModulation of the RyR by OtherEndogenous Substances

The endogenous metabolite cyclic ADP-ribose (cADPR) was shown to

cause Ca2
+ release from a ryanodine-sensitive store in sea-urchin eggs [144, 261].

Its presence in cardiac muscle has raised the possibility that it acts as an

endogenous regulator of CICR [143], but experimental results have lead to

conflicting conclusions. Antagonists of cADPR have been shown to reduce

contraction in isolated cardiac cells [301], suggesting that cADPR may potentiate

CICR, by sensitising it to Ca2+. However, other studies have demonstrated either

no effect of cADPR or its antagonist 8-amino-cADPR [141, 154] or effects that

are expected to be antagonised by physiological concentrations of ATP [332]. It

has recently been suggested that the effects of cADPR are temperature dependent

[186], possibly accounting for the lack of effect in previous experiments. More

recently cADPR has been proposed to release Ca2+from the SR independently of

the RyR [221].

Closely associated with each skeletal RyR are four FK506-binding protein

molecules (FKBP-12, 12 kDa each) [196]. Co-expression of these proteins with

RyRs in insect cells showed that FKBP-12 increased the number of channels

exhibiting full conductance, but decreased the channel Po [60]. A slightly

different form of FKBP co-purifies with the cardiac RyR [367]. This protein

physically interacts stoichiometrically (FKBP: RyR 4:1) with the ryanodine
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receptor, where it is thought to cause important inhibitory stabilising effects [199],

and has also been implicated in the termination of elementary release events

during CICR [403]. Binding of the immunosuppressant agents FK506 and

rapamycin inhibit the activity of FKBP, thereby reversing its effects on the RyR

[60, 199]. The cardiac ryanodine receptor binds to the FKBP-12 homologue

FKBP-12.6. FKBP-12 deficient mice exhibit severe dilated cardiomyopathy, but

have normal skeletal muscle function [326].

The SR Ca2+ release channel is activated by phosphorylation [107, 164, 360,

401], which may be 0f particular importance during f3-adrenergic stimulation

[360,410].

Many of these endogenous and exogenous effectors could modulate EC-

coupling through their ability to suppress or stimulate CICR. In this thesis the

effects of such modulation of CICR on electrically stimulated and spontaneous

contraction and the SR Ca2+ content will be discussed.

1.5 CALCIUM-INDUCED CALCIUM RELEASE (CICR)

Solaro et al [341] attempted to define the total free [Ca2+]j that must be

bound to the myofilaments to produce a given level of tension. Based on these

calculations it was suggested that the amount of Ca2+ transferred as lea (up to 25

umol/kg.w.w.) could be sufficient to activate contraction [188]. However, a

fundamental error in these calculations was their failure to consider other

intracellular buffers such as calmodulin and SR sequestration. Subsequent

calculations demonstrated that even using data likely to over-estimate trans-
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sarcolemmal influx, the change of free [Ca2+]i caused by Ica is unlikely to activate

the myofilaments appreciably [122] and release from the SR is a definite

requirement in mammalian cardiac muscle.

In contrast to skeletal muscle, cardiac muscle has an absolute requirement

for extracellular Ca2+ in order to contract. Rapid removal of extracellular Ca2+

from the solution bathing a cell abolishes Ca, transients and therefore contraction

[271]. In an elegant series of experiments, Fabiato & Fabiato used EGTA to

buffer free [Ca2+] and to vary pCa (-log[Ca2+n around skinned cardiac myocytes

[127-129]. Cyclic contractions, attributed to cycles of release and resequestration

ofCa2+ by the SR, were observed when [Ca2+] was raised slightly from pCa 7.6 to

7.4, while tonic contraction was not observed until pCa was increased to 6.0-6.5.

This suggested that at higher pCa an additional large amount of Ca2+ must be

released to elicit contraction [127, 128], corresponding to the regenerative release

of CICR. These cyclic contractions were abolished when the SR was destroyed or

functionally inhibited by high total [EGTA] [129]. It was concluded that these

cyclic contractions corresponded to CICR from the SR.

To accompany these early investigations, the SR of canine ventricular tissue

was demonstrated to be capable of binding more Ca2+ than is necessary to activate

the myofilaments completely [340], suggesting that the SR is a more than

adequate source of Ca2+ for contraction. Further evidence in support of a CICR

mechanism was the demonstration that simulated Ca2+ current could trigger Ca2+

release in skinned myocytes [123] and SR Ca2+ release can be activated by rapid

photolysis of caged Ca2+ in intact cells [272, 381]. The close relationship between

the voltage dependencies of the ICa,Ca2+ transients and contraction provides
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further evidence in favour of the CICR mechanism [32, 62, 92, 241, 277]. Ca2+

transients in crustacean muscle also closely follow the voltage dependence of

peak Ca2
+ current, leading to the suggestion that CICR is also responsible for

contraction in crustacean muscle [158], providing a useful second model system

for the study ofCICR.

1.6 GRADING OF CICR

The hypothesis of CICR appears to suffer from its apparently inherent

positive feedback. The trigger for Ca2+ release is also the product, which would

be expected to stimulate further release, until depletion of the stores limits further

release, the so-called all-or-none response. A number of observations suggest

that this is not the case. Fabiato and Fabiato observed that the amplitude of cyclic

contractions in skinned cardiac myocytes was increased when the free [Ca2+] that

triggered them was increased [129], suggesting that the process is not all-or-none

and must be graded with trigger Ca2+. Under normal conditions local Ca2+ release

does not propagate [286, 375]. The magnitude of the systolic Ca2+ transient and

contraction is graded with the duration and amplitude of depolarisation and the

resulting Ca2+ current [21, 32, 62, 92, 133, 241, 277], and if trigger ICa is

terminated prematurely by further depolarisation to 100mY, Ca2+ release is halted

[92].

It is clear that to prevent the Ca2+ release process from going to completion

some sort of negative control mechanism is required. A number of ways this

could be achieved have been proposed and experimentally tested.
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1.6.1 Ca2+-Dependent Ryanodine Receptor Inactivation

Fabiato proposed that Ca2
+ ions have two binding sites on the release

channel receptor, one of high and the other low affinity [124]. The high affinity

site is responsible for activation, while binding of Ca2+ to the low affinity site

causes inactivation of the channel. A rapid increase in [Ca2+]i causes binding of

Ca2+ to the activating site, resulting in the release of Ca2+ from the SR. The

inactivating site binds Ca2+ more slowly, and eventually terminates Ca2+ release.

Stem proposed that inactivation of Ca2+ release could be modelled by rapid

diffusion of Ca2
+ away from the Ca2

+ activation sites of the RyR [349]. An

alternative suggestion is that as the SR becomes depleted of Ca2+, the reduction of

luminal Ca2+ will decrease the Po and the conductance ofCa2+ through the channel

of the channel [333].

The bell-shaped dependence of release channel opening on [Ca2+] [269] has

been proposed to support the observations and hypothesis of Fabiato [124].

However, controversy remains over whether this could be a simple consequence

of the reduced driving force for Ca2+ efflux [96].

Ca2+-dependent inactivation of the RyR has been demonstrated at the level

of the isolated canine cardiac RyR [317]. However, photo-release of caged Ca2+

at the onset of or during depolarisation-induced Ca2+ release failed to suppress

contraction in isolated guinea pig and rat myocytes, as predicted from the Ca2+-

induced inactivation hypothesis [272]. A number of other groups have made

observations inconsistent with Ca2+-dependent inactivation of the RyR [92, 309].

It is apparent that free [Ca2+] must be very high (1 mM) to cause inactivation of

the release channel [317]. Global increases in [Ca2+]i are unlikely to be able to
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achieve such levels, however in the microenvironment of the native RyR, the

narrow space between the junctional SR and the t-tubular of the sarcolemma, Ca2+

may accumulate to much higher concentrations, thereby reaching the threshold for

inactivation.

1.6.2 Ryanodine Receptor Adaptation

One particular observation inconsistent with the hypothesis of simple Ca2+-

dependent inactivation of RyR was that when Ca2+ is further increased channels

appear to reopen and again eventually inactivate. This type of behaviour is

referred to as adaptation. Isolated cardiac RyR channels were observed to adapt

to maintained Ca2+ stimuli, thereby maintaining their ability to react to a further

increment of [Ca2+]j [156]. Following activation of a release channel its activity

spontaneously decays until ci+ release stops. A model describing the

mechanism of RyR adaptation was proposed by Cheng et al [83]. In the presence

of physiological [Mg2+]j RyR adaptation was observed to be a rapid (milliseconds)

process, further accelerated by RyR phosphorylation by the cAMP-dependent

protein kinase [382]. In intact myocytes this mechanism terminates CICR

independent of trigger duration, which may also help to explain the ability of lea

to contribute towards SR loading at later times during Ca2+ entry [333, 409].

Adaptation cannot be explained by deactivation of the release channel by loss of

Ca2+ from the activation site [386].

Adaptation may represent the negative feedback mechanism required to

counter the inherent positive feedback of CICR, and could explain why fast Ca2+

stimuli are apparently more effective at eliciting Ca2+ release than are slow stimuli
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[124]. Recently a role for FK506-binding protein in mediating this adaptation

was proposed and supported experimentally [403].

1.6.3 "Common Pool" Model olCICR

A simplified schematic model of EC-coupling in an isolated myocyte is

illustrated in Fig. 1.1. In the common pool model it is assumed that there is a

single cytosolic pool of Ca2+. The concentration of Ca2+ in this pool regulates

Ca2+ release from the SR, and Ca2+ released from the SR enters the same cytosolic

pool. This arrangement has obvious positive feedback and would be expected to

operate with an all-or-none response to Ca2+ influx. The smooth grading of Ca2+

release as a function of trigger Ca2
+ under normal conditions suggests that this is

clearly not the case [32, 62, 92, 124,241]. A mechanism such as those discussed

previously must be provided to interrupt Ca2+ release, thereby breaking the

positive feedback loop. Stern has proved rigorously that common pool models

tend to give rise to all-or-none regenerative Ca2+ release, unless the system gain is

very low [349, 352]. Under conditions of Ca2+ overload, spontaneous Ca2+

releases can propagate throughout the cell, suggestive of the potentially

regenerative nature of the trigger signal.

1.6.4 "Local Control" model olCICR

To resolve the paradox of control imposed by CICR, local control models of

EC-coupling have been proposed [349, 352], in which the trigger for Ca2+ release

from the SR is Ca2+ in the micro-domain between the DHPR and the RyR,
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generated by Ca2+ influx through the sarcolemmal DHPR. Two basic models

were proposed by Stem; i) the "Ca2+ synapse" model, in which Ca2+ entry

through an L-type Ca2+ channel directly activates Ca2+ release from a single

adjacent RyR, and ii) the "cluster bomb" model, in which L-type channel Ca2+

entry activates a group of release channels clustered together in a single micro-

domain. The Ca2+ synapse model requires unrealistically high conductance

through RyRs in order to explain the high amplification of the trigger Ca2+ that is

observed experimentally, and the cluster-bomb model is generally preferred. A

great deal of experimental evidence supports the local control hypothesis.

The L-type Ca2+ current is much more efficient at gating the release of Ca2+

from the SR, and SR Ca2+ release more efficient at inactivating lea, than global

changes in [Ca2+]i [1, 159, 322], suggesting privileged access between these two

channels. In crustacean muscle local increases in [Ca2+]i are also mediated by ICa,

which is more effective in triggering CICR than global elevations of Ca2+, for

example mediated by photolysis of caged Ca2+ [160]. Furthermore, the voltage

dependence of the gain of CICR is similar to that of unitary L-type Ca2+ current

but not to that of the macroscopic current [398].

Co-localisation of L-type Ca2+ channels (DHPRs) and ryanodine receptors

was demonstrated in chick myocardium [355], where the average spacing between

a DHPR and RyR is less than the average spacing between RyRs. This confirms

the arrangement necessary to avoid the positive feedback inherent to CICR,

because Ca2+ influx has privileged access to coupled RyRs and Ca2+ release will

not activate neighbouring release channels except at higher gain. The apparently
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low Ca2+ sensitivity of release channels under normal conditions may help to

protect against positive feedback of released Ca2+ on further release.

There are three mechanisms by which an active cluster can be extinguished.

As reviewed by Stem [349], two of these are analogous to processes proposed to

prevent regenerative Ca2+ release in the common pool models, Ca2+ -dependent

inactivation (Section 1.6.1) and local depletion of releasable Ca2+. As a third

mechanism, it is known that there is a finite probability that enough channels in a

cluster will close simultaneously to reduce the Ca2+ below the self-sustaining

level. Channels remaining open at this time will close rapidly, and the cluster will

remain inactive until stimulated again. This spontaneous "shut down" of active

clusters of RyRs, in the absence of other mechanisms to extinguish Ca2+ release is

referred to as stochastic attrition.

1.7 Ca2+ SPARKS

Further evidence in support of local-control theories of EC-coupling has

accumulated from observations of stereotypical, localised increases in [Ca2+]i'

termed Ca2+ sparks, using the high temporal and spatial resolution of confocal

fluorescence microscopy. These have been observed to occur spontaneously in

resting myocytes [86, 157] and can also be evoked by membrane depolarisation

[66, 242]. Their amplitude and spatio-temporal characteristic are identical and

independent of species and the magnitude of L-type Ca2+ current activating them

[85]. Consistent with their origin being stochastic Ca2+ release from the SR, their

frequency is enhanced by nanomolar concentrations of ryanodine and they are

inhibited by micromolar ryanodine [86]. It is believed that these events represent
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the opening and closing of single SR Ca2+ release channels, or a small number

acting in concert [86]. Sparks have been used to explain the spatial non-

uniformity of global [Ca2+]i transients activated by short pulse electrical

stimulation [66]. The simplest explanation of this observation is that SR Ca2
+

release takes place at discrete sites when a nearby Ca2+ channel is activated. The

stochastic nature of channel gating and the finite latency in opening of the Ca2+

release channel results in not all sites being activated [67]. As this information

accumulated the hypothesis that global Ca2+ transients are comprised of

stochastic, independent local events similar to the Ca2+ sparks, originally

described by Cheng et al [86], was formed. Gradation of Ca2+ transients in

response to changes in L-type Ca2+ current can be explained by recruitment of

variable numbers of Ca2+ sparks being activated [67, 85, 314], rather than by

modulation of spark amplitude, as previously suggested [242].

In support of local control of EC-coupling, Ca2+ sparks are localised to the

junction of the transverse tubule and the junctional SR [85, 319], where L-type

Ca2+ channels and ryanodine receptors co-localise [73]. The probability of

evoking a spark has voltage and time dependence similar to that of the single L-

type Ca2+ channel [243, 398]. Ca2+ entry through L-type Ca2+ channels is also

more efficacious in inducing Ca2+ sparks than global increases in [Ca2+]i [243],

and at high positive membrane potentials where Na+/Ca2+exchange mediated Ca2+

entry is activated but there is no Ca2+ entry through L-type Ca2+ channels, sparks

were not observed, suggesting privileged access ofL-type current to the RyR.

It has recently been proposed that normal Ca2+ release in the heart may

involve as yet unresolved unitary Ca2+ release events much smaller than Ca2+
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sparks. These have been termed Ca2+ quarks [240]. This suggests that Ca2+

sparks are not indivisible and must involve the opening of more than a single

RyR. That Ca2+ release involves more than one Ca2+ release site has also been

suggested by Parker et al [296]. However, the indivisible single channel origin of

a spark is preferred by Song et al [342], since depletion of SR Ca2+ does not

prevent Ca2+ sparks in rat.

1.8 THE GAIN OF CICR

Gain describes the relationship between Ca2+ entry on the Ca2+ current and

Ca2+ released from the SR. At increased gain a given lea will activate Ca2+ release

more readily than at a lower gain. Gain is highly dependent on SR Ca2+ load [25,

166,195,235,315,343,344], explaining why the process ofCICR appears to be

more readily triggered during Ca2+ -overload [86]. Most of these effects can be

explained in terms of luminal effects of Ca2+ on the gating of RyRs and the

increased driving force for Ca2+ efflux from the SR.

1.8.1 Regulation o/SR Ca2+Release by Luminal Ca2+

The effect of SR luminal Ca2+ on the regulation of Ca2+ release was first

suggested by Fabiato and Fabiato, who demonstrated that increased SR Ca2+

loading increased the magnitude of CICR in skinned cardiac myocytes [133]. It

has become increasingly apparent that luminal Ca2+ may regulate Ca2
+ release

through RyR in both skeletal and cardiac muscle [174, 245, 335, 336, 376, 406]

(see [337] for review). There are two possible explanations for this phenomenon.
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The first possibility is that luminal Ca2+ could act by flowing through the RyR and

regulate channel activity by gaining access to cytosolic activation and inactivation

sites [173, 376, 406]. This is disputed by the finding that increased luminal Ca2
+

failed to increase the open probability (Po) of the cardiac release channel when

cytosolic free Ca2+ was sub-optimal for release channel activation in sheep and

dog [245, 336, 337]. Under these conditions, if Ca2+ flowing from the SR lumen

had access to the cytosolic sites for activation, an increase in Po would occur

[336]. In the absence of other cytosolic activating ligands, increased luminal Ca2+

does not open the RyR [245, 335], so luminal Ca2
+ cannot itself trigger channel

opening. The second possibility is that there is a luminal receptor for Ca2+, which

somehow alters the cytosolic Ca2+ sensitivity of the RyR. The fact that in the

presence of a second ligand (e.g. ATP or sulmazole) luminal Ca2+ can increase Po

[245, 336], could suggest that access to the luminal receptor for Ca2+ may be

sterically limited and only available in the presence of other endogenous effectors.

Under these conditions increased luminal Ca2+ shifts the activation of the RyR to

much lower [Ca2+]j [337]. Under conditions of Ca2+ overload, the marked

increase in Po that luminal Ca2+ exerts on the release channel in the presence of

other endogenous activators, such as adenine nucleotides, may be enough to

activate Ca2+ release. This could explain the ability of spontaneous Ca2+ release

to propagate in Ca2+ overloaded cells [86, 263] and not under normal conditions

[375]. These effects will also contribute to the potentiation of Ca2+ release at

increased SR Ca2+ loads.
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1.8.2 The Increased Driving Force/or Ca2+ Efflux from the SR

Once Ca2+ release has been triggered, raised luminal [Ca2+] is expected to

result in larger than normal flux through the RyR due to the increased SR Ca2+

gradient and increased Po [368]. This may be further amplified by Ca2+ released

from the SR binding to the cytoplasmic activation site of the RyR. When

strontium replaces Ca2+ in the lumen of the SR, this positive feedback effect is

minimised [344].

1.9 ALTERNATIVE CALCIUM RELEASE MECHANISMS

Difficulty in explaining the strictly graded nature of CICR and the fact that

the voltage dependency of the Ca2+ current and Ca2+ transient are not exactly

superimposible has been proposed to support the involvement of some other

mechanism in regulating SR Ca2+ release [65, 226] (see [126] for review).

1.9.1 Voltage Activated or Charge-Coupled Ca2+ Release (VACR / CCCR)

In skeletal muscle, charge movements induced by depolarisation of the

sarcolemma are communicated directly from the transverse tubule to the SR Ca2+

release channel to induce Ca2+ release [306, 318]. Intramembrane charge

movement, Ca, transient and tension development all show sigmoidal voltage

dependence in this tissue [5]. In cardiac muscle on the other hand, the voltage

dependence of Ca, transients [21, 62], cell shortening [62, 92, 241] and tension

[32] are bell-shaped and reflect the voltage dependence ofthe Ca2+ channel [277].

Furthermore, Ca2+ release can be induced by repolarisation from positive
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potentials [21, 62]. This finding is totally inconsistent with intramembrane charge

movement, by depolarisation of the membrane, as the trigger.

However, recent experimental evidence supports the existence of Voltage-

activated Ca2+ release in cardiac myocytes. Ferrier and Howlett found that

depolarisation could still produce SR Ca2+ release even in the absence of

measurable Ca2+ entry [136] and it was recently found that this form of Ca2+

release is dependent on cAMP-dependent phosphorylation [138]. cAMP-

dependent SR Ca2+ release activated directly by membrane depolarisation, without

Ca2+ entry has also been observed by Hobai et a/ in rat, rabbit and guinea pig

ventricular myocytes [177]. However, the inability of these groups to observe

these effects in the absence of external Ca2+, has lead to the suggestion that

undetectable Ca2+ entry under conditions of high internal cAMP may be sufficient

to trigger Ca2+ release by the classical CICR mechanism.

The ratio of ryanodine to dihydropyridine receptors is high (I :9), suggesting

that direct interaction would be unable to achieve communication between these

channels in cardiac myocytes [48, 396]. Niggli and Lederer found that Ca2+

release activated by flash photolysis of caged Ca2+ was unaffected by varying

membrane potential, providing evidence for exclusion of even a modulatory role

of voltage or charge movement in normal EC-coupling [279]. Finally, having

established the importance of Ca2+ sparks as the fundamental event in EC-

coupling, the observation that depolarisation alone is unable to elicit Ca2+ sparks,

is further evidence to refute the importance ofVACR in cardiac muscle [325].
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1.9.2 Inositol (l,4,5)-Triphosphate (InsPJ)-lnduced Calcium Release

When certain membrane receptors are stimulated there is an increase in the

activity of phospholipase C (PLC), which breaks down phosphatidylinositol-4,5-

bisphosphate into inositol (1,4,5)-triphosphate (InsP3) and diacylglycerol (DG).

InsP3 is soluble in the cytoplasm, where it functions as an intercellular messenger,

stimulating the release of Ca2+ from the ER of many cell types (See [35] for

review). However, there is controversy over whether it is capable of triggering

the release of Ca2+ from the SR of striated muscle [206, 282, 353] and InsP3-

induced release of Ca2+ from the SR appears to be too slow to be of importance in

EC-coupling.

1.10 RELAXATION OF CARDIAC MUSCLE

In order to perform efficiently as a pump the heart must relax between beats

to allow refilling of the chambers with blood. To allow relaxation, [Ca2+]jmust be

returned to the diastolic level, removing Ca2+ from troponin C and inactivating the

myofilaments. Ca2+ is removed form the cytosol by a number of tightly regulated

intracellular and sarcolemmal removal systems. The relative contributions of

each of these mechanisms to cytosolic Ca2+ removal have been examined in

several species and will be reviewed in some detail below.

1.10.1 The SR Ca2+-ATPase (SERCA2)

Ca2+accumulation by cardiac SR occurs through the activity of the SR Ca2+_

ATPase (SERCA2a), which transports Ca2+ from the cytosol into the lumen of the

SR in a reaction that is also dependent on Mg2+. The SR Ca2+-ATPase is
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selectively inhibited by nanomolar concentrations of thapsigargin [193, 208, 237,

365], micromolar 2,5-di-tert-butylhydroquinone (TBQ) [198] and cyc1opiazoic

acid [30]. It represents the major determinant of cardiac relaxation in mammalian

species, as the time constant of the exponential decline of [Ca2+]i is increased

several fold by caffeine [43, 287] and by the specific SR Ca2+-ATPase inhibitors

thapsigargin [180, 193,273, 285] and cyclopiazonic acid [30]. The affinity (Km)

and maximum rate (Vmax) of rat ventricular SERCA2 were recently determined to

be 0.28 J..lMand 0.21 mlvl.s" respectively at room temperature [18]. The rate of

Ca2+ transport is sensitive to small changes in free Ca2+ within the physiological

range, such that when cytosolic Ca2+ rises to a value exceeding Km the rate of

sequestration rises to near maximal levels. As Ca2
+ sequestration progresses, the

reduction in cytosolic Ca2+ lowers the rate of accumulation until diastolic [Ca2+]j

is restored. Over-expression of SERCA2a in transgenic mice leads to abbreviated

cardiac contraction and increased contractility [260].

The activity of the SR Ca2+-ATPase is modulated by interaction with

phospholamban. Phospholamban is an integral protein of the SR membrane and

binds to SERCA2 in its unphosphorylated form, thereby inhibiting its activity,

mainly by decreasing its Ca2+ sensitivity. Phosphorylation of phospholamban can

occur at two different sites by a number of protein kinases - among them cAMP-

dependent protein kinase (PKA), which phosphorylates at serine 16, and a

membrane associated calmodulin-dependent protein kinase (CAM-kinase), which

phosphorylates at threonine 17 [142]. This blocks the interaction of

phospholamban with SERCA2 thereby relieving inhibition of the ATPase [209,

357], and enhancing Ca2+ uptake and relaxation. The inhibitory effect is regained
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when phospholamban is dephosphorylated by phosphoprotein phosphatases. p-

Adrenergic stimulation is believed to act by stimulating PKA mediated

phosphorylation of phospholamban thereby increasing the amplitude of

contraction and rate of relaxation by relieving the inhibition of the SR Ca2+-

ATPase [323, 357]. Genetic ablation of the gene encoding phospholamban in

transgenic mice results in similar effects on contraction and relaxation, coupled

with the loss of sensitivity to p-adrenergic stimulation [247]. The Ca2+-ATPase is

also sensitive to changes in pH [125] exhibiting slower rates of Ca2+ uptake as a

consequence of decreased pH. This may be due to alteration in the

phosphorylation of phospholamban [183].

1.10.2 Na+/Ca1+ Exchange

The existence of a Na+/Ca2+exchanger in the sarcolemma of cardiac tissue

has long been established [210, 303]. In the absence of SR Ca2+ sequestration

inhibition ofNa+/Ca2+ exchange, by removing Na+ from the bathing solution or by

addition of Nickel (Ni2l,dramatically reduces the rate of relaxation [274, 383].

This suggests that the Na+/Ca2+exchanger represents the main sarcolemmal route

for Ca2+ extrusion from the cell [24, 47, 59, 98, 287]. The stoichiometry of the

exchanger is such that 3 Na+ ions enter the cell in exchange for the extrusion of a

single Ca2+ ion [302], and the driving force for Ca2+ extrusion is the large

electrochemical gradient favouring Na+movement into the cell. Ca2+ extrusion is

therefore electrogenic resulting in the inward translocation of positive charge, an

inward current, which depolarises the cell membrane. Currents associated with

Na+/Ca2+exchange have been identified in guinea pig [20,49, 135,210,211,254]
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and rat [55, 63]. The electrogenic nature of this extrusion mechanism means that

it is also voltage dependent.

1.10.3 Sarcolemmal Ca2+-ATPase

The Ca2+-ATPase has higher affinity for Ca2+ ions (Km in the range 0.1-0.5

~M) than the Na+/Ca2+ exchanger, but lower maximal velocity of Ca2+

translocation. The density of the pump in the sarcolemma is also relatively low,

representing less than 1% of the total protein content of the sarcolemma [77].

Studies of the contribution of the sarcolemmal ATPase to relaxation and the

maintenance of diastolic [Ca2+]i have been hindered by the lack of a specific

inhibitor of the pump, and its role has been implicated from studies using

inhibitors of the remaining Ca, removal mechanisms. The Na+/Ca2+ exchange

independent decay of caffeine-induced Ca, transient is attributed to the

sarcolemmal Ca2+-ATPase and mitochondrial sequestration. Separating these two

components has been achieved by the use of mitochondrial uncouplers, such as

FCCP [23, 26], or by elevating external Ca2+ to thermodynamically limit the

sarcolemmal Ca2+-ATPase [23]. Recently the use of carboxyeosin, a specific

inhibitor of the pump [146, 147], has alleviated these problems and revealed the

importance of Ca2+-ATPase in regulating resting [Ca2+]j [88], consistent with its

high affinity but low pumping rate [77], and its appreciable contribution to Ca2+

efflux during relaxation of rabbit, ferret and rat ventricular myocytes [27, 89].
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1.10.4 Mitochondria

Mitochondria are well known to have an enormous capacity for Ca2+

accumulation [267]. This has lead to the hypothesis that mitochondrial Ca2+

transport could play a role in EC-coupling. However, the Ca2+ affinity of the

mitochondrial Ca2+ pump is low and the rate of transport slow at physiological

[Ca2+]i' and unlikely to compete with the SR Ca2+ pump and Na+/Ca2+ exchanger

[43]. During caffeine contractures in Na+ free solution relaxation was slowed by

inhibition of the mitochondrial Ca2+ uptake using the oxidative phosphorylation

uncoupler FCCP [26]. This series of experiments however lead to the conclusion

that mitochondria are 50 fold slower than Na+/Ca2+ exchange at cytoplasmic Ca2+

removal. Furthermore, Ca2+ sequestered by mitochondria also moves back into

the cytoplasm within 40 seconds [23]. These observations suggest that

mitochondria have limited ability to regulate intracellular Ca2+ during normal EC-

coupling. Instead, it is possible that the Ca2+ transport mechanisms of the

mitochondria could exist to regulate intra-mitochondrial processes, such as

oxidative phosphorylation and therefore energy production, in the myocardium

(See [40] for review).

1.11 Ca2+ HOMEOSTASIS IN CARDIAC MUSCLE

The intracellular concentration of calcium Ions (100 nM) is actively

maintained at one ten thousandth that of the extracellular space (1 mM). Low

intracellular Ca2+ is essential to achieve relaxation of the muscle and to prevent

cell injury as a consequence of Ca2+ overload, through spontaneous Ca2+ release

or enzyme activation. The steep Ca2+ gradient between the cell and its bathing
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solution is also essential to allow rapid Ca2+ entry during excitation. To maintain

homeostasis Ca2+ entering the cell during the action potential must be extruded to

ensure that no changes in Ca2+ content occur. The effect of modulators of CICR

upon this equilibrium will be discussed in this thesis.

1.12 SPONTANEOUS SR Ca2+ RELEASE

Spontaneous oscillatory release of Ca2+ from the SR, not elicited by an

action potential, is frequently observed under conditions of intracellular Ca2+

overload. Cyclic contractions were observed in skinned cardiac myocytes upon

exposure to elevated [Ca2+]o[127], and were attributed to spontaneous release of

SR Ca2+. Scattered light intensity fluctuations (SLIF) from intact multicellular

preparations were also attributed to spontaneous Ca2+ release from the SR [217,

223, 351], and were increased by elevation of [Ca2+]oor application of cardiac

glycosides. Direct evidence that these mechanical fluctuations or oscillations

were attributable to fluctuations in [Ca2+]i has come from studies using Ca2+

indicators [116, 289, 399]. These phenomena are frequently attributable to

conditions of high [Ca2+]o, low [Na+]o, high stimulation frequency, long

depolarisations, Na+pump inhibition, or damage to the sarcolemma, affecting its

ionic permeability, all of which are likely to increase [Ca2+Ji and probably lead to

increased Ca2+ loading of the SR [42, 116, 265, 289]. Spontaneous oscillations

are abolished by agents that interfere with SR Ca2+ loading or release, e.g.

caffeine or ryanodine [116, 219, 380], and have thus been attributed to Ca2+

release from the SR.
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In intact cells, spontaneous contractions are usually seen as waves of

contraction that propagate along the cell, at a velocity of typically 100 um.s' at 22

°C [358]. Cheng et a/ [86] frequently observed an initiating "macrospark",

believed to result from the summation of a number of closely spaced individual

Ca2+ sparks, at the site of initiation of a spontaneous Ca2+ wave. The velocity,

amplitude and width of Ca2+ waves appears to be fairly constant, and when two

waves collide they extinguish themselves rather than summating, suggesting that

there is a refractory zone behind the Ca2+ wave [190]. The frequency and

propagation velocity is [Ca2+]i-dependent [218]. With increasing [Ca2+]o there is

an increase in the frequency of spontaneous Ca2+ release without an increase in

the SR Ca2+ content [105]. This is thought to be because spontaneous Ca2+ release

occurs when a critical threshold Ca2+ content is reached.

Two models have been proposed to explain the occurrence of these waves

of Ca2+ and contraction. The first suggests that, at a point where the SR becomes

Ca2+ overloaded, reaching its threshold Ca2+ content, Ca2+ may be dumped into

the myoplasm, by RyR opening, and by the process of CICR this Ca2+ may initiate

Ca2+ release from adjacent SR sites [17, 350]. This model is opposed by

observation that CICR fails to propagate under normal conditions [286].

However, as discussed earlier, as the Ca2+ load of the SR increases, CICR among

RyRs becomes progressively more dominant and less dependent on Ca2+ entering

the cell through Ca2+ channels [343]. Locally activated contractions were also

able to propagate under conditions of increased Ca2+ load due to Na+ pump

inhibition by ouabain [263]. The alternative hypothesis is that Ca2+ released

spontaneously from a region of Ca2+ overloaded SR may be taken up by adjacent
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SR, thereby allowing those regions to achieve the same critical level for Ca2+

release. This is refuted by the recent observation that thapsigargin, an inhibitor of

SR Ca2+ uptake, does not inhibit the propagation of Ca2+ waves [246]. Instead

thapsigargin actually increases the rate of Ca2+ wave propagation suggesting that

Ca2+ uptake from the approaching wave front is not required for, and may actually

inhibit, wave propagation.

1.12.1 Functional Implications of Spontaneous SR Caz+Release

Spontaneous Ca2+ release has a number of potentially damaging

consequences. The occurrence of spontaneous oscillation before an electrically

stimulated contraction results in a smaller than normal triggered contraction [361].

Failure of myofilaments to relax completely before the arrival of an action

potential will compromise the heart's ability to pump blood [72, 361]. Cells that

have just experienced spontaneous Ca2+ release may have a reduced SR Ca2+

content, and if a ventricular action potential arrives immediately after such an

event, less Ca2+ will be available for release to activate the stimulated twitch.

Cells experiencing these problems will be unable to contract to the same extent

and will place constraints on the contraction of neighbouring cells because they do

not behave independently. As a consequence of this, profound effects are likely

to be experienced by the whole tissue, even when relatively few cells are suffering

the direct effects of Ca2+ overload [219]. In this way, the extent to which twitches

can be increased by mechanisms that enhance the intracellular Ca2+ load is limited

by the occurrence of spontaneous Ca2+ release and contraction [71]. The fall in
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tension during stimulated contractions observed under conditions of Ca2+ overload

has also been attributed to the presence ofCa2+ oscillations [6].

Perhaps the most devastating consequence of spontaneous SR Ca2+ release

is its association with the arrhythmogenic transient inward current (Iti) [34, 134,

201, 203]. When Ca2+ is released from the SR, it is extruded from the cell largely

through the Na+/Ca2+ exchanger, which is electrogenic and depolarises the cell

membrane. These oscillatory after-depolarisations, also known as transient

depolarisations (TDs), can in tum lead to potentially fatal triggered arrhythmias in

the heart when depolarisation is sufficient to reach the threshold for triggering an

action potential [68, 137]. Such arrhythmias can be seriously detrimental when

they occur at the "wrong" time in the cardiac cycle, resulting in ventricular

fibrillation and a dramatic reduction in the heart's ability to pump blood

effectively.

Digitalis intoxication and ischaemia represent two clinically relevant

examples of pathological Ca2+ overload in cardiac tissue, which have potentially

fatal consequences. Digitalis intoxication causes inhibition of the Na+ pump

leading to elevation of intracellular sodium activity (aNai) favouring Ca2+

accumulation of Ca2+ within the cell via the Na+/Ca2+ exchanger. Ischaemia

results in acidosis, favouring Na+ entry on the Na+/H+ exchanger, while inhibition

of the sodium pump, due to depletion of ATP compromises the cell's ability to

extrude Na+. This elevated Na+ will once again favour accumulation of Ca2+ via

the activity ofNa+/Ca2+ exchange.
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1.12.2 Intracellular Sodium Activity (aNaJ and Spontaneous SR Ca2+ Release

aNaj and Na+/Ca2+exchange is extremely important in regulating contractile

force. The relationship between aNaj and tension is very steep [113, 170,391]. It

has been reported that aNaj in rat ventricle is unusually high [324, 390] and

unstimulated rat preparations exhibit spontaneous SR Ca2+ release when external

Ca2+ is as low as 0.5 mM. This may be a consequence of reduced extrusion of

Ca2+ or even Ca2+ influx via the Na+/Ca2+exchanger under the conditions of high

aNaj. Intracellular sodium alters the reversal potential of the Na+/Ca2+exchanger,

such that at the high aNai of the rat, the reversal potential is more negative than

the resting membrane potential, which means that at rest Ca2+ influx on the

exchanger is favoured. In contrast, other species including rabbit ventricular

myocytes do not show spontaneous release unless Ca, is elevated to ~ 10 mM.

The variability in the frequency of spontaneous waves of Ca2+ release between

different rat ventricular myocytes has recently been correlated with [Na+]i[104].

Rat ventricular myocytes are therefore the tissue of choice for studying the

properties of spontaneous Ca2+ release and were used throughout the experiments

described in this thesis.

1.13 LOCAL ANAESTHETICS

Local anaesthetics are a group of drugs that reversibly block the propagation

of action potentials along nerve axons, by blocking the voltage-gated Na+

channels in the membranes of these cells. Most of these drugs share similar

physical properties and molecular structure, including a hydrophobic or lipophilic

moiety imparting lipid solubility, and a hydrophilic moiety imparting water
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solubility. Lipid solubility is a major determinant of intrinsic potency among

these drugs. For example, comparing the ester-linked anaesthetics tetracaine and

procaine, tetracaine is intrinsically more potent than procaine simply because of

its enhanced lipid solubility. The main difference between these two drugs is the

addition of a butyl group to the lipophilic aniline group of procaine, to produce

tetracaine. Protein binding is thought to be the primary determinant of the

anaesthetic duration. Tetracaine has a 13-fold higher affinity for proteins and its

anaesthetic duration is 3 -7 times longer than that of procaine. The acid

dissociation constant (pKa) is thought to determine the speed of action of local

anaesthetics. They exist in the charged ionic form and the uncharged base form.

The uncharged base is responsible for the onset of action because it is the form

most likely to penetrate the membrane to reach its target sites.

The amide-linked anaesthetic lidocaine has been used for many years as a

clinical anti-arrhythmogenic agent. Its therapeutic mechanism is likely to be due

to its ability to reduce the excitability of the membrane by blocking Na+channels.

This will also cause a decrease in intracellular [Na+] [102, 112] and, via the

activity of the Na+/Ca2+exchanger, will cause a reduction of intracellular [Ca2+].

Such effects may contribute to its therapeutic ability and are applicable to the

related drugs procaine and tetracaine.

Tetracaine has been shown to inhibit skeletal muscle contractions induced

by caffeine or depolarisation of the membrane [12, 248], but does not affect

myofilament sensitivity. Its effects are therefore thought to be due to inhibitions

of Ca2+ release from the SR. Concentrations of tetracaine as low as 10 - 50 )..I.M

were found to affect SR Ca2+release in some studies [99, 270], while much higher
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concentrations of procaine (around 10mM) are required to achieve similar effects,

reflecting differences in their ability to reach their target site. The direct effect of

tetracaine and procaine on the SR Ca2+ release channel was studied by Xu et at

[404]. This study describes the effect of tetracaine on SR Ca2+ release in isolated

cardiac myocytes, demonstrating its inhibitory effects in this muscle type also,

despite the fundamental differences in the mechanism for triggering Ca2+ release

between these muscle types. The effect of tetracaine on other membrane currents

has also been studied. Tetracaine reduces the inwardly rectifying K+ current at

concentration of around 20 JlM, while 10 fold higher concentrations suppress the

delayed K+ current in guinea pig ventricular myocytes [75]. In this species, in

frog atrial myocytes and in sheep Purkinje fibres tetracaine has also been observed

to inhibit the amplitude of the Ca2+ current with a K, in the region of 100 JlM [75,

81, 111]. The effects of tetracaine on these currents must obviously be taken into

account when studying the effects of this drug on EC-coupling.

1.14 THE INTERVAL-FoRCE RELATIONSHIP

The interval force relationship describes the effect of changes in the rate of

stimulation on the degree of contraction achieved by the myocardium. This

aspect of EC coupling is important because changes in the rate and rhythm of

cardiac contraction represent an important mechanism in the heart for responding

to the changing metabolic demands of the body.

Inmost species increasing the frequency of stimulation results in an increase

in the force of contraction (see [52] & [236] for review). This has been attributed

to increasing aNaj, which augments the Ca2+ load of the cell through via the
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Na+/Ca2+ exchanger [56, 95, 168]. The rat heart is exceptional in that it shows

maximum force at low frequencies of stimulation and high frequencies result in

decreased contractile force [178]. This is typical of tissues with short action

potentials (rat myocytes and atrial cells) and is referred to as a negative force-

frequency relationship. There are species differences in the handling of Ca2+ and

the dependency on the SR as a source of Ca2+ during a single beat; for example

the rat is more dependent on SR Ca2+ than rabbit [38]. Time-dependent repriming

of the SR has been proposed to explain the effect of stimulation rate on the

inotropic state of rat heart [292].

1.14.1 The Effect of Rest on Cardiac Contractility

The effect of a short period of rest (a period longer than the regular

stimulation interval) is an extreme example of the force frequency relationship.

During a short period of rest there is some finite leak of Ca2+ from the SR lumen

into the cytoplasm, down its large concentration gradient. Once in the cytoplasm,

this Ca2+ can be extruded from the cell (via Na+/Ca2+ exchange or the

sarcolemmal Ca2+-ATPase) or resequestered by the SR (via the SR Ca2+-ATPase).

If Ca2+ is extruded, the SR Ca2+ content will decline at rest. This is demonstrated

by the decline in the first post-rest contraction of most mammalian ventricular

muscle, a phenomenon known as rest-decay. This depression of post rest

contraction is paralleled by a reduction in SR Ca2+, assessed by rapid-cooling

contractures (RCCs) [39, 41, 44]. Loss of cellular Ca2+ has also been estimated

from loss of 4SCa during rest [194] or depletion / accumulation of extracellular

Ca2+ assessed by extracellular microelectrodes on resumption of stimulation /
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during a period of rest [250, 324]. It now seems that the gradual depletion ofCa2+

from these tissues depends on passive leak of Ca2+ from the SR and its extrusion

from the cell via Na+/Ca2+exchange [39, 356].

The rat differs from other species in that there is no loss of Ca2+ from the

resting myocardium, and post-rest potentiation is observed. To explain this, it is

necessary to consider that leak of Ca2+ down its concentration gradient from

outside the cell is also likely during a period of rest. Its ability to affect the SR

Ca2+ load will depend on the ability of the SR Ca2+-ATPase to compete with the

Ca2+ extrusion mechanisms of the sarcolemma. In rat, the relatively high

intracellular Na+ could reduce Ca2+ extrusion by, or favour Ca2+ influx on, the

Na+/Ca2+ exchanger. Whether rest decay or rest potentiation occur is strongly

dependent on [Na+]j [324] and interventions that alter the electrochemical

gradients for Ca2+ or Na+ can lead to the observation of rest decay in the rat and

rest potentiation in rabbit [44]. Despite the large amount of information available

on this phenomenon, no conclusive evidence exists to explain rest potentiation in

the rat. An increased SR Ca2+ content as might be expected in a species

demonstrating resting influx of Ca2+, could explain potentiation by increasing the

gain of the Ca2+release mechanism. Alternatively, increased recovery of channels

from inactivation, or restoration of releasable SR Ca2+ between beats could

contribute to post-rest potentiation. This study describes attempts to elucidate the

mechanism of rest potentiation in isolated rat ventricular myocytes, in the hope

that this will provide further insight into the regulation of cardiac contractility in

the rat (Chapter 6).
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1.15 METABOLIC INHIBITION AND ISCHAEMIA

The working heart rapidly consumes the ATP supplied to it by oxidative

phosphorylation. When the blood flow to the heart is restricted, a condition

referred to as myocardial ischemia, its supply of oxygen is removed and oxidative

phosphorylation ceases. This is often the devastating result of coronary artery

disease. Anaerobic glycolysis ensues in an attempt to maintain the supply of

ATP, but in the absence of blood flow, removal of metabolites is prevented and

glycolysis will eventually be prevented, resulting in total metabolic blockade.

Under such conditions cardiac contractility is rapidly compromised and

potentially fatal arrhythmias frequently commence. The accumulation of lactate

(the end product of anaerobic glycolysis), inorganic phosphate (Pi), adenosine

diphosphate (ADP), adenosine monophosphate (AMP) and protons (H+), and

depletion of ATP and phosphocreatine (PCr) are the consequences of inhibition of

oxidative ATP synthesis. The effects of these ions and metabolites on cardiac

contractility has been the subject of intensive study, in the search for an

explanation, and potential improvement of the poor prognosis for patients

suffering coronary artery disease and cardiac ischaemia. The RyR is known to be

affected by changes in [H+] [204, 310], [Mg2+] [130, 204, 405], [ATP] [258, 311],

[Pi] [140, 207], [ADP] [207] known to occur during metabolic inhibition and

myocardial ischaemia [405], yet very little is known about their overall effects on

the sensitivity of CICR in intact cells. This study includes a preliminary

investigation of the effects of metabolic inhibition on CICR (Chapter 7). More

detail concerning the effects of metabolic inhibition and myocardial ischaemia is

given in Chapter 7.
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1.16 SUMMARY OF THE AIMS OF THIS STUDY

It is clear that a number of potential control points exist to regulate systolic

Ca2+ release and therefore the degree of contraction achieved during EC-coupling.

These could involve changes in the amplitude of lea and therefore the size of the

trigger increase of [Ca2+]j, changes in the properties of the RyR, and its sensitivity

to activation by [Ca2+]j, and changes in the Ca2+ content of the SR. It has been

known for a number of years that the Ca2+ release from the SR can be activated by

low concentrations of caffeine. Recent studies of the effects of caffeine on

electrically stimulated contraction in rat ventricular myocytes have revealed that

in the steady state there is no effect on contraction, because transient elevation of

the SR Ca2+ release induced by the drug caused depletion of the SR Ca2+ content

[284,371]. This has lead to the suggestion that potentiation or inhibition ofCICR

alone will produce transient effects on systolic Ca2+ and contraction, because the

effect on CICR will be compensated for by changes in the SR Ca2+ content.

The local anaesthetic tetracaine is known to inhibit Ca2+ release from the SR

[12] and has been shown to reduce the frequency of spontaneous SR Ca2+ release

[61, 278]. However, this could reflect their ability to reduce intracellular Na+, by

inhibition of sarcolemmal Na+ channels (as for lidocaine and procaine [102, 112])

or Ca2+ channels [75], gradually reducing the Ca2+ load of the cell, rather than by

direct inhibition of CICR. These two mechanisms predict opposite effects on the

SR Ca2+ load of the cell and could be distinguished by quantitative assessment of

the SR Ca2+ content of cells exposed to the drug. This study describes a

comprehensive investigation of the effects of tetracaine on spontaneous Ca2+
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release, in the form of propagating Ca2+ waves and contraction, and SR Ca2+

content in rat ventricular mycoytes. Once the predominance of the CICR

inhibitory effects of tetracaine was established the effects of tetracaine on

stimulated contraction and associated Ca2+ fluxes were investigated.

Changes in SR Ca2+ content have also been used to explain the phenomenon

of rest decay in a number of species [39, 41, 44, 238, 364]. In the rat, rest

potentiation predominates, yet there has been no conclusive study of the effect of

rest on SR Ca2+ content in this species. This study describes an investigation of

the effect of rest on Ca2+ content. The ability of caffeine and ryanodine to reduce

post-rest potentiation has been attributed to their capacity to reduce Ca2+

accumulation by the SR. This study investigates the effect of tetracaine on rest

potentiation and accumulation of Ca2+ by the SR.

Despite the abundance of information concerning the effects of manoeuvres

likely to be experienced during ischaemia on the activity of the RyR, there is no

clear understanding of the effects of metabolic blockade on CICR in intact

myocytes. To resolve this a preliminary investigation of the effect of metabolic

inhibition on spontaneous Ca2+ release and SR Ca2+ content has been made.
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METHODS

2.1 CELL PREPARATION

Experiments were performed on single ventricular myocytes, isolated from

rat hearts using a collagenase digestion protocol as previously described [114].

Wistar rats (either sex) weighing approximately 200 g were killed by stunning and

cervical dislocation. The thoracic cavity was opened and the heart rapidly excised

and washed with a nominally calcium-free HEPES-buffered solution (solution A)

to remove residual blood and tissue debris. Next the heart was mounted onto the

cannula of a Langendorff apparatus (primed with solution A) and perfused

retrogradely through the aorta for 3 to 6 min (at a constant rate of 7 ml.min",

37°C) with solution A. Solution A contained (in mM): NaC1, 134; Glucose, 11;

HEPES, 10; KCI, 4; MgS04, 1.2; Na2H2P04, 1.2; titrated to pH 7.34 with

NaOH and equilibrated with air at room temperature. The absence of calcium in

the perfusate disrupts the integrity of cell-cell junctions [37] and reduces

contractile activity, thereby preserving energy and reducing the potential for

acidification of the tissue as a result of anaerobic respiratory products.

Collagenase (Boehringer Mannheim GmbH., type A, activity 0.21 U.mg-I) and

protease (Sigma, type XIV, activity 5.1 U.mg-I) were added to the perfusing

solution to final concentrations of 0.14 U.mrl and 0.13 U.mrl respectively and

the perfusion continued for a further 6 to 8 minutes. The perfusing solution was

then switched to one containing taurine (Solution B) for a further 8 to 10 minutes
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to wash away the enzymes. Solution B contained (in mM): NaCl, 115; Taurine,

50; Glucose, 11; HEPES, 10; KCI, 4; NaH2P04, 1.2; MgS04, 1.2; titrated to pH

7.34 with NaOH and equilibrated with air at room temperature. During periods of

Ca2+-free perfusion myocardial intracellular Na+ increases. As a consequence of

this, the reintroduction of Ca2+ to the perfusate causes in a massive influx of Ca2+,

via the sarcolemmal Na+/Ca2+ exchanger, resulting in Ca2+ overload referred to as

the "Ca2+ Paradox" [313]. Taurine effectively reduces the rise in intracellular Na+

through the activity of a Na/Taurine symport [354]. This reduces the potential

for Ca2+ overload on return to normal Ca2+-containing Tyrode solution and

increases the yield of"Ca2+ tolerant cells" [82, 189]. The softened ventricles were

then removed and suspended in solution B before mincing and triturating

(mechanical agitation) the tissue using a plastic pipette, to release single myocytes

into solution. Cells suspended in solution B were then decanted into test tubes,

before repeating the suspension and trituration steps a number of times, usually

yielding 6 or 7 fractions. The cells were then viewed under a low power light-

microscope and the fraction containing the highest proportion of apparently

viable, quiescent myocytes was selected for use. Viable cells were assumed to be

those that maintained a rod-like shape with clear cross-striations and sharp edges

suggesting minimal membrane damage. Cells were maintained in solution B at

room temperature until required. Millipore water (18.2 Mn.cm·2) and analytical

grade chemicals (Sigma Chemicals, Poole, UK and BDH, Poole, UK) were used

in the preparation of all solutions. The glassware and tubing of the perfusion

apparatus were cleaned daily using Millipore water and sterilised weekly by

autoc1aving.
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Cells from the selected fraction were transferred to a tissue bath mounted

on the stage of an inverted microscope. Once cells had settled onto the glass

cover slip forming the bottom of the chamber, they were continually superfused

with Tyrode solution (Composition detailed in Section 2.2) at a rate of 0.66 ± 0.03

ml.min".

2.1.1 Optimisation of Myocyte Isolation

A number of different perfusion and digestion protocols were used while

attempting to optimise the isolation of Ca2+ tolerant cardiac myocytes. These

included changes in the type and concentration of collagenase used and the total

omission of protease from the enzyme cocktail. Ca2+ was added to solution A to a

final concentration of 100 J.1Mduring collagenase perfusion to enhance enzyme

activity. 100 J.1MCa2+ was also included in solution B in the hope that this would

reduce the "Ca2+ Paradox" when cells were superfused with up to 5 mM Ca2+

containing solutions during experiments. BDM (10 mM) was used to reduce

contractile activity, and therefore metabolic demand of isolated myocytes. The

inclusion ofO.5 mg.ml" Bovine Serum Albumin (BSA, essentially fatty acid free)

in both perfusion solutions reduced over-digestion of cells by providing an

alternative substrate for potentially damaging proteolytic enzymes that

contaminate the collagenase.

LIVERPOOL
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2.2 EXPERIMENTAL SOLUTIONS

Control experimental Tyrode solution contained (mM): NaCI, 134; HEPES,

10; KCI, 4; MgClz, 1.2; Glucose, 11; CaCh, 1-5; titrated to pH 7.4 with NaOH.

For voltage-clamp experiments, 5 mM 4-aminopyridine (4-AP) and 0.1 mM

BaCh were included, to avoid interference from outward currents. Some

experimental solutions included tetracaine (0.1 - 1 mM), caffeine (up to 20 mM)

and BDM (20 mM) alone or in combination, which were added to the appropriate

control Tyrode solution without osmotic correction. Tetracaine was added from a

100 mM stock solution, prepared in water or Tyrode solution, and stored at room

temperature.

For metabolic inhibition studies glucose was omitted from all experimental

solutions and 10 mM 2-deoxyglucose (2-DOG) included to inhibit glycolysis.

Cyanide was kept as concentrated stock solution (300 mM NaCN). Immediately

before use, HEPES (2 M) was added to produce an HEPES-buffered stock

solution of 200 mM NaCN. This solution was added to the Tyrode solution to a

final concentration of 2 mM. To minimise CN- loss from solution due to its

volatility, vessels were sealed where possible. Glibenclamide (10 J..lM)was added

to reduce KATP currents, which develop during metabolic blockade.

2.2.1 Carboxyeosin Loading

For metabolic inhibition studies, it was necessary to be confident that the

changes observed were not due to inhibition of the energy requiring sarcolemmal

Ca2+ -ATPase. To achieve this, this Ca2+ -ATPase was specifically inhibited under

all conditions by pre-loading cells with carboxyeosin, a potent inhibitor of the



Methods 51

sarcolemmal Ca2+-ATPase [146, 147]. We used 5-(and-6)-carboxyeosin diacetate

succinimidyl ester (mixed isomers) from Molecular Probes, Eugene, OR USA. A

10 mM stock solution was prepared in dimethyl sulphoxide (DMSO). Cells were

carboxyeosin-loaded by superfusion with a control solution containing 20 J,lM

carboxyeosin for 10 minutes at room temperature. Cells were subsequently

superfused with a control Tyrode solution for 10 minutes to allow carboxyeosin

de-esterification.

2.2.2 Experimental Solution Changes

In the majority of experiments a custom-made 8-line solution changer was

used. Miniature solenoid valves (Lee products, Gerrards Cross, Bucks.)

controlling each line allowed remote switching between solutions bathing the

cells. The fine common tip was placed as close to the objective as possible

without interfering with the visual field. This ensured that it was close to any cell

in view, allowing faster solution exchange of solutions bathing the experimental

subject.

2.3 INTRACELLULAR CALCIUM MEASUREMENTS

The fluorescent indicators Indo-l and Fluo-4 were used to monitor changes

in intracellular calcium. All these experiments were performed inside a Faraday

cage in a darkened room at room temperature (23°C). The intensity of emission is

dependent on such factors as illumination intensity, dye concentration in the cell,

and effective cell thickness. Indo-l exhibits a significant shift in the wavelength

of emitted light as well as intensity when it binds Ca2+ [153]. Taking the ratio of
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fluorescence at two different wavelengths effectively eliminates the effects of

changes in cell thickness, non-uniform dye loading etc, because both wavelengths

will be affected equally. Therefore the ratio can be used as an index of [Ca2+]iand

was the indicator of choice for global measurement of changes in [Ca2+]i. Fluo-4

exhibits a much larger shift in emission intensity when binding Ca2+ and is

bleached more slowly in comparison with Indo-I. Itwas therefore the indicator of

choice for confocal imaging.

2.3.1 Stimulation Protocol

In the majority of experiments usmg fluorescence microscopy,

electrophysiological measurements were not performed. In this case, cells were

stimulated at a frequency of 0.33 or 0.5 Hz, by field stimulation applied through

two silver-wire electrodes positioned in the experimental chamber and connected

to an isolated stimulator (model DS2, Digitimer Ltd, USA).

2.3.2Indo-1 Fluorescence Measurements

Cells were loaded with the [Ca2+]i-sensitive fluorescent indicator Indo-I

(Molecular Probes. OR, USA) as the cell permeant acetoxymethyl (AM) ester

form (2.5 IlM for 5 min). A I mM stock-solution of Indo-I AM was prepared in

dimethyl sulphoxide (DMSO) plus 25 % (w/v) of the non-ionic detergent Pluronic

F-I27 (Molecular Probes. OR, USA). Once in the cytoplasm of the cells the AM-

ester is cleaved by non-specific esterases to release the free-acid form of the dye

from the parent molecule. The free-acid form remains trapped inside the cell
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because of the limited permeability of the sarcolemma to charged molecules

[378]. Cell loading with the dye was stopped by adding solution B to excess, and

the cells were left for at least 30 minutes to allow de-esterification of the

indicator. Cells were then allowed to settle in a bath mounted on the stage of an

inverted microscope adapted for epifluorescence (Nikon Diaphot-TMD, Nikon,

Japan), before superfusion with experimental solution.

A schematic diagram of the optical set-up used for [Ca2+]j measurements

using Indo-l , is illustrated in Fig. 2.1. Ultraviolet (UV) illumination was provided

by a 150 W xenon lamp (xes-too, Nikon, Japan) (a). Heat filter (b) and neutral

density filters (c) were placed in the path of illumination to prevent excess heat

and to reduce excitation light intensity respectively. The appropriate excitation

wavelength was selected by the use of an interference filter (d) centred on 340 nm

(10 nm full width at half maximum - FWHM). The illumination time was

minimised through the use of an electromechanical shutter (e) in the excitation

path, helping to prevent photo bleaching and photo-damage of the cells. The

exciting light beam was then reflected and directed upward by a 400 nm dichroic

mirror (g) and focussed onto the preparation (i) by an oil-immersion objective (h)

(er-Fluor 40x, N.A. 1.3, Nikon, Japan). The light emitted by the fluorescent

indicator was passed back through the objective, transmitted by the dichroic

mirror (g) and reflected by a mirror (j) to direct light through an adjustable

diaphragm (k), positioned such that light was only measured from a small region

where the cell of interest was placed. This effectively reduces the background

signal. Light then hit a 610 nm dichroic mirror (1) mounted at 45°, which

transmitted the longer wavelength emitted light (greater than 610 nm) to form an
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image through a video camera (m) (Panasonic CCTV camera, Panasonic, Japan)

and displayed on a monochrome monitor (n). Shorter wavelength light was

reflected at (1) and was split by a 450 nm dichroic mirror (0), passing light to

either the 400 nm or 500 nm PMTs (Thorn EMI Electron Tubes Ltd., England).

In front of each PMT there were further ± 10 nm (FWHM) filters (p and q) centred

at the appropriate wavelengths. To avoid interference from the microscope light

with the fluorescence measurements, a 630 nm long pass filter (r) (Schott RG 630)

was placed in front of the microscope lamp.

2.3.3 Recording the Indo-I Signal

Fluorescence was excited at 340 nm and the ratio of emissions at 400 nm

and 500 nm (~OO:500) was used as an index of [Ca2+]i as described previously

[283]. Figure 2.2 shows a schematic diagram of the signal recording equipment.

The output of each PMT was connected to an amplifier (a) (Gould Instruments

Division Inc. OH, USA) and passed through a custom-made circuit divider (b),

which allowed for subtraction of the background signal and subsequently

calculated the ratio signal (~OO:500). The analogue outputs from the circuit divider

were displayed on a chart-recorder (c) (Gould 2400S ink recorder, Gould

Instruments Division Inc. OH, USA) and stored on videotape (e) using a PCM-8

analogue/digital converter (d) (Medical Systems Corp. NY, USA). Taking the

cell out of the field and recording background fluorescence completed each

experiment. This background signal was subtracted from both wavelengths

during off-line analysis, before calculating the ratio. For the purposes of these

experiments Indo-l was not calibrated with respect to [Ca2+] and results are
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I P.M.T.l I I P.M.T.2

" 'r 'r
Chart recorder

c
Amplifier

I 1

Figure 2.2. Schematic diagram of the equipment used to record the Indo-I signal.

Each component is identified by letter: P.M.T.I & 2, photomultiplier tubes I and 2 (for 400 and

500 run signals respectively); a, amplifiers for both wavelengths; b, divider circuit; c, chart

recorder; d, PCM-8 A/D-D/A converter; e, video-recorder.
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expressed in terms of the ratio of light emitted at 400nm to that at 500nm. Signals

where appropriate were played back from videotape and recorded using custom-

designed software (Prof. D. A. Eisner) and analysed using Lotus 123 release 5

(Lotus Development Corp., Cambridge, MA, USA).

2.3.4 Tetracaine and Indo-I Fluorescence

Application of tetracaine to Indo-1 loaded myocytes resulted in a

maintained positive shift in the baseline of the Indo-l ratio. This has been

attributed to intrinsic fluorescence of tetracaine at 400 nm. Tetracaine also

absorbs light at the excitation wavelength of 340 nm, and reduces the peak

emission of fluorescence at 400 and 500 nm, possibly by reducing excitation

intensity. The absorption spectrum of tetracaine was determined for a 200 JlM

solution of tetracaine in water between 300 and 550 nm. It absorbs strongly at

300 nm. Absorbance then falls rapidly towards zero at approximately 360 nm.

To investigate the effect of tetracaine on the emission spectrum of Indo-1,

six separate solutions were prepared containing 1 JlM Indo-1 free acid with and

without 100 JlM Ca2+ (replaced by 10mM EGTA) and with and without 200 JlM

tetracaine. Using the excitation wavelength of 340 nM, the emission spectra were

obtained over the range 350 - 520 nm. The spectra are illustrated in Figure 2.3.

Since tetracaine is a base, it is accumulated in the more acidic cytoplasm. This

means that it is not adequate to simply subtract the tetracaine fluorescence signal

measured in the absence of the cell, to correct for this artefact. Subtracting the

immediate increase of fluorescence emission at 400 run (F400) on application of

tetracaine to the cell reduces the Indo-l ratio to control levels.
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2.3.5 Measurement of Changes in [Caffeine};

Caffeine quenches the fluorescence of Indo-I in a [Ca2+]i- and wavelength

independent manner. By separating the caffeine- and [Ca2+kdependent

components of Indo-I fluorescence changes, it is possible to calculate the time

course of changes in intracellular [caffeine] [283]. This was achieved by

comparing the effects of stimulation with those of caffeine on individual cells, to

determine the portion of signal at either wavelength that is due to changes in

[Ca2+]i alone. Indo-I could therefore be used to measure [Ca2+]i and [caffeine]

simultaneously during caffeine-induced contracture.

2.3.6 Confocal Microscopy

The principle of confocal microscopy is illustrated in Fig. 2.4. Source light

passes through an aperture and is reflected by a beam splitter into the rear of the

objective lens and is focussed onto the specimen. Light returning from the

specimen passes back through the lens and beam splitter and is focussed through a

second aperture, which allows only a portion of the light to reach the

photomultipier (PMT). Placement of this adjustable aperture (detector aperture)

before the PMT allows out-of-focus light to be rejected, thus facilitating the

optical sectioning of the preparation. Events that occur outside the plane of focus

will appear smaller in amplitude [298]. Cells were loaded with the cell permeable

acetoxymethyl (AM) ester of the [Ca2+ksensitive fluorescent indicator Fluo-4

(Molecular Probes. Or, USA) at a concentration of 5 J.lM for 5 to 10 minutes.

Loading was terminated by adding solution B to excess and cells left for at
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Figure 2.4. The principle of confocal microscopy.

See text for explanation.
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least 30 minutes to allow de-esterification of Fluo-4 AM to the free-acid form of

the dye. Cells were allowed to settle on the glass cover-slip forming the bottom of

a bath mounted on the stage of a Nikon Eclipse TE300 inverted microscope

(Nikon Inc. Kingston-upon Thames, UK) to which a Bio-Rad MRC-1024

confocal-imaging system (Bio-Rad, Hemel Hempstead, UK) was attached. Fluo-4

fluorescence was excited with light at 488 nm (100 mW argon-ion laser,

attenuated intensity 3-10 %) and measured at wavelengths greater than 514 nm.

The objective lens was an oil-immersion lens of x60 and numerical aperture 1.4.

The imaging system was operated in the "line-scan" mode with the confocal iris

set to 3.5 mm. This setting is not optimal for optical sectioning of the preparation,

but allows more light to reach the PMT, and allows visualisation of more out-of

focus Ca2+ sparks. In this mode a single line (chosen at random, but trying to

avoid nuclei) across the cell is scanned repeatedly (2 ms per line), producing an

image which illustrates spatial information horizontally and temporal information

top to bottom. Lines were selected, where possible, that ran parallel to the

longitudinal axis of the cell. This allowed monitoring of spark frequency over a

larger area, and the possibility of calculating the propagation velocity of any

spontaneous Ca2+ waves that occurred during the course of an experiment. To

achieve this, in the majority of experiments a scan rotator (Scientific Design

Systems Inc, UK) was used. Unfortunately rotation distorted the image such that

cell appeared longer in the horizontal plane and narrower in the vertical plane of

x-y images. It should be emphasised that the horizontal scale (given in microns in

the figures and referred to in text to point out specific events) is not an accurate

measure of distance along the cell, because of the distortion caused by the scan
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rotator, and only relative values can be compared between cells. Off-line image

processing and analysis was performed using Lasersharp software (Bio-Rad,

Hemel Hempstead, UK).

2.4 ELECTROPHYSIOLOGY

Most of the experiments described in this work were performed under

voltage-clamp on a set-up not adapted for epifluorescence, with the exception of

the intracellular calcium measurements described above.

The perforated patch technique [179] was used in most experiments. A

stock solution (60 mg.ml" in DMSO) of amphotericin-B (Sigma Chemicals, UK)

was prepared just before use and added to a K+-free perforated patch pipette

filling solution to a final concentration of 240 ug.ml" [300]. The K+-free

perforated patch solution contained (mM); CsCH303S, 125; CsCI, 12; NaCl, 20;

HEPES, 10; MgCh, 5; CszEGTA, 0.1; titrated to pH 7.2 (room temperature) using

CsOH. In some experiments, pipette Na+ was reduced to 12 mM by equimolar

substitution of NaCI with CsCl. The final solution was drawn into a 1 ml plastic

syringe, modified for micro-electrode pipette filling, protected from light and

stored on ice for up to three hours, after which time it was discarded.

For each experiment, after selecting a cell, a pipette was filled with the

amphotericin-pipette solution, mounted on the headstage and gently lowered into

the solution bath. A seal was achieved by touching the pipette onto the cell

surface and applying gentle suction to increase seal resistance, until a giga-ohrn

seal was formed. The membrane potential was then set to -80 mV and cell access

was assessed by following changes in the size and decreases in the time-course of
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an inward current in response to a depolarising step. Due to the relatively high

access resistance of the perforated-patch (about 20 MO), the switch-clamp facility

of the Axoclamp-2B voltage clamp amplifier was used.

2.4.1 Micro-electrode Fabrication

Microelectrodes were fabricated from filamented-borosilicate glass (Clarke

Electromedical Instruments. Pangboume, UK) using a DMZ-Universal puller

(Zeitz-Instrumente Vertriebs GmbH. Augsburg, Germany) and had final

resistances of between 1.5 and 3 MO when filled with the perforated patch

solution.

2.4.2 Recording electrophysiological signals

A stimulation frequency of 0.5 Hz was set. A Oigitimer 04030 Event

programmer (Oigitimer Ltd., USA) controlled cycle length and command-step

duration. An Axoc1amp-2B patch-clamp amplifier (Axon Instruments, Foster

City, CA, USA) was used to select a command potential, controlling the

amplitude of the voltage pulse, and for current recordings. Membrane voltage and

current were monitored on a Tektonix 2211 storage oscilloscope (Tektronix

Holland N.V., HEERENVEEN, The Netherlands) and displayed on computer.

Raw and amplified current and voltage were digitised at 2 kHz using a OigiOata

1200 Series Interface (Axon Instruments, Foster City, USA) and stored on

computer using Axoscope software (version 1.1 or 7; Axon Instruments). A
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Figure 2.5. Schematic representation of the equipment used for recording electrophysiological

events.

See text for full explanation.



Methods 65

schematic diagram of the set-up for measuring and recording electrophysiological

signal is illustrated in Fig. 2.5.

2.5 MEASUREMENT OF CELL LENGTH

Cell length was measured using a custom-made video-based motion detector

system with slight modifications from that published by Steadman et al [346].

Measurements were made either during experiments (on-line) or off-line from

images stored on videotape. Figure 2.6 illustrates a schematic diagram of the set-

up for monitoring and recording changes in cell length. A video-image of the

myocyte was produced using a video camera (d) installed into the set-up, and

passed through a video recorder (e) and the edge detector equipment (f) before

being displayed on a monochrome monitor (g). The image was scanned with a

series of parallel horizontal lines from top to bottom by the edge detection

equipment. The voltage along each line varies in response to changes in light

intensity, therefore detecting differences in light intensity between the cell and the

surrounding field. The edge-detection system uses these voltage changes to

electronically identify the end of the edges of the cell or specific sites of

contrasting light intensity on the cell surface. The horizontal position of the

detected edge is updated every 40 ms (dependent on the sweep rate of the

camera).

The image was oriented by rotating the video camera such that the

longitudinal axis of the cell was aligned parallel with the horizontal scan lines.

The length and position of the edge detector on the monitor were adjusted to

ensure that the movements of the cell occurred within the window boundaries. A
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Figure 2.6. Schematic diagram of the eel/length recording system.

Each component is identified by letter: a, preparation; b, x40 objective; c, beam splitter; d, video

camera; e, video recorder; f, video motion system; g, monitor; h, digidata interface; i, Pentium

computer.
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tracking dot followed the horizontal movements of a cell edge within the window,

allowing continual assessment of the tracking quality. The threshold and edge

transmission was adjusted manually to track the cell movements as closely as

possible and to achieve a good signal. The motion signal was digitised (DigiData

1200 Series Interface) (h) and simultaneously displayed and stored on computer

(i). The edge with most visual contrast was chosen for tracking.

Cell length measurement was not always successful. In some cases the cell

rotated during the course of an experiment, and with patched cells it was not

always possible to correct such movements. On other occasions, selecting an

appropriate threshold was hindered because of the shape of the cell or poorly

defined edges. This method often suffered from artefactual baseline changes.

2.6 DATA ANALYSIS AND STATISTICS

Analysis of current and contraction records was performed using a custom-

designed multi-channel analysis program (NEWABF), written by Dr. Andrew

Trafford (Department of Veterinary Preclinical Sciences, University of Liverpool,

UK), in combination with Lotus 123 release 5 (Lotus Development Corp.,

Cambridge, MA, USA).

Data is presented as mean ± S.E.M. of n experiments or samples. Statistical

significance was tested using Student's t-tests where appropriate. Data was

considered to be statistically significant when P < 0.05.
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2.6.1 Calculation of Cell Volume

The total capacity of cells was estimated from the integral of the current

surge elicited by applying a 10m V hyperpolarising pulse current, using the

relationship:

Therefore;

Q=C.V

C=QN

Where Q represents the charge being transferred (measured from the

integral in Coulombs); C represents the capacitance (measured in Farads) and; V

represents voltage (in Volts). Cell surface area was calculated assuming a specific

membrane capacitance of 1 IlF.cm-2. Total cell volume was calculated assuming a

capacitance to volume ratio of 6.76 pF.prl [316]. This makes it possible to

express values of SR Ca2+ content and other Ca2+ fluxes as umoles per litre of

total cell volume.

2.6.2 Calculation of SR Ca2+ Content and Sarcolemmal Ca2+ Fluxes

The inward Na+/Ca2+ exchange currents produced by the application of 10

mM or 20 mM caffeine to voltage-clamped myocytes (holding potential -40 or -

80 mV) were integrated and converted to total calcium fluxes as described

previously [63, 383]. The influx of a single positive charge, carried by the entry

of 3 Na+ ions in exchange for each Ca2+ ion extruded means that entry of one

positive charge corresponds to the extrusion of a single Ca2+ ion. Integrating the

inward current provides a direct measure of the amount of charge entering the cell

and therefore the amount of Ca2+ extruded on the Na+/Ca2+ exchanger.

Corrections were made for the fact that, during a caffeine response, some of the
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calcium is removed from the cell by mechanisms other than Na+/Ca2+exchange,

which do not generate a current. It has previously been shown that 68 % (2/3) of

Ca2+ effiux is generated by Na+/Ca2+ exchange [274, 383]. Therefore, to

compensate for non-Na+/Ca2+ exchange mediated Ca2+ effiux current integrals

were multiplied by a factor of 1.5. This correction factor was used to convert

Na+/Ca2+ exchange fluxes associated with caffeine responses, spontaneous

oscillations and repolarisation of a stimulatory pulse (tail current) into total cell

Ca2+ effiux. The integrals of calcium currents, used to estimate Ca2+ influx, were

divided by a factor of two to compensate for the fact that each calcium ion carries

two positive charges into the cell. Charge (Q, measured from the integral in

Coulombs) was converted to total Ca2+ fluxes using the Faraday constant 96500

C.mOrl.
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THE EFFECT OF TETRACAINE ON SPONTANEOUS

RELEASE OF Ca2+ FROM THE SR

Under conditions of calcium overload, cardiac muscle exhibits spontaneous

contractile activity resulting from the spontaneous release of Ca2+ from the

sarcoplasmic reticulum (SR). This is thought to arise as a consequence of the

stochastic opening of the SR Ca2+ release channels which, under non-overloaded

conditions produce discrete localised increases of [Ca2+]i, referred to as Ca2+

sparks [86, 242], which are unable to initiate further SR Ca2+ release. Under Ca2+

overloaded conditions it appears that these Ca2+ sparks can initiate waves of

elevated [Ca2+]i,which propagate along the length of the cell [84], presumably by

the same CICR mechanism as is involved in normal EC-coupling. Increased SR

luminal Ca2+ may shift the activation of the channel to a much lower cytosolic

[Ca2+]j [337], enhancing the ability of cytoplasmic Ca2+ to trigger further Ca2+

release. Furthermore, under conditions of Ca2+-overload the increased SR Ca2+

content increases the amount of Ca2+ released for a given RyR opening [368],

thereby increasing the gain of the Ca2+ release process. The local elevations of

[Ca2+]iactivate sarcomere shortening and contractile waves also propagate along

the cell, and are often referred to as mechanical oscillations. This spontaneous

release is particularly prominent in rat myocytes, where it is frequently seen in

cells under normal resting conditions [70, 217, 219, 222, 351]. This is thought to

be a consequence of the relatively high [Na+]j in rat myocytes [82, 324]. which
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will favour resting influx of Ca2+, or reduce efflux, via the Na+/Ca2+exchanger,

and their great dependence on the SR for normal contraction [87], in comparison

to other species. The high cell-to-cell variability in the frequency of spontaneous

Ca2+waves has recently been attributed to variations in [Na+]i[104].

This Ca2+ release activates Ca2+ extrusion from the cell, approximately two

thirds via the electrogenic Na+/Ca2+ exchanger, during each propagating wave

[383]. This constitutes approximately one fifth of the Ca2+ content of the SR

[105], and the resulting transient inward current (Iti) can initiate potentially fatal

arrhythmogenic action potentials [137, 229]. This spontaneous Ca2+ release

activity therefore limits the usefulness of inotropic agents that elevate [Ca2+]i'

which will favour Ca2+overload of the SR.

Although these waves of SR Ca2+ release are largely of patho-physiological

relevance in the heart, in other systems they are a normal aspect of cell function.

Thus in a variety of secretory cells Ca2+waves produced by Ca2+release from the

endoplasmic reticulum (ER) are the normal mechanism for coupling stimulus to

response [200]. It is therefore important to understand the factors that influence

the initiation and propagation of such Ca2+ signals.

3.1 AlMS OF THIS CHAPTER

Despite the volume of work in this area, there is little information about

what determines the properties of spontaneous SR (or ER) Ca2+ release. For

example, how do changes in the properties of SR Ca2+release or re-uptake affect

the magnitude, duration and frequency of the Ca2+waves? In recent work it has

been shown that changing the Ca2+ entry into the cell affects the frequency of
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spontaneous Ca2+ waves but has no effect on the properties of the individual

waves [105]. In this work the effects of tetracaine on spontaneous waves ofCa2+

release were investigated. Tetracaine is a local anaesthetic that has been shown to

decrease the open probability of the SR Ca2+ release channel [404], an action that

accounts for its inhibition of Ca2+ release from the SR [387] and of contraction in

amphibian [12] and mammalian [100] skeletal muscle.

The results show that tetracaine decreases the frequency of spontaneous SR

Ca2+ release. As a result of this there is an increase of SR Ca2+ content, which

increases the magnitude of the Ca2+ waves thus demonstrating that, unlike many

other manoeuvres [105], factors affecting the opening of the SR release channel

have profound effects on the properties of individual spontaneous Ca2+ releases.

Most striking is the demonstration that inhibiting Ca2+ release increases the

magnitude of spontaneous Ca2+ release events.

3.2 TETRACAINE REDUCES THE FREQUENCY OF SPONTANEOUS SR Ca2+

RELEASE

Figure 3.1 illustrates measurements of cell length made during an

experiment to investigate the effects of various concentrations of tetracaine on

contractions due to spontaneous SR Ca2+ release in a myocyte isolated from rat

ventricle. Spontaneous Ca2+ releases are characterised by rapid changes in cell

length followed using a video-edge detection system (Section 2.5). The

application of tetracaine initially abolished this spontaneous Ca2+ release activity,

before spontaneous contractions resumed at a frequency lower than control. Both

the duration of the quiescent period and the degree of the steady-state decrease in
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Figure 3.1. The effects of various concentrations of tetracaine on spontaneous SR Ca2+ release.

All traces illustrate cell shortening. Tetracaine was applied for the period illustrated by the bar, at

concentrations of (from top to bottom): 25, 50, 100 and 200 IlM.
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frequency, increase with increasing tetracaine concentration. The dose-

dependence of these effects is summarised by the mean data illustrated in Fig. 3.2.

Another novel observation is that removal of tetracaine from the superfusing

solution is associated with recovery of spontaneous release at a transiently

elevated frequency ( "burst ") in comparison to that observed in control.

Spontaneous contraction frequency then falls towards the control level over the

next 30 s to 1min. The magnitude of this burst is also greater following exposure

to higher tetracaine concentrations.

Previous work has shown that the frequency of spontaneous SR Ca2+ release

is very variable between different cells [69, 104]. Fig. 3.3 shows that the effects

of tetracaine depend on the initial rate of spontaneous Ca2+ release. Thus at a

given concentration of tetracaine, the greater the interval between spontaneous

contractions in the control condition, both the longer the initial quiescent period

(lower panel) in tetracaine and the lower the steady-state frequency of

spontaneous Ca2+ contractions (upper panel) in tetracaine. Identity is shown as a

dashed line in each panel of Fig. 3.3, i.e. if tetracaine had no effect on the interval

between spontaneous releases or produced no quiescent period, all the data points

would lie along these dashed lines.

3.3 TETRACAINE INCREASES THE AMPLITUDE OF SPONTANEOUS Ca2+ RELEASE

The results described above show that, after an initial delay, in the presence

of tetracaine, spontaneous Ca2+ release resumes at a lower frequency than in the

control. The next series of experiments was designed to examine whether the

properties of spontaneous Ca2+ release are also affected by tetracaine.
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Figure 3.2. Concentration-dependence of the effects of tetracaine.

The abscissa shows the concentration of tetracaine. The ordinate shows: top, the interval between

spontaneous releases in the presence of tetracaine and bottom, the duration of the quiescent period

after adding tetracaine. The duration of the quiescent period and the oscillation interval were

normalised by dividing by the control interval of spontaneous Ca2+ release before adding

tetracaine. This had a mean value of 22 s. The quiescent period was calculated by subtracting the

average control interval from the total period lacking spontaneous ci+ release. The lines are

linear regressions that have been forced to go through values of 1.0 for the oscillation interval and

o for the quiescent period in the absence of tetracaine. The symbols show mean ± S.E.M. of data

from three cells. Error bars are not shown where they would be smaller than the symbols.
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spontaneous ctl+ release events (contractile waves /oscilliltions) before adding tetracaine.

The abscissa shows the oscillation interval in control conditions before adding tetracaine (100

IlM). The ordinate shows: top, the interval between spontaneous releases in the presence of

tetracaine and bottom, the duration of the quiescent period after adding tetracaine. The dashed

lines have unit slope. Each symbol represents a different cell.
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In many experiments (e.g. Fig. 3.1) it is obvious that the magnitude of the

spontaneous contractions is increased in the presence of tetracaine. It is difficult

to quantify this effect from cell length measurements alone as the magnitude of

the spontaneous contraction depends not only on that of the increase of [Ca2+]j

but also on how uniform it is throughout the cell and could also reflect changes in

the Ca2
+ -sensitivity of the myofilaments. The degree of contraction will depend

on the fraction of the cell occupied by the Ca2+ wave at anyone time (see Chapter

4 for a more detailed explanation). Figure 3.4 illustrates the effect of tetracaine on

spontaneous Ca2+ release as assessed by measurement of global Ca, changes using

the Ca2+-sensitive fluorescent indicator Indo-I. The upper panel demonstrates that

there is an obvious problem with the use of this method in this study due to the

intrinsic fluorescence of tetracaine at 400 nm, one of the emission wavelengths of

Indo-I, causing a distinct step increase in fluorescence as soon as tetracaine was

applied. To correct for this, the immediate increase in F400(fluorescent emission

at 400 nm) on application of tetracaine was subtracted (See Section 2.3.4),

reducing the Indo-l ratio to the control level, as illustrated in the lower panel of

Fig.3.4. This figure shows that there appears to be an increase in the magnitude

of spontaneous Ca2+ releases during exposure to tetracaine, as suggested

previously by the increased contraction amplitude in Fig. 3.1. This suggests that

changes in the Ca2+-sensitivity of the myofilaments cannot are not necessary to

explain the increased amplitude of spontaneous contractions in the presence of

this drug. However, measurement of global Ca2+ changes suffer from many of the

limitations of measurement of changes in cell length, since they will also be

affected by changes in the duration of the Ca2+ wave. An alternative estimate of
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the magnitude of spontaneous SR Ca2+ release was achieved by measuring the

integral of the transient inward Na+/Ca2+ exchange current that is activated by the

2+ Ispontaneous Ca re ease. Assuming that the properties of the Na+/Ca2+

exchanger and the sarcolemmal Ca2+ -ATPase are not affected by tetracaine, then

this integral, as well as giving a measure of the amount of Ca2+ pumped out of the

cell, will also provide an indication of the amount of Ca2+ released from the SR.

Figure 3.5A shows a perforated patch voltage-clamp current record from an

isolated myocyte under a similar protocol of solution changes to that of Fig. 3.1 &

3.4. This cell demonstrated an initial abolition of spontaneous Ca2+ releases

(quiescent period) during exposure to 100 J.l.Mtetracaine, followed by their

resumption, at reduced frequency. Figure 3.5B illustrates the transient inward

currents associated with spontaneous Ca2+ releases (time points a - c in Panel A),

and their integrals, on an expanded time scale. Spontaneous Ca2+ releases during

exposure to tetracaine appear to be considerably larger with respect to both peak

magnitude and integral, in comparison to those observed in control. However,

these currents are also a measurement of global changes in [Ca2+]iwithin the cell,

and therefore suffer similar problems to those associated with cell length

measurement and Indo-1 fluorescence ratio. These data are quantified in the

histogram of Fig. 3.6A, which plots the mean effects of 100 J.l.Mtetracaine on the

interval between spontaneous Ca2+ releases and their amplitude. It is clear that

both parameters are increased by a factor of about two. The fractional changes

relative to control are emphasised in Fig. 3.6B. From measurements of the

magnitude and frequency of spontaneous Ca2+ releases, one can calculate the

time-averaged calcium efflux from the cell produced by this spontaneous release
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Figure 3.5. The effects of tetracaine on the membrane current accompanying spontaneous

SR Caz+ release.

A. time-course. The trace shows membrane current recorded from a cell held at -80 mY.

Tetracaine (100 ~M) was applied for the period illustrated by the bar. Tetracaine produced an

outward shift of holding current of 4 pA. For clarity this was removed by subtracting a low-pass

filtered version from the raw current trace. B, specimen records of: top, current and bottom,

integrated current from the periods shown in A.
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Figure 3.6. Summary of the effects of tetracaine on the magnitude and period of spontaneous

SR Ca1+releases.

A, histogram of the effects of tetracaine (100 J..lM)on: left, the interval between oscillations and

right, the integral of the associated current (n = 10). The integral has been converted to the

equivalent change of cell ci+ (See 2.6.2). Bars show control and p;j tetracaine. B, normalised

data. The bars show mean data (n = 7) normalised to the value in the control solution of (from left

to right): the interval between spontaneous releases; the integral of the transient inward current; the

time-averaged efflux (calculated from the product of frequency and integral in each cell).
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activity. On average, the time-averaged Ca2+ effiux via spontaneous release was

1.1 ± 0.1 umol.F'.s" in control and 0.9 ± 0.1 umol.l'l.s" in 100 J.lM tetracaine

(paired t-test P > 0.15, n = 7). The similarity of these values is emphasised by the

right hand bar in Fig. 3.6B which shows the average effiux in tetracaine divided

by that in control. Therefore the addition of tetracaine has little steady-state effect

on Ca2+ loss from the cell activated via spontaneous Ca2+ release.

On removal of tetracaine there was consistently a progressive decrease in

the magnitude of both the current oscillations and their integral (Fig. 3.5B, period

c) toward the control levels, in parallel with the recovery of the control oscillation

frequency.

3.4 TETRACAINE INCREASES THE SR Ca1+CONTENT

There are at least two explanations for the presence of the burst of

spontaneous Ca2+ release on removal of tetracaine. (i) Tetracaine could have

some complicated effect on the surface membrane such that its removal could

produce a transient influx of calcium into the cell, which would then lead to an

increase of SR Ca2+ loading and consequently SR Ca2+ release. (ii) The inhibitory

effect of tetracaine on the SR Ca2+ release channel could allow an increase SR

Ca2+ content. On removal of tetracaine, spontaneous release would ensue due to

the Ca2+ overload of the SR. To discriminate between these hypotheses the SR

Ca2+ content was measured using the integral of the Na+/Ca2+ exchange current,

activated by releasing SR Ca2+ by the application of 20 mM caffeine. In the

maintained presence of caffeine, a known proportion (-67 %) of the calcium

released from the SR leaves the cell on the Na+/Ca2+ exchanger [274, 383]. The
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integral of the transient inward current (due to Na+/Ca2+ exchange) evoked by

caffeine provides a quantitative measure of the SR Ca2+ content, after correcting

for electro-neutral efflux mechanisms (See Section 2.6.2). Typical current records

from a single ventricular myocyte under perforated patch voltage-clamp control

are shown in the upper traces of Fig. 3.7A. The smooth curves in the lower panel

represent the integrals of each current record and clearly show that tetracaine

produces a reversible increase in the SR Ca2+ content, in this case from 118

umol.l" to 233 umol.l". On average (Fig. 3.7B) exposure to 100 f.lMtetracaine

for 5 min increased the integral of the caffeine-evoked current by 80.3 ± 11.4

umol.l" from 108.0 ± 6.9 umol.l" (paired Hest, P < 0.0001, n = 10).

3.5 WHERE DOES THE EXTRA Cal+ COME FROM?

It is likely that the extra Ca2+ accumulated by the SR during exposure to

tetracaine is gained during the initial quiescent period. In addition, one predicts

that this extra calcium is lost during the "burst" of spontaneous Ca2+ release

activity on removal of tetracaine. To test this hypothesis the Ca2+ gain during the

period without spontaneous Ca2+ release was estimated from the Ca2+ efflux that

would have occurred if spontaneous release activity had continued at its control

frequency, using the average efflux per unit time. The average period between

spontaneous releases in control was subtracted from the total interval between the

last spontaneous release event in control and the first in tetracaine, revealing the

extra interval due to application of tetracaine. This calculation gives the amount

of Ca2+ efflux that ought to have taken place during the quiescent period. This

Ca2+ is presumably accommodated within the SR. The extra Ca2+ lost from the
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Figure 3.7. The effects of tetracaine on caffeine-induced Na+/Ca1+exchange current integral

magnitude as an index of SR clI+ content.

A, original data. Traces show: top, current; bottom, integral. Panels show (from left to right):

control; tetracaine (100 J.1M);recontrol. Caffeine (20 mM) was applied for the period indicated by

the horizontal bars. B, histogram showing mean SR Ca2+ content (n = 10), as measured from the

integral of the caffeine response in control (left) and during exposure to tetracaine (right).
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Figure 3.8. Comparison of three methods for estimating the cli+ gained by the cell during

exposure to tetracaine (100 pM).

The bars show (from left to right): (Caffeine) the measured increase in the integral of the caffeine

response; (Quiescent period) the calculated Ca2+ entry during the quiescent period on application

of tetracaine (in this calculation the extra quiescent period produced by tetracaine in addition to

the interval between spontaneous releases in control was used); ("Burst") the calcium lost from

the cell during the burst on tetracaine removal. This was obtained by integrating the current

during the burst and subtracting from it the loss of calcium that would have occurred during an

equivalent period of control oscillation frequency following tetracaine removal.



Tetracaine on spontaneous SR cs: release 87

cell during the burst was calculated from the cumulative integral over a defined

period commencing on removal of tetracaine. An estimate of Ca2+ loss, had

spontaneous Ca2+ release occurred at the recontrol steady-state frequency, was

subtracted from this value. On average these values compare well to the change

of the caffeine response observed in tetracaine (Fig. 3.8). Average values for

these estimation methods are 118.3 ± 15.7 umol.l" from the quiescent period,

104.5 ± 16.0 umol.l" for the burst and 86.3 ± 11.6 umol.l" from the difference in

caffeine response. Each of these methods of estimation was compared with the

other two using a paired t-test and they were found not to be significantly different

(paired t-test, P > 0.1 for all, n = 7).

Figure 3.9 illustrates the relationship between spontaneous Ca2+ release and

the resting influx of Ca2+ into a rat ventricular myocyte. The upper panel shows a

raw current trace from which the integrals of the Na+/Ca2+ exchange currents

activated by Ca2+ spontaneously released from the SR were calculated and related

to Ca2+ extruded from the cell (Ca2+ loss from the SR, represented as downward

deflections in the lower panel). This is balanced by a resting influx of Ca2+ of

1.24 umol.l'l.s'.

3.6 THE EFFECT OF TETRACAINE ON THE THRESHOLD FOR CAFFEINE-INDUCED

Ca1+RELEASE

Caffeine is thought to release Ca2+ from the SR by sensitising the CICR

mechanism or RyR to Ca2+, such that the resting [Ca2+]j is sufficient to activate

release [334]. Using Indo-l it is possible to measure both [Ca2+]j and [caffeine],

directly and simultaneously [283] (See Section 2.3.5). It is therefore possible to
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Figure 3.11. The instllntllneous rellllionship between {clI/feine}1 and ctl+ release.

The graph shows: ordinate, dRldt (rate of change of ratio ([Ca2Ji); abscissa, [caffeine]i. The data

used was the same as that used to produce Fig. 3.10. Open circles represent control conditions.

Filled circles represent results during exposure to 100 fJM tetracaine.
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determine the concentration of caffeine inside the cell that is required to release

Ca2+ from the SR at resting [Ca2+]i. If tetracaine inhibits the SR Ca2+ release

channel, one might predict that more caffeine would be required to release Ca2+.

Figure 3.10 shows the Indo-1 ratio and calculated [caffeine] under control

conditions and during exposure to 100 J.lMtetracaine. Tetracaine was added only

a few seconds before caffeine application to avoid the potential complication of

significant changes in SR Ca2+ content. The records have been arranged such that

the increase in [caffeine], are synchronised. The dashed line indicates the point of

release. A higher concentration of caffeine inside the cell is required to release

Ca2+ in the presence of 100 J.lMtetracaine. In four cells an average of 0.3 ± 0.02

mM caffeine was reached before release (defined as the ratio increasing by 2

standard deviations from the pre-caffeine mean) under control conditions. In 100

J.lMtetracaine this value was increased to 1.2 ± 0.05 mM caffeine. This method

of estimating threshold [caffeine], is somewhat SUbjective, depending on where

the dashed line is placed. Figure 3.11 shows the derivative of the ratio (rate of

change of [Ca2+]i) as a function of [caffeine], from the same data as in Fig. 3.10.

It is clear that the ratio begins to rise at a lower [caffeine], under control

conditions.

3.7 THE EFFECT OF HIGH CONCENTRATIONS OF TETRACAINE ON SR Ca2+

CONTENT

Quantification of the maximum possible SR Ca2+ load of rat ventricular

myocytes was attempted under conditions of high external Ca2+ (5 mM Ca2+
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Tyrode solution) by applying high concentrations (up to 1mM) of the Ca2+ release

inhibitor tetracaine. The integral of the Na+/Ca2+exchange current, under voltage-

clamp at a holding potential of -80 mY, activated by application of caffeine,

which releases all Ca2+ from the SR, was used as a measure of the SR Ca2+

content.

Under normal conditions, following exposure to high concentrations of

tetracaine the caffeine-induced contraction was often so large that the cell was

tom from the patch-pipette or impaled itself and died, either way, terminating the

experiment. To overcome this problem, the drug 2,3-butanedione 2-monoxime

(BDM) was used, which affects the myofilaments, thereby reducing contraction

[155, 253]. The effects of BDM are both dose-dependent and fully reversible

upon washout. Shortly before caffeine application, the cell was exposed to 10

mM BDM to reduce the magnitude of the contraction resulting from caffeine-

induced Ca2+ release. Like caffeine, BDM sensitises the ryanodine receptor to

Ca2
+, and its application induces a small release of Ca2+ from the SR [297],

producing an inward current, again attributed to Na+/Ca2+ exchange mediated

extrusion of Ca2+ from the cell [4]. This and the caffeine-induced Ca2+ release

were quantified from the integrals of the Na+/Ca2+ exchange currents, and

summed to calculate the total SR content.

Figure 3.12 shows the effect of 15 minutes exposure to 1 mM tetracaine on

the magnitude of this current, and its integral. In this case, the SR Ca2+content

was calculated to have increased approximately five-fold, from 90 to 499 umol.l"

cell volume. In a further seven cells exposed to 1mM tetracaine for between 10
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Tetracaine on spontaneous SR Ca2+ release
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Figure 3.12. The effect of exposure to 1 mM tetracaine on SR ctl+ content.

5s

Upper panel shows Na+/Ca2+ exchange currents activated by SR Ca2+ release induced by BDM and

caffeine (applied for the periods indicated by the bars) under control conditions of S mM Ca2+

(left) and following exposure to 1 mM tetracaine for a period of IS minutes. The lower panel

shows their integrals converted into umol per litre cell volume calculated as detailed in Section

2.6.2.
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Figure 3.13. Summary of the effect of 1 mM tetracaine on SR Ca1+ content of rat ventricular

myocytes exposed to 5 mM Ca1+.

Histogram illustrating mean data ± S.E.M. of SR Ca2+ content (from left to right): Under control

conditions (5 mM Ca2l; during exposure to 1 mM tetracaine for periods of between 10 and 50

min; recontrol. All data was normalised with respect to the control SR ci+ content (n = 7).
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and 50 min, the SR Ca2+content increased from 90 to 450 umol.l" cell volume, as

illustrated by the mean data in the bar chart of Fig. 3.13.

3.8 DISCUSSION

The main finding of this work is that the reduction of spontaneous release

frequency produced in rat ventricular cells by application of sub-millimolar

concentrations of tetracaine is associated with an increase of sarcoplasmic

reticulum (SR) Ca2+content. This is associated with an increase in the size of the

transient inward current and integral activated by propagating spontaneous Ca2+

release during exposure to tetracaine. These results are consistent with increased

accumulation of Ca2+ in the SR and one might expect a greater flux of Ca2+

through the Ca2+release channels (RyRs) when they are opened.

3.8.1 Tetracaine Inhibits SR Ca2+ Release and Increases the SR Ca2+ Content

The results of this work are consistent with tetracaine acting by inhibiting

Ca2+ release from the SR. However, it is necessary to consider whether other

actions of tetracaine could be involved. Tetracaine is a local anaesthetic and

inhibits both sarcolemmal Na+& Ca2+ channels [75]. Inhibition ofNa+ channels

will decrease [Na+]iand, via Na+/Ca2+exchange, will decrease [Ca2+]iand thence

SR Ca2+ content. Inhibition of Ca2+ channels will directly decrease [Ca2+]i' by

reducing the ability of Ca2+ to leak into the cell down its steep electrochemical

gradient. These effects, however would produce (as is seen for lidocaine, [112]) a

gradual decrease of the frequency of spontaneous Ca2+ release. If [Ca2+]j
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recovered gradually on removal of tetracaine one would expect a gradual

recovery of the frequency of spontaneous SR Ca2+ waves. This hypothesis is

therefore unable to account for the immediate abolition of spontaneous SR Ca2+

release followed by its resumption or the burst of spontaneous activity observed

on removal of tetracaine.

The appearance of spontaneous SR Ca2+ release in cardiac muscle is

associated with increased SR Ca2+ content [42, 116, 265, 289]. One would

expect, therefore, that abolition of spontaneous SR Ca2+ release would be

associated with a decrease of SR Ca2+ content. The apparently paradoxical

abolition of spontaneous Ca2+ release while increasing SR Ca2+ content caused by

tetracaine can be explained if its main effect is to inhibit SR Ca2+ release. The

structurally related local anaesthetic, procaine, has been shown to inhibit SR Ca2+

release in isolated cardiac SR vesicles [80], albeit at much higher concentrations

(millimolar) than those used here for tetracaine. Procaine also inhibits calcium-

activated channel activity of the cardiac ryanodine receptor in lipid bilayers [369,

412] and its application has been shown to increase the magnitude of the rapid-

cooling contracture and therefore, presumably the SR Ca2+ content [215].

Although no studies have been published of the effect of tetracaine on the cardiac

ryanodine receptor, a personal communication from L. Xu & G. Meissner shows

that it has similar effects to those previously reported in skeletal muscle, where it

inhibits spontaneous release of Ca2+ from skeletal muscle SR vesicles [387] and

lowers the open probability of the calcium-activated skeletal muscle ryanodine

receptor in lipid bilayer studies [404]. Work published recently [157] has shown

that, in cardiac cells, tetracaine initially abolished spontaneous Ca2+ sparks before
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a recovery associated with an increased SR Ca2+ load (as judged qualitatively by

the caffeine-evoked increase of [Ca2+]i).

In previous work it has been shown that, in the absence of tetracaine,

spontaneous SR Ca2+ release occurs when the SR Ca2+ content has reached a

critical threshold level [105]. Increasing the magnitude ofCa2+ entry into the cell

does not increase the Ca2+ content of the SR once spontaneous activity begins.

Instead, spontaneous SR Ca2+release occurs at a higher frequency because the SR

refills to its threshold more rapidly. The apparent threshold may result from an

effect of luminal Ca2+ on the gain of Ca2+-induced Ca2+ release in either of two

ways. (i) Directly through an intraluminal regulatory effect on the RyR, or (ii)

indirectly because when a RyR opens, the greater the luminal Ca2+, the greater the

Ca2+ efflux from the SR and therefore the greater the gain of Ca2+-induced Ca2+

release. In either case, the increased gain allows wave propagation, activating

Ca2+ efflux from the cell and limiting the level to which the SR can fill.

The effects of tetracaine can be explained if one assumes that it increases

the loading of the SR required for spontaneous release. This could arise because,

by decreasing the opening probability of the SR Ca2+ release channel, tetracaine

may decrease the frequency of Ca2+ "sparks" and thence inhibit the initiation of

Ca2+ waves. The subsequent recovery of spontaneous release will arise because

the increase of SR Ca2+ content (luminal Ca2~ will increase the spark magnitude

such that a larger fraction of the sparks are capable of initiating a propagating

wave. This has recently received direct experimental support [157], although the

possibility that the decrease of RyR opening probability will reduce the "gain" of

CICR and interfere with the wave propagation, cannot be excluded and is
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supported by the results presented in Chapter 4.

When a myocyte is exposed to tetracaine the SR will continue to fill with

Ca2
+ to a level beyond that reached in the control solution. This will produce the

initial delay seen before spontaneous Ca2+ release resumes. The duration of this

delay will depend on the rate at which Ca2+ is entering the cell. It is therefore

noteworthy that the delay is proportional to the interval between spontaneous

releases observed under control conditions (Fig. 3.3). Presumably, the higher the

rate of Ca2
+ entry into the cell, the greater the frequency of spontaneous release in

control and the less time required to reach the new threshold level of SR luminal

Ca2+. The duration of the initial delay also increases with increasing tetracaine

concentration probably because the concentration of luminal Ca2+ required to

allow initiation of propagating Ca2+ release is increased.

In the presence of tetracaine, the amplitude of the spontaneous Ca2+ release,

and the amount of Ca2+ pumped out of the cell per release increases. Presumably

the increased SR Ca2+ content results in a larger release of Ca2+. There is a

corresponding decrease in the frequency of release such that the calculated time-

averaged Ca2+ effiux, produced by spontaneous Ca2+ release in tetracaine, is

similar to that in control. The unchanged spontaneous Ca2+ release-induced efflux

suggests that the component of efflux activated by the resting calcium also

remains unchanged, i.e. tetracaine probably does not change the resting [Ca2+]i.

Attempts to measure this directly using the Ca2+indicator Indo-l were hindered by

the intrinsic fluorescent properties of tetracaine. When tetracaine is applied to

cells there is an immediate increase of fluorescence (Fig. 3.4), which is due, at

least in part, to the fact that tetracaine is fluorescent. However there was no
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subsequent change of resting fluorescence during prolonged exposure to

tetracaine suggesting that [Ca2+]i remains constant. Furthermore the constancy of

the efflux suggests that tetracaine is not having a marked effect on Ca2+ entry as

any decrease of Ca2+ entry would, in the steady-state, decrease efflux. It is known

that tetracaine decreases Ca2+ fluxes through the L-type Ca2+ channel [75],

however, it is likely that all these channels are closed at the normal resting

membrane potential and, therefore, it is not surprising that tetracaine does not

affect resting Ca2+ fluxes by this mechanism. The constancy of the time-averaged

Ca2+ efflux is obviously required for the cell to maintain Ca2+ balance in the face

of an unchanged Ca2+ entry. The initial delay before spontaneous Ca2+ release

resumes in tetracaine is greater than the interval between spontaneous releases

when they resume. This is consistent with the fact that the increase of SR Ca2+

content in tetracaine (i.e. the amount of Ca2+ gained during the initial delay) is

greater than the extra Ca2+ pumped out of the cell per spontaneous release (i.e. the

amount gained between waves in tetracaine).

This model can also account for the burst of spontaneous Ca2+ release seen

after removing tetracaine. At this point the properties of CICR have been restored

to normal but the SR Ca2+ content is elevated considerably above the control

threshold for Ca2+ release. This will result immediately in Ca2+ release. It is

noteworthy that the extra Ca2+ content of the SR is not removed from the cell on

one very large spontaneous release and is presumably partly re-sequestered by the

SR. This may be indicative of attenuation of Ca2+-induced Ca2+ release because

of the spontaneous elevation of [Ca2+]i as suggested previously [124].

The data and calculations shown in Fig. 3.9 best illustrate the overall results
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of this work. The upper trace shows the effects of tetracaine on membrane

current. The inward currents associated with Ca2+ release were integrated to

calculate the net loss of Ca2+ from the cell. In the steady state this must be

balanced by a Ca2+ entry. The lower trace shows the calculated change of cell

Ca2+ content assuming a constant Ca2+ influx into the cell of 1.24 umol.I'ls',

which was chosen to exactly balance the time-averaged Ca2+ efflux. Under

control conditions this results in a gradual increase of cell Ca2+ punctuated by

abrupt decreases during spontaneous SR Ca2+ release. It should be noted that the

linear time course of the gain of Ca2+ between releases is a simplifying

assumption: all that can be fixed are the initial and final points of the increase.

When tetracaine is applied the spontaneous release stops for a period, while the

Ca2+ influx continues and therefore the cell Ca2+ content increases. When

spontaneous release resumes the integrals are larger and therefore the decrease of

cell Ca2+ content on each release is larger and, in combination with the lower

frequency, a new steady-state Ca2+ content is achieved. Finally, when tetracaine

is removed, the burst reduces cell Ca2+ back down to the control level.

3.8.2 Tetracaine Reduces the Ca2+Sensitivity of the Ryanodine Receptor

Tetracaine increases the concentration of caffeine required to trigger release

of Ca2+ from the SR. Low concentrations of caffeine are believed to act by

increasing the Ca2+ sensitivity of the RyR, such that lower [Ca2+]i may still be

capable of stimulating further Ca2+ release [284, 309, 334]. It acts at the cytosolic

side of the SR membrane and increases the Po of the RyR by increasing the

frequency of channel opening. It is likely therefore that tetracaine opposes this
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effect by desensitising the RyR and may act at the same site. This is consistent

with the reversal of the effects of tetracaine on amphibian skeletal muscle by

caffeine [248] and the ability of the related local anaesthetic procaine to inhibit

caffeine-induced contracture [366] and to reverse the potentiating effects of

caffeine [213] in skeletal muscle.

3.8.3 The Ca2
+ Content of the SR is limited by Leak, not Uptake in Rat

VentricularMyocytes

In cardiac muscle, the Ca2+ content of the SR could be limited by the

pumping ability of the SR Ca2+-ATPase or by the tendency of Ca2+ to leak from

the SR. It has previously been reported that the local anaesthetic tetracaine

increases the amount of Ca2+ stored in the SR by blocking its release through the

ryanodine receptor (Section 3.4 [294]). When the RyR was inhibited by 1 mM

tetracaine in the presence of 5 mM external Ca2+, the SR Ca2+ content was

increased five-fold. This appears to suggest that even under the severe conditions

of Ca2+ overload used in these investigations, the storage capacity of the SR

cannot be limited by the ability of the Ca2+-ATPase to pump Ca2+. The

thermodynamic limit of the [Ca2+] gradient produced by the SR Ca2+ pump must

be very much higher than that reached under normal conditions. This is at

variance with the conclusions of Ginsburg et al [148], who suggest that in ferret

ventricular myocytes the SR Ca2+pump operates very close to its thermodynamic

limit even under normal conditions. The limit for SR Ca2+ content in rat instead

arises because as the SR Ca2+ content increases, spontaneous Ca2+release occurs,
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resulting in an efflux of Ca2+ from the cell, largely through the activity of the

Na+/Ca2+exchanger.

3.8.4 Summary

In summary, the results of this work show that inhibition of the SR Ca2+

release channel causes an initial cessation of spontaneous SR Ca2+ release.

However, the consequent increase of SR Ca2+ content overcomes the inhibition by

100 11Mtetracaine, resulting in larger amplitude, but less frequent, Ca2+ releases

such that cell Ca2+ homeostasis is maintained. In other words, given the need to

maintain cell Ca2+ homeostasis, one obtains the initially unexpected result that

inhibiting the Ca2+ release process can increase the magnitude of subsequent

spontaneous Ca2+ releases. This result may well have implications for the

different patterns of spontaneous Ca2+ release seen in other cell types (See [36] for

review).

It has also been demonstrated that the Ca2+ content of the SR is limited by

leak from the SR rather than by the ability of the SR Ca2+-ATPase to pump Ca2+

against its concentration gradient. This suggests that the thermodynamic limit of

the Ca2+ pump is very much higher than that normally reached even under the

pathological conditions of Ca2+ overload.
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THE EFFECT OF TETRACAINE ON THE SPATIAL AND

TEMPORAL PROPERTIES OF SPONTANEOUS Ca2+ WAVES

Interventions that cause an increase in resting [Ca2+]i' such as increased

[Ca2+]o, cardiac glycoside intoxication, can lead to the occurrence of propagating

SR Ca2+ release (Ca2+ waves or oscillations) [289]. This form of Ca2+ release

does not depend on an electrically stimulated Ca2+ current as a trigger.

Spontaneous discharges of Ca2+ from the SR begin locally and then propagate as

regenerative Ca2+ waves throughout the cell. These Ca2+ waves are particularly

important because they can be responsible for contractile dysfunction and

triggered arrhythmias [68, 137]. They are initiated at varying positions within a

cell, but are usually fairly uniform in amplitude and propagation rate [358]. Ca2+

sparks have been implicated in the initiation of Ca2+ waves [84, 86] under

conditions of Ca2+ overload. Typically Ca2+ waves propagate along the length of

a myocyte at 100 um.s" at 22°C [358] and have the spatial and temporal

properties consistent with the hypothesis that Ca2+-induced release of Ca2+ is

mediated by the diffusion ofCa2+ from a site of initiation [17]. The frequency and

propagation velocity of Ca2+ waves is highly dependent on bathing Ca2+, which

will in turn affect [Ca2+]i [218].

The propagation of Ca2+ release along the cell could be caused by the

following mechanisms: i) Ca2+ released spontaneously from one site may act on

the cytoplasmic site of adjacent ryanodine receptors in a similar manner to that
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involved during normal EC-coupling, thereby activating further Ca2+ release. ii)

Ca2+ could be taken up into the SR surrounding the initial release site, where it

becomes available to act at an intraluminal site. iii) a combination of these two

effects where intraluminal Ca2+ increases the sensitivity of the SR release channel

1· C 2+to cytoso IC a. Recent observations by Lukyanenko et al [246] that

thapsigargin, an inhibitor of SR Ca2+ uptake, does not inhibit the propagation of

Ca2+ waves, refute the second hypothesis. Instead thapsigargin actually increased

the rate of Ca2+ wave propagation, so Ca2+ uptake from the approaching wave

front is clearly not required for and may actually inhibit wave propagation. In

support of the third hypothesis, increased intraluminal Ca2+ has been demonstrated

to increase the sensitivity of Ca2+ release channels to cytosolic Ca2+ in lipid

bilayers [174, 245, 335-337, 376, 406], and could explain the ability of Ca2+

release to propagate only under conditions of Ca'" overload [86, 263, 286].

4.1 AIMS OF THIS CHAPTER

This chapter describes the use of line-scan images generated by laser-

scanning confocal microscopy to examine the propagation of Ca2+ waves in Ca2+

overloaded rat ventricular myocytes. Tetracaine has been shown in the previous

chapter to inhibit SR Ca2+ release and to increase the Ca2+ content of the SR [294]

(See Chapter 5 [295]). It has been shown that, at least at low concentrations,

tetracaine only temporarily suppresses spontaneous (sparks and waves) and

electrically stimulated Ca2+ release [157, 294, 295]. The transient nature of this

inhibition has been attributed to increases in the SR Ca2+ load, increasing the

availability of Ca2+ for release and increasing the gain of CICR further through the
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effects of luminal Ca2+ on the Ca2+ release channel. In this chapter the effect of

different concentrations of tetracaine on the propagation of Ca2+ waves has been

investigated. It is hoped that this will provide further insight into the effects of

modulating CICR and SR Ca2+ load.

4.2 THE AMOUNT OF Ca2+RELEASED DURING A Ca2+ WAVE

The previous chapter describes estimates of the amplitude of Ca2+ waves

during Ca2+ overload by measurement of global [Ca2+]i using Indo-l fluorescence

emission ratio, changes in cell length and voltage-clamp measurement of the

Na+/Ca2+ exchange current activated by Ca2+ release. Each of these methods

suffers from a number of problems, which could lead to false interpretation of a

change in the signal amplitude as a change in the amplitude of Ca2+ release. Their

main disadvantage stems from the fact that they represent global Ca2+ signals, Le.

signal averages over the whole cell and therefore suffer from the fact that they

will not show local events, which Ca2+ waves and sparks have clearly been

demonstrated to be [359, 397].

4.2.1 Global/Ca2+Ji Measurement

Global Ca2+ signals take no account of the area of the cell occupied by a

Ca2+ wave. In addition, manoeuvres that affect the rate of propagation or SR Ca2+

uptake will affect the global Ca2+ signal even if the peak amplitude of the Ca2+

wave is unchanged. If the Ca2+ wave spreads out because Ca2+ uptake into the SR

is slowed, this will increase the area of the cell occupied by the Ca2+ wave,
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thereby increasing the global Ca2
+ signal and contraction, without any change in

the amount of Ca2+ released.

4.2.2 Cell Length Measurement

Cell length measurement suffers from even more limitations than global Ca,

measurement. A cell attached to the glass cover slip is particularly problematic.

The Ca2+ wave activates the contraction of local sarcomeres as it travels along the

myocyte. Areas that are actively contracting will pull relaxed areas along, and if a

portion of the cell is attached to the base of the bath, it may cause stretching rather

than movement and therefore less movement at the edges of the cell, than if it

were free from its attachments. Furthermore, manoeuvres that affect the Ca2+

sensitivity of the myofilaments will affect the degree of contraction observed for a

given increase in [Ca2+]i.

Figure 4.1 illustrates the effect of the site of initiation of a Ca2+ wave on

global Ca, measurement and contraction. When a Ca2+ wave is initiated near the

end of a cell, it propagates as a single band of elevated [Ca2+]i and contraction. If

a Ca2+wave is initiated toward the centre of the cell, it propagates in both

directions resulting in two bands of elevated [Ca2+]i and localised sarcomere

shortening, and this will result in an increased global Ca, signal and change in cell

length. A Ca2+ wave initiated at the centre will generate a larger increase in

global Ca2+ signal and an increased contraction amplitude, but will be of shorter

duration in comparison to a Ca2+ wave initiated at the end of a cell.
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4.2.3 The Magnitude of Na +/Ca1+Exchange Current

The integral of the Na+/Ca2+ exchange current activated by Ca2+ release

provides a direct measure of the amount of Ca2+ extruded from the cell during a

spontaneous oscillation and is therefore an indication of the amount of Ca2+

released from the SR. However, comparing the amplitude of this integral under

different experimental conditions relies upon the assumption that the same

proportion of the Ca2+ released from the SR is extruded from the cell.

Intracellular Na+ will affect this: If [Na+]j is increased, for example due to Na+/K+

pump inhibition, Ca2+ efflux on the exchanger becomes less favourable because of

the reduced driving force for Na+ entry. Under such conditions, more Ca2+ will be

released due to the increased [Ca2+]j but the Na+/Ca2+ exchange current will

under-estimate by how much. Conversely, if [Na+]j is decreased, the driving force

for Ca2+ efflux on the exchanger will be increased and Na+/Ca2+ exchange current

may over-estimate the Ca2+ released from the SR under these conditions. This

could be the case with tetracaine, which acts as a local anaesthetic, inhibiting

sarcolemmal Na+ channels and leak of Na+ into the cell at rest, and potentially

reducing aN~ as observed with lidocaine [112]. Furthermore, if Ca2+ uptake by

the SR is inhibited, it will compete less effectively with the Na+tCa2+ exchanger,

such that more Ca2+ will be extruded from the cell, leading to an over-estimate of

the amplitude of Ca2+ release.
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4.2.4 Line-scan Images of Propagating Ca1+Release

Line-scan images of propagating Ca2+ release provide important spatial and

temporal information by directly generating a plot of cell length and fluorescence

intensity against time [400], allowing observation of Ca2+ release at all points

along the scan line with respect to time. The horizontal dimension of the image

represents distance along the scan line, while the vertical dimension represents

increasing time (from top to bottom). Images were enhanced where appropriate

using the "smoothing" facility of the Lasersharp software (Bio-Rad, UK) during

off-line analysis.

Fluo-4 loaded rat ventricular myocytes were superfused with a control

Tyrode solution containing 2 mM Ca2
+, to induce Ca2

+ overload. Cells exhibiting

frequent spontaneous Ca2+ waves were selected for study. Each cell was aligned

horizontally and a scan line was selected parallel with the longitudinal axis of the

cell. This was achieved using a scan rotator (Scientific Systems Design Inc, UK).

Unfortunately rotation distorted the image such that cells appeared longer in the

horizontal plane and narrower in the vertical plane of x-y images. It should be

emphasised that the horizontal scale (given in microns in the figures and referred

to in text to point out specific events) is therefore not an accurate measure of

distance because of the distortion caused by the scan rotator, and only relative

values can be compared between cells. To achieve this, propagation velocities

were normalised with respect to the average propagation velocity in control.

Image acquisition was initiated at an appropriate time under the different

experimental conditions.
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A B
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Figure 4.2. Typical confocal line-scan images of propagating 01+ waves.

Upper panels illustrate resting rat ventricular myocytes which were repeatedly scanned along a line

running parallel with their longitudinal axis, for example as illustrated by the dashed line. A,

typical line-scan image showing a spontaneous Ca2+ wave initiated at the edge of the cell and

propagating mono-directionally towards the opposite end of the cell. B, typical line-scan image

showing a centrally initiated spontaneous Ca2+ wave. In this case the Ca2+ wave propagates

simultaneously towards both ends of the cell forming the typical inverted "Y" pattern. The bar to

the left of the images represents the fluorescence intensity scale.
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Figure 4.2 illustrates typical line-scan images of a Ca2+ wave propagating

along the cell. The upper panels show an x-y image of the cell being scanned.

The dashed line represents an example of a selected scan line. Panel A illustrates

a Ca2
+ wave initiated at the right-hand edge of the cell, characterised by a single

linear band of fluorescence travelling from right to left with time. This

corresponds to the schematic example illustrated in Fig. 4.1A. Panel B shows a

Ca2+ wave initiated more centrally, approximately one third of the total distance

from the right-hand edge of the cell. The wave clearly propagates in both

directions giving rise to the characteristic inverted "V" fluorescence pattern on the

line-scan image as the wave of Ca2+ propagates simultaneously towards both ends

of the cell (corresponding to Fig. 4.1B). The slope of the linear portions of these

fluorescent bands gives an indication of the rate of propagation of the Ca2+ wave

along the cell. In panel B the point of initiation of the wave in the resting

myocyte is indicated by the intersection of the dashed scan line and the position in

the line-scan image corresponding to the inflection of the inverted "V".

4.3 THE EFFECT OF TETRACAINE ON Ca2+ WAVE AMPLITUDE AND

PROPAGATION VELOCITY

Figure 4.3 illustrates the effect of 200 JiM tetracaine on the spatial and

temporal properties of spontaneous waves of Ca2+ release in an isolated rat

myocyte. During exposure to 200 JiM tetracaine in this cell there was a clear

increase in the peak fluorescence intensity associated with spontaneous Ca2+

release, suggestive of an increase in the amplitude of the Ca2+ waves. This is

consistent with previous observations of the increased amplitude of global Ca2+
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signals (See Chapter 3, Fig. 3.4), increased cell shortening (Fig. 3.1), and the

increased Na+/Ca2+ exchange current integral (Fig. 3.5) observed during exposure

to 100 JlM tetracaine. The rate of propagation ofCa2+ release along the cell in the

example shown was slightly decreased during exposure to tetracaine, as indicated

by a slight increase in the slope of the fluorescent band from left to right in the

second panel compared to the control image. This is consistent with the

hypothesis that tetracaine inhibits the propagation of Ca2+ release. The larger

amplitude of Ca2+ release is probably due to the increased SR Ca2+ content likely

to be experienced under conditions of tetracaine exposure (See Chapter 3). The

compensatory effects of the increased SR Ca2+ content causing increased SR Ca2+

release could explain the fact that propagation velocity is only slightly affected by

tetracaine in this cell. During the burst of spontaneous activity on removal of

tetracaine (third panel) the amplitude of Ca2+ release was elevated further, at first,

and propagation velocity increased to a maximum of 232.0 % of the average

control velocity. The amplitude and propagation velocity of Ca2+ release then fell

to the control levels eventually as illustrated by the recontrol line-scan image.

This is consistent with the hypothesis that tetracaine inhibits the propagation of

Ca2+ waves and when this inhibition is removed Ca2+ release can propagate more

easily. Recontrol illustrates a Ca2+ wave after recovery of the control frequency

and amplitude of Ca2+ release suggestive of recovery of the control SR Ca2+

content. In this cell, propagation velocity during exposure to tetracaine was

approximately the same as the average under control conditions.

Figure 4.4 illustrates the effect of 200 JlM tetracaine on Ca2+ wave

properties in a different cell. In this example, 200 JlM tetracaine caused an
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mcrease in wave amplitude and a more significant increase in propagation

velocity. On removal of tetracaine a Ca2+ wave was elicited that was larger than

those observed under control conditions, but smaller than those during exposure to

tetracaine were. Its rate of propagation was increased beyond that of the wave

observed in control and during exposure to 200 J.lMtetracaine. This observation

suggests that in control conditions, waves of smaller amplitude are capable of

propagating faster than waves of even higher amplitude in the presence of

tetracaine. This supports the hypothesis that propagation of Ca2+ release is

inhibited in the presence of tetracaine. When this inhibition is relieved

propagation is potentiated above the control level because of the elevated SR Ca2+

content and the larger amplitude Ca2+ release. Ca2+ wave amplitude and

propagation velocity again eventually fell towards the control level following

removal of tetracaine (Recontrol panel).

4.4 THE CONCENTRATION DEPENDENCE OF THE EFFECT OF TETRACAINE ON

THE PROPERTIES OF SPONTANEOUS Ca2+ RELEASE

Figure 4.5 compares the effect of 100 IlM tetracaine and 500 IlM tetracaine

on the amplitude and propagation velocity of spontaneous Ca2+ waves in another

rat ventricular myocyte. It is clear that 100 IlM tetracaine increased the amplitude

(fluorescence intensity) of the Ca2+ wave and its rate of propagation, as indicated

by the decreased slope from right to left in the second image compared to control.

Propagation velocity in this cell was increased by 63.9 ± 3.7 %, on average

(number of waves = 12) during exposure to tetracaine, above the mean

propagation velocity in control (number of waves = 11). With 500 IlM tetracaine
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the amplitude of Ca2+ release was decreased in comparison with control and the

rate of propagation of the Ca2+ wave was also decreased to 58.5 % (number of

waves = 1) of the average control velocity. This observation is consistent with the

hypothesis that propagation velocity is dependent on the amplitude of Ca2+

release.

In the example illustrated in Figure 4.6, comparing the effect of 100 11Mand

200 11M tetracaine in a different cell, 100 11Mtetracaine increased Ca2+ wave

amplitude slightly. Average propagation velocity was increased by only 14.6 ±

15.2 % (number of waves = 9) above the average control velocity (number of

waves = 8). During exposure to 200 11Mtetracaine Ca2+ waves were of slightly

smaller amplitude and propagation velocity was decreased to 51.7 ± 8.2 % of the

average under control conditions. This is in contrast with the examples shown in

Figs. 4.4, where 200 11Mtetracaine produced an increase in the amplitude of the

Ca2+ wave and its propagation velocity. In this cell the effects of 200 11M

tetracaine are more similar to those of 500 11Mtetracaine in Fig. 4.5. It is also

different from the observations of Fig. 4.3, where 200 11Mtetracaine caused an

increase of Ca2+ wave amplitude and marginal depression of Ca2+ release

propagation velocity. It appears that intermediate concentrations of tetracaine

show variability in their effects on the properties of Ca2+ release.

Figure 4.7 illustrates a histogram showing average data of the rate of

propagation of Ca2+ waves in isolated rat ventricular myocytes. Normalised

propagation velocity was increased during exposure to 100 11Mtetracaine by 29.6

± 11.0 % (P < 0.05, n = 9) above control (Fig. 4.7A). It was increased further, to

168.9 ± 28.5 % (P < 0.05, n = 8) of control (100 %), during the burst of
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Figure 4.7. The effect of tetracaine on the propagation velocity ofCaz+ waves.

Histograms showing mean data of the effect on normalised propagation velocity of: A, 100 11M

tetracaine (P < 0.05, n = 9) and its removal (P < 0.05, n = 8); B, 200 11M tetracaine (P> 0.05, n =

7) and its removal (P < 0.05, n = 3); C, 500 11M tetracaine (P > 0.05, n = 2).
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spontaneous activity following removal of 100 J.1.Mtetracaine. This is consistent

with the increased SR Ca2+ load of the cell overcoming the inhibition imposed by

tetracaine, by luminal effects on the SR release channel or by the increased flux

from the SR having increased capacity to activate Ca2+ release from adjacent SR

sites. During exposure to 200 J.1.Mtetracaine 2 out of 7 cells demonstrated a

reduction in propagation velocity. The remainder showed an increase in

propagation velocity. On average there was no significant change in the

propagation velocity (Fig. 4.7B), which was calculated to be 111.1 ± 13.3 % of

the control (P > 0.05, n = 7). In 3 cells the burst on returning to control

superfusion from 200 J.1.Mwas analysed. This revealed an increase in the

propagation velocity of Ca2+ waves to 244.0 ± 61.5 % (P < 0.05, n = 3) of control

(100 %). Exposure to 500 J.1.Mtetracaine (Fig. 4.9C) caused a reduction in the rate

of propagation ofCa2+ waves to 49.6 ± 9.0 % (n = 2) of control (100 %).

4.5 THE RELATIONSHIP BETWEEN THE CaZ+ WAVE AMPLITUDE AND

PROP AGATION VELOCITY

From the line-scan images described above there appears to be a strong

correlation between Ca2+ wave amplitude and their propagation velocity during

exposure to tetracaine. This was investigated more directly by producing a plot of

propagation velocity against Ca2+ wave amplitude (both normalised with respect

to mean control values) during exposure to tetracaine. The different symbols

represent the different concentrations of tetracaine applied to the cells. There

appears to be a linear relationship between the rate of propagation of a Ca2+ wave

and the amplitude of Ca2+ release.



The effect of tetracaine on cs: wave propagation 121

2.0 /
0 /

/
/
/ •

.0 0 /._
1.5 /o

0 /-Q.) />
t:: ./
0 /._
~ 0;.:
~
0.. 1.0 /0 /.... •0.. /"'tj /Q.)
til /
._-~ /~E 0.5 / .
0 /Z / ~

/
/
/
/

0.0
0.0 0.5 1.0 1.5 2.0 2.5

Normalised Ca2+ wave amplitude

Figure 4.8. The correlation between the amplitude and propagation velocity of c? waves

during exposure to tetracaine.

The different symbols represent the different concentrations of tetracaine applied, and each symbol

represents a different cell exposed to that concentration: 0 100 j.lM,. 200 j.lM, ~ 500 j.lM

tetracaine. Average wave propagation velocity was normalised with respect to the control for each

cell and plotted as the ordinate. The abscissa shows the corresponding average amplitude of the

Ca2+ waves normalised with respect to control. The line is a best-fit linear regression of all the

data points ("z = 0.608, n = 13).
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4.6 DISCUSSION

One might expect that manoeuvres that inhibit CICR would decrease the

ability of Ca2+ diffusing from an area of initiation to trigger Ca2+ release from

adjacent SR. However, the results presented here show that in the presence of low

concentrations of tetracaine (~200 JlM) the propagation ofSR Ca2+ release can be

facilitated thereby potentiating the velocity of Ca2+waves.

4.6.1 Tetracaine Inhibits the Propagation of Spontaneous SR Ca2+Release

During the burst of spontaneous activity on removal of tetracaine, even

waves of smaller amplitude in comparison to those during exposure to tetracaine

are capable of propagating faster (Fig. 4.4), providing clear evidence that

propagation velocity is inhibited during exposure to tetracaine. 500 JlM tetracaine

was capable of inhibiting Ca2+ release despite the predicted increase of SR Ca2+

content (See Chapter 3). This was demonstrated by its ability to reduce the

amplitude of Ca2+ release and its ability to propagate along the cell. Ca2+ waves

were very infrequent under these conditions and were often observed to terminate

prematurely. Tetracaine is believed to act by desensitising the RyR to cytosolic

Ca2+ [284, 309] (See Section 3.6), often producing exactly opposite effects to, and

antagonising, those of the RyR sensitiser caffeine [115, 248]. The ability of

tetracaine to inhibit the propagation of Ca2+ release is consistent with the ability of

increasing the sensitivity of release sites to cytosolic Ca2+ by the focal application

of caffeine to allow the propagation of Ca2+ release under conditions of normal SR
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Ca2+ load [246, 374]. Interestingly the propagation velocity of Ca2+ waves

initiated by focal application of caffeine was significantly lower during continued

exposure to 500 J.lMcaffeine [246]. This was also correlated with and attributed

to the decreased amplitude of Ca2+ waves as a consequence of reduced SR Ca2+

load.

4.6.2 The Amplitude of SR Ca1+ Release is correlated with its Ability to

Propagate

The inhibitory effects of tetracaine on CICR and the ability of SR Ca2+

release to propagate is compensated for in a number of cells (See Figs. 4.4, 4.5 &

4.6 during exposure to 100 J.lMtetracaine) by the increased amplitude of the Ca2+

release. Figure 4.8 clearly illustrates the strong correlation between Ca2+ wave

amplitude and propagation velocity during exposure to tetracaine. Propagation is

favoured by an elevated increase of [Ca2+Ji during spontaneous Ca2+ release,

probably because of increased Ca2+ diffusion from the wave front due to its

increased amplitude. This correlation between the Ca2+ wave amplitude and

propagation velocity is consistent with the results of Trafford et al [374], using

digital imaging fluorescence microscopy. The effect of low concentration of

caffeine on Ca2+ wave properties has also been investigated [246, 327], revealing

its ability to depress Ca2+ wave amplitude, probably as a result of decreased SR

Ca2+ load, and the propagation velocity of Ca2+ release along the cell. Preliminary

investigation of the properties of Ca2+ release during the burst of spontaneous

activity observed on initial application of caffeine (c.f. the burst on removal of

inhibition by tetracaine) suggests that caffeine can enhance Ca2+ wave
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propagation in the absence of significant changes in SR Ca2+ load [Personal

communication with Miss Gillian Sibbring and Dr. Andrew Trafford].

4.6.3 The Variable Sensitivity of Myocytes to Inhibition of Ca1+ Release by

Tetracaine

There was considerable variability in the effects of200 J..lMtetracaine on the

amplitude and propagation characteristics of Ca2+ waves between different cells

(Compare Figs. 4.3, 4.4 & 4.6). This is masked when looking at the mean data of

Fig. 4.7, but highlighted by Fig. 4.8. Cells that were exposed to 500 J..lM

tetracaine demonstrated lower amplitude Ca2+ waves of correspondingly lower

propagation velocity. Cells exposed to 100 J..lMtetracaine occupied the upper

right-hand area of the graph. This suggests that the greater the inhibition by

tetracaine the smaller the amplitude of the Ca2+ wave, reducing its ability to

propagate. The variability of the effect of a single concentration of tetracaine on

Ca2+ wave properties appears to represent differences in the sensitivity of

myocytes to tetracaine. However, it may represent changes in the availability of

tetracaine to its intracellular sites of action (e.g. the RyR).

Local anaesthetics cross the cell membrane in their uncharged form. The

ratio of the uncharged to charged form of an anaesthetic will therefore affect the

amount of agent available to its sub-cellular sites of action. Lipid solubility is

another major determinant of anaesthetic potency. Removal of the butyl group

from tetracaine yields the local anaesthetic procaine (Fig. 4.9A); an anaesthetic

with significantly lower potency because of its 25-fold reduced lipid solubility

(See hydrophobic partition coefficients [387, 404]). The ratio of the charged
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([RH+]) to uncharged ([R]) form of an anaesthetic at different pH values can be

calculated from the pKa using the Henderson-Hasselbach equation (given below).

Assuming the pKa oftetracaine to be 8.24 [50];

log pKa - pH

At pH 7.4, 12.6 % of tetracaine applied extracellularly exists in the

uncharged, membrane permeable form (R). Procaine, on the other hand, with a

pKa of 8.95 [50] is more than 97 % charged at pH 7.4 and even smaller quantities

will partition into and cross lipid bilayers. The uncharged form of the anaesthetic

will distribute itself equally across the cell membrane such that [R], = [RJi,

Applying a concentration of 100 ~M tetracaine at pH 7.4 yields an external [R]e of

12.6 ~M. The internal concentration will be equal ([R]i = 12.6). From this it is

possible to calculate the total concentration of tetracaine accumulated inside the

cell ([R]i + [RH+]i) and the concentration of the charged form ([RH+]i) for given

intracellular pH values. Figure 4.9B shows a graph illustrating the effect of

intracellular pH (PHi) on the intracellular accumulation of tetracaine (jtetracaine].

= [R], + [RH+]i) when applied at external concentrations of 100 ~M and 200 ~M.

It is clear that small changes in pHi around 7.2 can cause a significant change in

intracellular tetracaine concentration and therefore the availability of tetracaine to

intracellular site of action, i.e. the RyR. Decreasing intracellular pH by 0.2 units

from 7.2 to 7.0 causes an increase of [tetracaine], from 151 ~M to 232 J.l.M,an

increase of more than 50 %.
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Figure 4.9. The effect of intracellular pH on the ability of cells to accumulate tetracaine.

A, the structure of tetracaine and procaine. B, the relationship between [tetracaine]; and pH;.

Graph shows [tetracaine], calculated from the Henderson-Hasselbach equation (assuming the pKa

of tetracaine = 8.24 [50], extracellular pH = 7.4, tetracaine applied at 100 f.1Mand 200 f.1M)plotted

as the ordinate. The abscissa shows corresponding intracellular pH values.
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It is possible that differences in intracellular pH between cells could be a

consequence of the variability in intracellular aNaj recently found in rat

ventricular myocytes [104]. This could affect intracellular pH through the activity

of the Na+/H+ exchanger [119,385].
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THE EFFECT OF TETRACAINE ON STIMULATED

CONTRACTIONS, SR Ca2+CONTENT AND SARCOLEMMAL

Ca2+FLUXES IN RAT ISOLATED VENTRICULAR

MYOCYTES

Ca2+-induced Ca2+ release (CICR) underlies excitation-contraction coupling

in cardiac muscle. Ca2+ is released from the sarcoplasmic reticulum (SR) through

a specialised release channel termed the ryanodine receptor (RyR). This receptor

is activated during an action potential by Ca2+, which enters the cell through

voltage-activated L-type Ca2+ channels in the sarcolemma.

Certain agents modify the sensitivity of the RyR to Ca2+ and as such are

considered to be potential regulators of contraction. For example both the

compound cyclic ADP-ribose [301] and phosphorylation of the ryanodine

receptor [107] have been suggested to enhance the sensitivity of the RyR to

triggering by local elevation of [Ca2+]j, thereby increasing the gain of CICR and

thence the magnitude of the systolic Ca2+ transient. Local anaesthetics such as

procaine and tetracaine inhibit Ca2+ fluxes through the ryanodine receptor [157,

412] and suppress SR Ca2+ release and contraction in cardiac and skeletal muscle

[12, 81, 213, 215, 348]. Tetracaine may therefore be a useful model compound

for studying the effects of regulators of CICR. It has previously been shown that

tetracaine produces a transient suppression of spontaneous Ca2+ release from the

SR (Chapter 3, [294] & [157]). This effect was attributed to the combination of
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(i) an inhibitory effect of tetracaine on CICR, which is then gradually overcome

by (ii) a subsequent increase of SR Ca2+ content. These results were shown to be

consistent with inhibition of CICR. There was, however, no direct measurement

of the gain of CICR. Furthermore there was no information about the effects of

tetracaine on the normal, stimulated release of Ca2+ from the SR.

5.1 AIMS OF THIS CHAPTER

The structurally related local anaesthetic, procame, has been shown to

inhibit SR Ca2+ release directly [412], and to increase SR Ca2+ content (as

assessed by rapid cooling contracture), an effect which has been attributed to a

reduction in trans-sarcolemmal Ca2+ efflux [215]. The initial aim of this work

was to obtain quantitative measurements of changes in the gain of CICR (the

relationship between trigger Ca2+ and SR Ca2+ release, See Section 1.8) and SR

Ca2+content during exposure to low concentrations of tetracaine (100 or 200 1lM).

However, it is important to consider other possible actions of tetracaine, which

acts as a local anaesthetic by blocking Na+,Ca2+and K+ion channels in nerve and

muscle preparations at concentrations similar to those affecting the SR Ca2+

release channel [75, 81, 176]. Some of the inotropic effects of tetracaine could be

attributable to effects on these sarcolemmal ionic fluxes. The work presented here

provides evidence that such contributions are small, and that the transient nature

of the effects of tetracaine on contraction can be attributed to depression of SR

Ca2+ release and consequent changes of SR Ca2+ content. In conclusion agents

that affect CICR alone will only have transient effects on contraction.
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5.2 THE EFFECT OF TETRACAINE ON THE AMPLITUDE OF STIMULATED

CONTRACTION

Figure 5.1 shows the effect of tetracaine on the amplitude of contraction and

associated Ca2+ transients (Indo-I ratio) in a field-stimulated rat ventricular

myocyte. The Indo-I ratio was corrected for the intrinsic fluorescence of

tetracaine as described in Section 2.3.4. Application of 100 IlM tetracaine

transiently reduced the amplitude of contraction. Contraction then gradually

recovered towards the control level over a period of I - 2 min, despite the

maintained presence of the drug. The magnitude of peak contraction was also

more variable in the presence of tetracaine in this cell, although this was not a

consistent observation. Removal of tetracaine was associated with a transient

elevation of contraction amplitude above the control level, which subsequently

recovered to the control level. Similar effects of tetracaine addition and removal

were seen on the systolic Ca2+ transient record (Fig. 5.IA, lower panel). This

suggests that the observed changes in contraction amplitude are a consequence of

changes in the Ca2+ transient magnitude, and do not reflect effects of the drug on

the contractile apparatus of the cell. The amplitude of the Ca2+ transient does not

recover to the control level, while the contraction appears to demonstrate recovery

to the control level. The possibility that the lack of complete recovery of the Ca2+

transient is due to errors in correction for the intrinsic fluorescence of tetracaine

(See Section 2.3.4) cannot be excluded. However, the changes in the amplitude of

the Ca2+ transient which occur in the maintained presence of tetracaine and the

overshoot on removal of tetracaine must be due to changes of [Ca2+]jrather than

artefactual changes of fluorescence.



132

A

%Cell
Shortening

Ratio
400:500

B

Ratio
400:500

20

1.0

0.2

1.0

0.2

Chapter 5

100 IJM tetracaine

o

a
c

30 s
d

a

c

L...J

0.5 s

Figure 5.1. The effects o/tetraca;ne on contraction amplitude and systolic {Ca2+Ji transients.

A, time course of cell shortening (top) and indo-l ratio (R = F400:FSOO) (bottom). The cell was field

stimulated at a frequency ofO.3 Hz. Tetracaine (100 IlM) was applied for the period indicated by

the bar. The indo-I ratio was corrected for the intrinsic fluorescence of tetracaine (see Methods

2.3.4). B, specimen mean (n = 5) Ca2+ transients taken from the periods (a - d) indicated in the

lower panel of A.
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5.3 COULD CHANGES IN INa AND lea EXPLAIN THE INOTROPIC EFFECTS OF

TETRACAINE?

It is likely that the effects of tetracaine are a result of reduced Ca2+-induced

Ca2+ release (CICR). However, tetracaine has well documented effects on Na+

and Ca2+ currents across the sarcolemma (INaand lca respectively) [75, 176].

Inhibition of INawill decrease excitability and any effect this could have on the

results of this investigation were eliminated by using voltage-clamp to hold the

membrane at a potential of -40 mV (under such conditions INa should be

inactivated). Inhibition of ICawill directly decrease Ca2+ entry. The experiment

illustrated in Fig. 5.2 shows a typical result in a voltage-clamped cell. The effects

of tetracaine on contraction (Fig. 5.2A) are qualitatively similar to those seen in

field-stimulated cells: tetracaine produces an initial decrease of contraction

followed by recovery and then an overshoot on removal of tetracaine. The

transient overshoot of contraction amplitude on removal of the drug, in this case,

was accompanied by spontaneous Ca2+ release and propagating waves of

contraction, indicating some degree of Ca2+ overload at this point in the

experiment. The presence of spontaneous Ca2+ release also limits the size of the

overshoot. Figure 5.2B shows specimen records of current and contraction. The

immediate major depression of contraction (b) is accompanied by a modest

decrease (to 83%) of the peak magnitude of the Ca2+ current. This is associated

paradoxically with a slight increase in the integral of the Ca2+ current,

representing increased Ca2+ influx (See Fig. 5.5B and section 5.5). However,

while contraction recovers towards control levels, there is no significant increase

in the amplitude of the Ca2+ current (c). Similarly the overshoot in contraction
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Figure 5.2. The effects of tetracaine on contraction and membrane current in a voltage

clamped rat ventricular myocyte.

A. time course of changes of contraction. Tetracaine (100 J,LM)was applied for the period

indicated by the bar. The membrane potential was held at -40 mY, and 200 ms duration

depolarising pulses to 0 mV were applied at a frequency of 0.5 Hz. B, specimen records of

membrane current (top) and contraction (bottom) obtained at the times (a - d) indicated in A.
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amplitude on removal of tetracaine (d) is not accompanied by an increase in peak

Ca2+ current above the control level. Changes in the peak amplitude of the Ca2+

current, therefore, cannot explain the recovery of contraction amplitude during

continued superfusion with tetracaine, nor the transient overshoot of contraction

observed on its removal. On average, in eleven cells, the minimum level of

contraction reached in 100 IJ.Mtetracaine was 40.0 ± 4.5 % of the control level

and this recovered to 96.2 ± 2.6 % in the steady-state. This level of contraction

during steady-state exposure to tetracaine was not significantly different from that

in control (P > 0.1, n = 11). On removal of tetracaine the mean peak level of

contraction reached was 170.8 ± 16 % of the control level (P < 0.01, n = 11).

In Figure 5.3 the effect of tetracaine was compared with that produced by

deliberately reducing the Ca2+ current, by reducing the size of the depolarising

step (from +40 to +30 mY). This provides some idea of the extent to which

inhibition of the L-type Ca2+ current may account for changes in contraction.

Reducing the size of the depolarisation reduced the peak Ca2+ current

considerably more than did exposure to 100 J.lM tetracaine (here to 54 % of the

control peak lea c.f. 83 % in tetracaine). However, the contraction elicited by the

smaller pulse was only marginally reduced in magnitude, in contrast to the

dramatic reduction of contraction amplitude observed during early exposure to

tetracaine. This confirms that only a small proportion of the effects of tetracaine

on contraction amplitude can be due to reduction of the L-type Ca2+ current.
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Figure 5.3. Comparison of the effects of tetracaine with those of decreasing the size of

depolarisation.

In all panels the traces show (from top to bottom): membrane potential, current, and cell length. In

panels a and b the depolarising pulse was to 0 mY. Records show: panel a, control; b, after 4 s

exposure to tetracaine (100 J,LM);e, in the absence of tetracaine (depolarisation to -10 mY).

Membrane potential was held at -40 mV and depolarising pulses of 200 ms duration were applied

to elicit contraction.
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S.4 DIRECT MEASUREMENTS OF SR Cal+ CONTENT

The transient elevation of contraction amplitude observed on removal of

tetracaine may be indicative of an increase in the SR Ca2+ load of the cells

following exposure to tetracaine. This is further suggested by the presence of

spontaneous oscillations in some cells. immediately following removal of the drug

(Fig. 5.2A). It is likely that any extra Ca2+ gained by the cell. during exposure to

tetracaine. is accommodated in the SR. The effect of tetracaine on the SR Ca2+

content was quantified more directly by measuring the caffeine-induced Na+/Ca2+

exchange currents in stimulated myocytes under control conditions and during

tetracaine superfusion. Figure 5.4A illustrates typical caffeine traces and their

associated integrals as a measure of SR Ca2+ content (See Section 2.6.2). It is

clear that exposure to tetracaine increases the size of the integral and therefore of

the SR Ca2+ content. The histogram (Fig. 5.4B) shows mean data ± S.E.M. of the

steady state SR Ca2+ content during exposure to tetracaine in comparison with

control. The steady state SR Ca2+ content during exposure to tetracaine was 44.9

± 6.4 % higher than that under control conditions (n = 7. P < 0.0001).

S.SMEASUREMENT OF Ca1+ FLUX BALANCE IN TETRACAINE

The results presented in the previous section provide direct quantitative

measurements of an increase of SR Ca2+ content during stimulation in the

presence of 100 J.l.Mtetracaine. The aim of the next series of experiments was to

investigate the origin of this increase. In order to achieve this. measurement of

the sarcolemmal fluxes of Ca2+ elicited by voltage-clamp pulses from a holding
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Figure 5.4. The effect of tetracaine on the SR Ca2+ content of electrically stimulated rat

ventricular myocytes.

A, measurement of SR Ca2'" content. Caffeine (20 mM) was applied for the period indicated by

the bars. Traces show current (top) and integrated current (bottom) converted into SR Ca2'" content

as described in Methods 2.6.2. Records show (from left to right): control; after 1.5 min exposure

to tetracaine (100 ~M); recontrol (1.5 min after removing tetracaine). B, histogram showing mean

data ± S.E.M. (P < 0.0001, n = 7) of SR Ca2'" under control (left), during exposure to 100 ~M

tetracaine (centre) and following recovery of control steady state after removal of tetracaine

(right).
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potential of -40 mV to 0 mV was performed. INa should be inactivated at these

voltages. As described previously [276, 372] (See Methods 2.6.2), Ca2+entry was

calculated by integrating the L-type Ca2+ current and Ca2+ efflux from the

Na+/Ca2+ exchange current tail activated on repolarisation [57, 135]. To facilitate

the measurements, short (100 ms duration) pulses were used in order to minimise

Ca2+ efflux during depolarisation, when the L-type Ca2+ current will obscure any

Na+/Ca2+ exchange flux. The contraction record in Fig. 5.5A again shows a

transient reduction of amplitude on application of tetracaine, followed by a

recovery, and overshoot on removal of the drug. Figure 5.5B illustrates sample

current records. The integrated currents for this cell, show that under control

conditions (a) depolarisation produces a gain of about 4 umol.l" (cell volume) via

the L-type Ca2+ current per cycle. On repolarisation there is a loss of ci+ from

the cell, which is of the same magnitude as the initial gain. In other words influx

equals efflux. On average in 12 cells the Ca2+ entry during the Ca2+ current was

4.19 ± 0.43 umol.l" in comparison to average efflux of 4.55 ± 0.37 umol.l" (all

fluxes expressed with respect to total cell volume). These are not significantly

different (P> 0.10). The records illustrated in Fig. 5.5B(b) show the early effects

of tetracaine. Despite the reduction in the peak magnitude of the Ca2+current, the

integrated Ca2+ entry is greater (presumably due to reduced Ca2+-induced

inactivation of the current, because of the smaller Ca2+ transient [2, 328]). The

main effect of tetracaine on membrane current is an initial decrease of the

Na+/Ca2+ exchange current tail on repolarisation due, presumably, to the

decreased magnitude of the systolic Ca2+ transient providing less activation of the

Na+/Ca2+ exchanger. The net effect is that the cell has gained about 3 umoles
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Figure 5.5. Transient loss oletl+ flux balance during application and removal of tetracaine;

A, time course of the effects on contraction of applying tetracaine for the period indicated by the

bar. B. specimen records of membrane current (top) and cumulative integral (bottom). Membrane

potential was held at -40 mVand depolarising pulses of 100 ms duration were applied at 0.5 Hz.

The Ca2~ flux traces show the cumulative integral of the Ca2+ current (initial upward deflection)

followed by a downward deflection due to Ca2+ efflux. The records were obtained at times (a - d)

shown in A. (See Methods 2.6.2 for calculation of sarcolemmal Ca2+ movements). The vertical

positions of the current traces have been aligned to facilitate comparison. Tetracaine produced an

outward shift of bolding current of 7 pA, and this has been removed to facilitate comparison

between records.
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Ca2+.rl at the end of the record shown. During the period of exposure to

tetracaine, as the size of the systolic Ca2+ transient and contraction increases, so

does that of the inward current tail on repolarisation. Therefore, in the steady

state in tetracaine (c) Ca2+ entry on depolarisation exactly balances the loss on

repolarisation such that there is no net change of cell Ca2+ per cycle. The average

data confirm that influx (4.00 ± 0.42 umol.l") and efflux (4.64 ± 0.38 umol.l')

are not significantly different and therefore balance in tetracaine (P > 0.05), once

a steady-state level of contraction is achieved. When tetracaine is removed there

is a small decrease of the integrated Ca2+ current. This is accompanied by a much

larger increase of Ca2+ loss on repolarisation due to the larger Ca2+ transient. On

this pulse there is a net loss of cell Ca2+ of almost 4 umol.l". Although not

shown, as the contraction and systolic Ca2+ transient decrease towards control

levels, the Ca2+ loss on repolarisation decreases to control levels and Ca2+ flux

balance is once again achieved. This post-tetracaine depletion of Ca2+ presumably

accounts for the gradual reduction of contraction towards the control steady-state

level.

The net changes of Ca2+ illustrated in Figure 5.5 take place over each cycle

of contraction and relaxation. It appears that exposure to tetracaine causes a net

gain of Ca2+ by the cell, and this is balanced by a loss of Ca2+ from the cell on its

removal. The total amount of Ca2+ gained and lost in this way can therefore be

calculated by summing the net Ca2+ flux for each cycle. An example of this type

of calculation is illustrated in Fig. 5.6. This calculation was performed using the

same data as Fig. 5.5. The solid bar indicates the period of tetracaine superfusion.

The upper panels represent the values of Ca2+ influx and efflux respectively,
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Figure 5.6. Net Ilccumulation ofCtl+ during exposure to Ilnd removal of tetracaine,

The traces show (from top to bottom) the traces show: calculated Ca2+ entry via the L-type Ca2+

current; Ca2+ efflux on repolarisation (calculated as shown in Fig. 5.5); cumulative change of cell

Ca2+ content. Ca2+ content (presumably SR) is expressed per unit total cell volume.
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calculated from the integrals of Ca2+current and Na+/Ca2+current, associated with

each cycle of contraction. The bottom panel illustrates the cumulative difference

between influx and efflux, i.e. the total amount of Ca2+ gained or lost by the cell

since the start of the record. The data presented earlier show that, on average, in

either control or tetracaine in the steady-state Ca2+ influx and efflux are equal.

However any small difference will add up with this cumulative method. The

average steady-state values of Ca2+ influx and efflux for control, tetracaine and

recontrol were calculated. These steady-state values were then subtracted from

the integral of each pulse in the appropriate solution. As shown in Fig. 5.5,

application of tetracaine is associated with a reduction in Ca2+ efflux from the cell,

and a transient elevation of Ca2+ entry above the control level, probably as a

consequence of reduced Ca2+-induced inactivation of lea. Both these effects will

contribute to increasing the Ca2+ content of the cell. As the cell gains Ca2+,

contraction recovers towards the control level, and with it efflux from the cell,

activated by the increasing magnitude of associated Ca2+ transients. On removal

of tetracaine there is a transient elevation of the efflux integral, producing a net

loss of Ca2+ from the cell. There is also a significant undershoot of Ca2+entry into

the cell, which will further contribute to reducing cell Ca2+ content. This is

because the larger Ca, transient will cause greater inhibition of the L-type Ca2+

current [328]. The net Ca2+ loss, on removal of tetracaine, calculated in this way

(35.5 ± 3.3 umol.l", n = 11) is similar to (P> 0.05) the calculated amount of Ca2+

gained in the presence of tetracaine (33.7 ± 3.1 umol.l", n = 11).

The histogram of Fig. 5.7 shows that, in six cells, the increase of SR Ca2+

content measured directly from the integral of the caffeine-evoked Na+/Ca2+
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Figure 5.7. The gain of measured SR Ca2
+ content matches that calculated from the

sarcolemmal fluxes.

Histogram comparing the measured changes of SR Ca2+ (left) with those calculated as in Fig. 5.6

(see Methods 2.6.2) from the cumulative integrals (right).
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exchange current (32.6 ± 2.9 umol.l') is very similar to (although statistically

different from, P < 0.05) that estimated from the balance of Ca2+ fluxes (30.3 ±

2.4 umol.l").

5.5.1 The Effect of a Higher Concentration of Tetracaine on Ca2+Fluxes

In the steady state, the flux of Ca2+ into the cell in Fig. 5.5 is minimally

affected by 100 JlM tetracaine. This is reflected by the fact that contraction

amplitude recovers towards the control level in the steady state (where influx and

efflux are balanced). Inhibition of the Ca2+ current may however contribute to

any reduction in the steady state amplitude of contraction below that observed

under control conditions, during prolonged exposure to tetracaine. This effect is

more obvious in Fig. 5.8, which illustrates the effect of 200 JlM tetracaine on

contraction and associated sarcolemmal currents and Ca2+ fluxes. Changes in

contraction amplitude during exposure to 200 JlM tetracaine follow a similar,

although somewhat exaggerated, pattern as observed with lower concentrations of

the drug. Exposure to 200 JlM tetracaine (indicated by the bar) eventually

produces a new steady state level of contraction, which is below the control level.

In this case, recovery time is also considerably prolonged. The associated lea

(Fig. 5.8B, top panel) is inhibited to a greater extent by tetracaine, thereby

reducing Ca2+ entry into the cell to a greater extent. In this case the Ca2+ current

integral was reduced to 62.1 % of the average control value by exposure to 200

JlM tetracaine. In the same cell a reduction in the magnitude of lea to 82.6 % of

the average control value was observed during exposure to 100 JlM tetracaine.

The decrease in Ca2+ current integral during exposure to 200 JlM tetracaine was
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Figure 5.8. The effect of 200 pM tetracaine on contraction and membrane current.

A, time course of cell shortening in response to electrical stimulation elicited by 200 rns

depolarising steps to 0 mV from a holding potential of -40 mY. Tetracaine (200 11M)was applied

as indicated by the bar. B, specimen records of membrane current (top) and cumulative integral

(bottom). The records were obtained at the times (a - d) shown inA. The records in a and bare

the averages of 10 and 5 pulses respectively. Single pulses are shown in c and d.
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reflected by a reduction in the steady state amplitude of contraction to 54.8 % of

the control level, in comparison to 85.5 % during exposure to 100 JlM tetracaine.

5.6 DISCUSSION

The most striking feature of the results obtained in this study is the transient

nature of the inotropic effects of tetracaine. Tetracaine transiently suppresses

electrically stimulated contraction and systolic [Ca2+]i transients, and its removal

is associated with a transient elevation of contraction and [Ca2+]i transient

amplitude above the control level. These experiments were designed to

investigate the mechanism by which tetracaine achieves these inotropic effects in

rat ventricular myocytes. It has been shown that the transient effects of tetracaine

addition and removal cannot be accounted for by changes of ICa, but are likely to

be due to a combination of inhibition of CICR and increasing SR Ca2+ content.

During normal excitation-contraction coupling, Ca2+ ions are released from

the SR by Ca2+ -induced release, triggered by Ca2+ entry through voltage-gated

sarcolemmal Ca2+ channels. The concentrations of tetracaine used in this study

decrease Ca2+ entry slightly, by direct inhibition of the L-type Ca2+ current [75,

81]. However, it has been shown that this effect cannot account for the transient

nature of the depression of contraction, and the effects of tetracaine are therefore

likely to reflect predominantly a decrease in the ability of ICa to stimulate Ca2+

release from the SR. Qualitatively, the biphasic nature of the effects of tetracaine

are similar (but in the opposite direction) to those found for low concentrations of

caffeine [158, 284]. Caffeine produces a transient increase of systolic contraction

and [Ca2+]i transient followed by a decay back to control levels. On removal of
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caffeine, there is an undershoot of the contraction and [Ca2+]j transient amplitude

before recovery of the steady state control level. The transient increase on

application of caffeine was explained as resulting from a stimulation of CICR

[284]. Its effects are only transient because the increased release decreases the SR

Ca2
+ content. This hypothesis has recently received quantitative support [371].

5.6.1 Measurement of Sarcolemmal Fluxes and SR Ca2+ Content during

Tetracaine Exposure.

This work has examined the balance of Ca2+ fluxes across the membrane

during the application of tetracaine. This was achieved by comparing the

magnitude of Ca2+ entry during the depolarising pulse, via the L-type Ca2+

current, with Ca2+ efflux on repolarisation. The initial effect of applying

tetracaine on sarcolemmal fluxes is to decrease the Ca2+ efflux (as a result of the

decreased [Ca2+]j transient), and to increase slightly Ca2+ entry into the cell. Peak

lea is actually decreased, however the depressed Ca, transient reduces the effect of

Ca2+-induced inactivation of the L-type Ca2+ current with the result that the

integral of this current is transiently increased, overcoming the small direct

inhibitory effect of tetracaine on lea. This causes a net predicted accumulation of

cell Ca2+ on each stimulus, in contrast with the flux balance observed under

control conditions. The increase of SR Ca2+ content can be calculated from the

net integral. The results (Fig. 5.6) show that there is a gradual increase of cell

Ca2+ content on each twitch in tetracaine, until a new balance is achieved when

efflux again equals influx. This results from the increase of Ca2
+ efflux due to the

gradual increase of the systolic Ca2+ transient. On removal of tetracaine the
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inhibitory effect on CICR is removed and the larger SR Ca2
+ content produces a

larger systolic Ca2+ release than in the control steady state. As a consequence of

this Ca2+ efflux from the cell is also increased above control levels. This results in

the gradual decrease of SR Ca2+ content until the final control steady state is re-

established.

The changes of SR Ca2+ content referred to above were calculated from the

integrated current records. This method has the advantage that an estimate of

change of SR content can be obtained after each pulse. The method is, however,

rather indirect and, in particular makes no allowance for changes of fluxes

between pulses. Proof that this is a valid method is given by the fact that (i) under

control conditions and in the steady-state in tetracaine, influx and efflux balance,

and (ii) the increase of SR Ca2+ content estimated by this method agrees

quantitatively with that measured directly by applying 20 mM caffeine to release

all the SR Ca2+ content (Fig. 5.7). The measurement of increased SR Ca2+ content

is also in agreement with the results of Komai et a/ who demonstrated that the

cooling contracture was increased by the related local anaesthetic procaine [215].

5.6.2Changesof the GainoICICR.

The present data show that tetracaine decreases the amount of Ca2+ release

from the SR in response to a given size of Ca2+ current. In other words tetracaine

decreases the gain of CICR (See Introduction 1.8). This effect is then overcome

by an increase of SR Ca2+ content. The increase of SR Ca2+ release by an increase

of SR Ca2+ content is in agreement with previous work [25, 157, 245]. It is

interesting to note that the fractional recovery of contraction is greater than that of
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the SR Ca2+ content. This presumably reflects the combination of (a) the steep

relationship between [Ca2+]j and contraction and (b) the fact that increasing SR

Ca2+ content produces a fractionally larger increase of Ca2+ release [25, 372].

Increased Ca2+ flux has been demonstrated in isolated RyR reconstituted in lipid

bilayers when luminal Ca2+ is increased [368].

5.6.3 Implications/or Other Work.

The results of this paper have shown that tetracaine, despite having a

maintained depressant effect on CICR, has only a transient effect on the

magnitude of the systolic Ca2+ transient. This is consistent with the transient

effects of caffeine on systolic Ca2+ [284, 370). The argument put forward to

explain the effects of tetracaine should also apply to other compounds that inhibit

Ca2+ release. As long as inhibition of Ca2+ release is not complete, the mechanism

by which it occurs (i.e. direct blockade of the pore vs. effects on gating) should

not influence the result. These observations have two consequences. (i) If one is

looking to see whether a compound affects CICR then the magnitude of the

systolic Ca2+ transient or contraction is an inappropriate measure (at least in the

steady-state). Indeed if the compound acts slowly then the changing SR Ca2+

content will ensure that no effect will be seen. To overcome this, it is necessary to

measure SR Ca2+ content at the same time. Alternatively, one can make use of the

fact that compounds which affect CICR (like tetracaine), although having no

steady-state effect on the magnitude of the stimulated contraction, produce a

steady-state effect on the frequency of spontaneous SR release (See Chapter 3)

[157, 294]. (ii) These results and those of Trafford et al [371] suggest that the
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maintained inotropic effects of substances such as cyclic ADP ribose [301] or

phosphorylation of the ryanodine receptor [107] cannot simply be attributed to

effects on CICR and it is likely that these agents affect other processes as well.

Tetracaine has well known effects on the L-type Ca2+ current [81], and in

this study this effect has been shown to result in a maintained depression of

steady-state contraction amplitude following recovery from the initial transient

depression of contraction below the steady state amplitude (200 J,lMtetracaine

Fig. 5.8). These effects are more pronounced with increasing tetracaine

concentration, being less severe during exposure to 100 J,lMin comparison with

200 J,lMtetracaine. There are two possible mechanisms whereby changing the

magnitude of the L-type Ca2+ current can cause maintained effects on the steady

state contraction amplitude. i) Increasing the Ca2+ current will increase the trigger

for CICR, thereby stimulating Ca2+ release and the amplitude of contraction, and

decreasing lea will decreased the trigger. ii) An increase of Ca2+ entry during each

pulse will limit any decrease of SR Ca2+ content, or if decreased will exacerbate it.

Is it possible that agents that activate SR Ca2+ release and apparently cause a

maintained increase in systolic contraction also stimulate the Ca2+ current, thereby

increasing the trigger for Ca2+ release from the SR further and limiting SR Ca2+

loss, as a consequence of the increased Ca2+release.

Anything that affects the balance between SR Ca2+ uptake and Ca2+

extrusion from the cell will also alter the effect of CICR modulation on SR Ca2+

content. The maintained effect of FK506 on systolic [Ca2+]j and contraction has

been attributed to inhibition of Na+/Ca2+ exchange [251] and changes in the

duration of the action potential [108].
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CHAPTER6

POST-REST POTENTIATION, SR Ca2+CONTENT AND THE

EFFECT OF TETRACAINE

Contractile force is graded predominantly by Ca2+ entry through the

sarcolemma and its release from the sarcoplasmic reticulum (SR). Alterations in

the contributions of these two sources to the stimulation of contraction can explain

the interval-force relationship in the mammalian heart. Studies of frequency and

rest-dependent changes in contraction amplitude have been a valuable tool in

understanding Ca2+ handling by the SR. When test intervals are longer than the

regular stimulation interval and force is increased above the steady state value, it

is referred to as post-rest potentiation. Post-rest potentiation is an interesting

aspect of Ca2+ handling, which is demonstrated very clearly in the rat. In rat

ventricular myocytes, the first few contractions elicited after a period of rest are

increased in magnitude. The contraction amplitude then decays in a ''negative

staircase", with an exponential time course, eventually resulting in the recovery of

the pre-rest steady state contraction amplitude (Fig. 6.1). The degree of rest

potentiation is also strongly dependent upon the rate of stimulation (Fig. 6.1b),

although the apparent increase of potentiation observed at higher stimulation

frequencies may reflect predominantly increased mechanical restitution and be

less dependent on changes in Ca2+ handling by the SR.

It has long been established that rest potentiation can be attributed largely to

effects on SR Ca2+ handling, but exactly which aspect of this system and its
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regulators produces the potentiation remains disputed. It could represent a change

in the availability of Ca2+ that can be released (a longer interval allowing transfer

of Ca2+ from uptake to release sites in the SR) [244]. a change in the fraction of

SR Ca2+ released [41]. as a consequence of recovery of channels (lea or RyR)

from inactivation, or a change in the SR Ca2+content [276], and therefore the gain

of the Ca2
+ release mechanism. The role of these mechanisms remains

unresolved.

Studies have investigated the effect of rest periods on the cardiac cellular

Ca2+ content using extracellular Ca2+ sensitive micro-electrodes to monitor Ca2+

movement across the sarcolemma [38, 250, 324]. These studies have revealed

that rest is associated with a depletion of extracellular Ca2+ in rat myocytes [324],

consistent with increased intracellular Ca2+being responsible for the characteristic

potentiation of contraction following a period of rest. Conversely, rabbit

demonstrates a depletion of extracellular Ca2+ during stimulation and extrusion of

Ca2+ during rest [250, 324], probably as a consequence of Ca2+ efflux on the

Na+/Ca2+exchanger [356]. 45Ca2+exchange measured in rat atrial strips revealed

no apparent change in 45Ca2+flux during rest, despite observing potentiation of

contraction [244]. Rapid cooling contracture and caffeine-induced contracture

have been used to estimate SR Ca2+content in a number of studies. Both these

techniques have their limitations and have produced inconsistent results, some

investigators observing an apparent increase in SR Ca2+content in parallel with

potentiation of contraction in rat [19, 39, 44], and others reporting no apparent

change in SR Ca2+content [28,41,244] using these techniques. The effect of rest

interval on the release of Ca2+from the SR has been investigated in guinea-pig,
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using the caffeine-induced Na+ICa2+ exchange current, measured under voltage-

clamp, to quantify changes in SR Ca2+content with rest [364]. The results of this

investigation showed that there is a decay of SR Ca2+ content associated with the

characteristic rest-induced negative inotropy in this species. Negretti et al [275]

demonstrated that rest-potentiation in rat ventricular myocytes was correlated with

changes in the amount of Ca2+ stored in the SR, by measuring changes in trans-

sarcolemmal fluxes of Ca2+. They compared the changes in SR Ca2+ content,

measured directly from caffeine-induced Na+/Ca2+ exchange currents, caused by

switching from short to long pulses, and correlated these with changes in

sarcolemmal Ca2+ fluxes. However, they did not provide direct evidence of an

increase in the SR Ca2+ content during rest, using the caffeine-evoked current

technique. There are no reports of using this well-established technique to

directly examine changes in SR Ca2+ content associated with the rest-induced

potentiation of contraction observed in the rat.

6.1 AIMS OF THIS CHAPTER

This work examines the phenomenon of post-rest potentiation in voltage-

clamped rat ventricular myocytes. The effects of rest on the peak amplitude and

integral of the L-type Ca2+ current (lea), responsible for triggering the first post-

rest beat were investigated, along with the effect of rest interval on SR Ca2+

content, using caffeine-evoked Na+/Ca2+ exchange current integrals. To further

investigate the role of the SR in rest potentiation the effect of tetracaine exposure

on this phenomenon was also examined. If changes in SR Ca2+ content are

responsible for rest potentiation, inotropic interventions that affect SR Ca2+
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handling are likely to affect the degree of potentiation. The basis of the changes

induced by this inotropic intervention is also discussed.

6.2 THE FREQUENCY DEPENDENCE OF REST POTENTIATION

Figure 6.1 illustrates the effect of stimulation frequency on the degree of

rest-potentiation. Contraction was elicited, under voltage-clamp, by 100 ms

pulses to 0 mV from a holding potential of -40 mV. It is clear that a period of rest

interrupting a train of stimulation transiently increases the amplitude of the first

contraction when stimulation is resumed at both 0.5 Hz and 1 Hz stimulation

frequency. The degree of potentiation appears to be greater at the higher

stimulation frequency. Post-rest contraction was 323.8 % of the pre-rest steady

state at 1 Hz stimulation frequency, in comparison to a post-rest twitch

potentiation of only 54.7 % at 0.5 Hz stimulation. However, it is important to

note that the steady state contraction amplitude at the higher stimulation

frequency is depressed to 50.1% of the pre-rest steady state amplitude at the lower

stimulation frequency. This was accompanied by a decrease in the magnitude of

peak Ica and its integral to 57.9% and 67.4% respectively, of the pre-rest steady

state values at 0.5 Hz stimulation. This suggests that the limited time between

stimuli at the higher frequency does not allow full recovery from inactivation of

Ca2+ channels. The potentiation of contraction was accompanied by an increase in

peak Ca2+ current of 30.5 % during 0.5 Hz stimulation and 80.3 % at 1 Hz. This

suggests that recovery of Ca2+ channels from inactivation, thereby enabling them

to pass increased peak Ca2+ current during depolarisation, could account for at

least some of the rest potentiation observed.
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Figure 6.2. The effect of stimulation frequency on SR Ca2+ content

20 mM Caffeine was applied for the periods indicated by the bar, immediately after stimulation

was stopped. Traces show current (top) and integrated current (bottom).
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Figure 6.2 shows the effect of stimulation frequency on caffeine-evoked

Na+/Ca2+exchange currents. These are related to SR Ca2+ content as described

previously (Section 2.6.2 [63, 383]). It is clear that the SR Ca2+ content is

increased during higher frequency stimulation. This may be a consequence of an

increase of time-averaged Ca2+ influx across the sarcolemma, activated by the

more frequent depolarising pulses, providing more Ca2+ to the SR. This is in

contrast to the results of Bouchard and Bose [53] who found no significant change

in the SR Ca2+ content with increasing stimulation frequency. This may simply

reflect differences in the sensitivity of the techniques used to assess the SR Ca2+

content, RCCs versus INacaintegral in this study. The gain of CICR should be

increased with increased SR Ca2+ content [25, 166, 195,235, 315, 343,344], yet

the increased stimulation frequency has a negative inotropic effect in rat ventricle.

This supports the hypothesis that the reduced Ca2+current and ability of the SR to

refill between depolarising pulses may limit twitch amplitude at high stimulation

frequencies. The negative force frequency relationship in the rat is clearly not a

result of reduced global SR Ca2+ loading. Instead it may reflect rate dependent

changes in the coupling of excitation and contraction or in the amount of Ca2+

available to release sites in the SR. The steady state twitch amplitude is clearly

not a reliable indicator of SR Ca2+ content in the rat.

6.3 THE EFFECT OF REST ON THE MAGNITUDE OF CONTRACTION AND Ie. PEAK

AND INTEGRAL

Isolated rat ventricular myocytes were superfused with a control 2 mM Ca2+

Tyrode solution and voltage-clamped at a holding potential of -40 mY. 100 ms or
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200 ms duration pulses to 0 mV were used to elicit contraction. Periods of rest of

between 15 and 30 s interrupted stimulation, and the effect of this rest period on

contraction amplitude, peak Ca2+ current and its integral were determined. Figure

6.3 illustrates mean data showing the effect of a 15 s rest interval on the

normalised Peak lea (A), lea integral (B) and contraction amplitude (C) of the first

post-rest beat. It is clear that rest transiently increases the amplitude of

contraction by 35.2 ± 4.8 % of the control amplitude (P < 0.001, n = 9), which

eventually recovers to the pre-rest steady state level. The peak amplitude of lea

was increased slightly from 00457 ± 0.093 to 0.490 ± 0.101 nA following a 15 s

rest interval (P < 0.05, n = 9). The integral of lea was reduced very slightly on

average from 4.319 ± 0.231 to 4.178 ± 0.250 umol.l" with a 15 s rest (P > 0.05, n

= 9). Although the integral of lea was not significantly changed following a 15 s

rest interval, the peak of the Ca2+ current was significantly increased, and may

contribute to the potentiation of contraction observed.

Figure 6.4 illustrates the effect of a 30 s rest on the peak lea (A), lea integral

(B) and contraction amplitude (C) of the first post-rest beat normalised with

respect to the pre-rest values. Contraction amplitude was increased by 4004 ± 3.3

% following a 30 s rest interval (P < 10-6, n = 10). Peak lea was increased from

00453 ± 0.086 to 00489 ± 0.092 nA after a 30 s rest (P < 0.01, n = 10), while the

integral of lea was decreased slightly from 4.254 ± 0.230 to 4.138 ± 0.270 umol.l"

(P > 0.05, n = 10). Once again the peak of Ca2+ current was significantly

increased. Since this is thought to represent the trigger for CICR, its increased

magnitude, probably a result of increased recovery of Ca2+ channels from
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Figure 6.3. The effect of a 15 s rest interval on ICII and contraction.
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Mean data ± S.E.M. showing the effect of rest on; A, the peak of lea; B, the integral of lea; and C,

contraction amplitude. All results were normalised with respect to the pre-rest values (n = 9 for

all). * and ** indicate significance at the 5 % and 1 % level respectively.



162 Chapter 6

A B
*1.2 1.2 "@

'" 6hu 1.0 1.0- d)

~ -s::
~ 0.8 0.8 -'"c, u-"0 0.6 0.6d) "0f/l d)
._- 0.4 .~ro 0.4
E "@

0 0.2 0.2 E
Z 0

Z0.0 0.0
pre- 30 s post- pre- 30 s post-
rest rest rest rest rest rest

c
**

s:: 1.40._- 1.2Co)
ro
1-0- 1.0c::
0
U 0.8
"0
d) 0.6.~
{; 0.4
E 0.20
Z 0.0

pre- 30 s post-
rest rest rest

Figure 6.4. The effect of a 30 s rest interval on Iell and contraction.

Mean data ± S.E.M. showing the effect of rest on; A, the peak of Ica; B, the integral of Ica; and C,

contraction amplitude. All results were normalised with respect to the pre-rest values (n = 10 for

all). * and ** indicate significance at the 5 % and 1% level respectively.
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inactivation, will contribute to the potentiation of contraction, even at this low

stimulation frequency.

The degree of potentiation appears to be only slightly affected by increasing

the duration of the rest period. Twitch amplitude was increased by 35.2 ± 4.8 %

after 15s and by 40.4 ± 3.3 % following 30 s rest. This could be because some

cells exhibited spontaneous Ca2+ release during the longer rest periods, limiting

the accumulation of Ca2+ by the SR. Alternatively, the potentiated contraction

observed after a period of rest may represent the maximum contraction possible

because the myofilaments are approaching saturation with Ca2+ and demonstrate

smaller changes in twitch amplitude for a given increase in [Ca2+]i transient. This

is quite likely under the conditions of these experiments of low stimulation

frequency and high [Ca2+]o.

6.4 THE EFFECT OF REST ON THE SR Ca2+ CONTENT

By applying caffeine at intervals of between 2 and 30 seconds after the last

steady state twitch, the SR Ca2+ content was estimated and compared at the

different rest intervals. Figure 6.5 illustrates preliminary results, showing the SR

Ca2+ content of a cell rested for the periods indicated above the figure. The

caffeine-evoked inward INaca currents (upper panel) and their integrals (lower

panel) are shown as an index of SR Ca2+ content immediately following steady

state stimulation pre-rest, following a 15 s rest interval and post-rest in the steady

state. Figure 6.6 shows mean data of the increase in SR Ca2+ content experienced

following 15 s and 30 s rest intervals. The SR Ca2+ content increased significantly

during a rest period (12.5 ± 1.3 % following 15 s rest and 18.6 ± 2.6 % following
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30 s rest, P < 0.01, n = 9 and 6 respectively). This is in agreement with a resting

influx of Ca2+ in rat ventricular myocytes [276, 324], and the results of

Lewartowski et aI, who demonstrated that SR Ca2+ depleted rat myocytes can re-

accumulate Ca2+ even if the cell is not stimulated [238]. The fact that the SR does

not continue to accumulate Ca2+ at the same rate after a 15 s rest (or the 30 s SR

Ca2+ content would be increased by twice that of a 15 s rest) can be explained by

the presence of spontaneous SR Ca2+ release during the extended rest period in

some cells.

The extra Ca2+ accumulated during this period of rest must be lost before the

post-rest steady state can be re-established. This is clearly illustrated in Figure

6.7, which shows raw membrane currents and the integrals of ICa and INaca in

terms of Ca2+ fluxes (See Section 2.6.2 & Chapter 5) for averaged steady state

pulses during the pre-rest (a) compared to the first beat post-rest (b) and steady

state post-rest (c). During the potentiated contraction, Ca2+ efflux clearly exceeds

Ca2
+ entry during depolarisation. The cell extrudes approximately 2 umol.l" extra

Ca2+ on the first beat and will continue to extrude the remaining Ca2+ on

subsequent beats until Ca2+ efflux and Ca2+ influx balance in the steady state as

described in Chapter 5.

6.5 THE EFFECT OF TETRACAINE ON REST POTENTIATION

The investigations were extended where possible to include analysis of the

effect of tetracaine on the degree of rest potentiation and associated membrane

currents. Figure 6.8 shows the potentiation of contraction observed following a

15 s rest interval (A) under control conditions and (B) during exposure to 100 IlM
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Figure 6. 7. The effect of a 15 s rest interval on membrane currents and ctl+fluxes.

Traces show current (top), integrated current (middle) and contraction (bottom) elicited by 200 ms

pulses form a holding potential of -40 mY to 0 mY at a frequency of 0.5 Hz: A, following a

period of steady state contraction pre-rest (average of 5 pulses); B, after a 15 s rest (single pulse);

C, immediately after a period of steady state contraction post-rest (average of 5 pulses).
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tetracaine. It is clear from Fig. 6.8 that contraction amplitude appears to be

slightly suppressed during exposure to tetracaine, but despite this, the first post-

rest contraction is increased beyond the level of the control steady state

contraction. The amplitude of steady state contractions in the presence of 100 J..LM

tetracaine was reduced to an average of 70.9 ± 6.0 % (n = 5) of the control

amplitude. This was accompanied by a reduction ofIea integral to 85.9 ± 3.6 % of

the control value (n = 5, P < 0.05) and peak leawas reduced to 60.5 ± 3.6 % of the

control (n = 5, P < 0.05). The reduction in the amplitude of contraction is clearly

correlated with a reduction of both peak lea and its integral suggesting that both

have a significant role in grading the amount of Ca2+ released from the SR and the

degree of contraction activated.

Despite the negative inotropic effects of tetracaine the degree of rest

potentiation observed was increased. Figure 6.9 illustrates mean data showing the

effect ofa 15 s rest interval on (from left to right) peak lea (A), lea integral (B) and

contraction amplitude (C). Figure 6.10 shows the mean effect of a 30 s rest

interval on the same parameters. After a 15 s rest the first contraction was

increased by 86.7 ± 21.1 % compared with the pre-rest steady state contraction

amplitude in tetracaine. Similarly, following a 30 s rest, the first post-rest

contraction was increased by 94.4 ± 8.1 % above the pre-rest steady state value.

There appears to be no significant increase in the degree of rest potentiation with

increasing duration of the rest interval beyond 15 s, as is also observed under

control conditions. As under control conditions, the large increase in contraction

amplitude following 15 s and 30 s rest intervals is accompanied by a small but



170 Chapter 6

A B
*1.2 1.2

~
'" 6bu 1.0 1.0- Il.)

~ ~c::
'" 0.8 0.8 -Il.) '"c, U
'"0 -Il.) 0.6 0.6 '"0en Il.)
._
~ 0.4 0.4 en._
E ~
0 0.2 0.2 §
Z 0

0.0 0.0 Z

pre- 15 s post- pre- 15 s post-
rest rest rest rest rest rest

c
*

c::
.9 2.0~o
'"'"" 1.6~c::
0
U 1.2
'"0
Il.)
en 0.8
._-'"E 0.40
Z 0.0

pre- 15 s post-
rest rest rest

Figure 6.9. The effect of a 15 s rest interval on Ie" and contraction during exposure to 100 #M

tetracaine.

Mean data ± S.E.M. showing the effect of rest on; A, the peak of ICa; B, the integral of Ica; and C,

contraction amplitude. All results were normalised with respect to the pre-rest values (n = 5 for

all). * indicates significance at the 5 % level.
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Figure 6.10. The effect ofa 30 s rest interval on ICIl and contraction during exposure to 100 pM

tetracaine.

Mean data ± S.E.M. showing the effect of rest on; A, the peak of lca; B, the integral of lca; and C,

contraction amplitude. All results were normalised with respect to the pre-rest values (n = 5 for

all). * and ** indicate significance at the 5 % and 1% level respectively.
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statistically significant increase in peak lea (P < 0.05, n = 5 for both) and an

insignificant decrease oflea integral (P> 0.05, n = 5 for both).

Tetracaine also appears to speed up recovery of the steady state contraction

amplitude. This is clearly illustrated by the fact that only the first beat post-rest

appears to be potentiated in Fig. 6.8. Figure 6.11 shows the Ica and INaca,and their

integrals, of averaged pre-rest steady state pulses compared with the first beat

post-rest and steady state post-rest. This can be attributed to activation of a very

large Ca2+ transient and contraction, which activates a large Ca2+ efflux on the

Na+/Ca2+exchanger, thereby rapidly reducing the SR Ca2+ content to the steady

state level.

6.6 THE EFFECT OF REST INTERVAL ON SR Ca2+ CONTENT DURING EXPOSURE

TO TETRACAINE

In two cells, it was possible to determine the SR Ca2+ content following

defined rest periods. Figure 6.12 illustrates the effect of rest on caffeine-evoked

Na+/Ca2+ exchange currents and their integrals as a measure of the SR Ca2+

content during exposure to tetracaine. It is clear that a 15 s rest increased the

magnitude of the inward current associated with Ca2+ extrusion from the cell (its

integral) during exposure to 20 mM caffeine, indicating that the SR Ca2+ content

is increased during a rest interval in the presence of tetracaine.

Agents that suppress Ca2+ accumulation by the SR, e.g. caffeine and

ryanodine, are often referred to as inhibitors of the SR. This is a misleading term,

as it does not describe their actions fully, failing to specify whether they affect

Ca2+ release, uptake or accumulation. In fact both caffeine and ryanodine can
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a

Figure 6.11. The effect of rest on membrane currents and Ca1+fluxes during exposure to 100

pM tetracaine.

-4

o

200ms

Traces show current (top), integrated current (middle) and contraction (bottom) elicited by 200 ms

pulses from a holding potential of -40 mY to 0 mY at a frequency ofO.5 Hz: A, following a period

of steady state contraction pre-rest (average of 5 pulses); B, after a 15 s rest (single pulse); C,

immediately after a period of steady state contraction post-rest (average of 5 pulses). 100 JJM

tetracaine was continuously present during this period
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stimulate Ca2+ release from the SR thereby affecting accumulation of Ca2+. It is

through this activity that this type of SR inhibitor can reduce post-rest

potentiation. Inhibitors of SR Ca2+ release, such as tetracaine, on the other hand,

could enhance potentiation, by increasing SR Ca2+ accumulation. The SR Ca2+

content was increased from the steady state pre-rest Ca2+ content of 174.5 umol.l"

to 193.2 umol.l" following a 15 s rest during exposure to tetracaine. This

increase of 18.7 umol.l' is slightly higher than that observed during a 15 s rest

under control conditions of 16.4 umol.l" in the same cell.

In these experiments basic observation suggests that low concentrations of

tetracaine may enhance post-rest potentiation, despite its well-characterised

transient negative inotropic effects on contraction under these conditions [295].

At least some of the potentiation of contraction following a period of rest under

these conditions could be attributed to an increase in SR Ca2+ content. The ability

of tetracaine to enhance post-rest potentiation may be a consequence of increased

Ca2+ accumulation by the SR in the presence of this release inhibitor. This could

be a consequence of reduced SR Ca2+ leak in the absence of any effect on SR Ca2+

uptake or an increase of SR Ca2+ uptake by stimulating the SR Ca2+-ATPase. The

following results describe a more direct approach to estimating the ability of

tetracaine to enhance SR Ca2+ accumulation.

6.7 THE EFFECT OF TETRACAINE ON SR Ca2+ ACCUMULATION

The effect of tetracaine on SR Ca2+ accumulation in un-stimulated rat

ventricular myocytes was achieved by applying 20 mM caffeine to myocytes to

empty the SR of Ca2+, and varying the loading time between successive caffeine
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exposures. The Na+/Ca2+ exchange current activated by caffeine was used to

calculate SR Ca2+ content at the intervals tested, revealing the pattern of Ca2+

accumulation. This protocol was used under control conditions and during

exposure to 100 IlM tetracaine in the same cell to allow a statistical comparison of

the rates of Ca2+ accumulation. In all five cells analysed increasing the loading

time between successive caffeine exposures increased the SR Ca2+ content, so

long as the cell remained quiescent. This is again consistent with the observation

by Lewartowski et al, who demonstrated that SR Ca2+ depleted rat myocytes can

re-accumulate Ca2+ even if the cell is not stimulated [238]. Figure 6.13A shows a

typical record of the increase in SR Ca2+ content with time under control

conditions and during exposure to 100 IlM tetracaine. The increase in Ca2+

content was found to be linear over the period for which the cells remained

quiescent under control conditions and during exposure to 100 IlM tetracaine. In

this cell spontaneous oscillations occurred between 90 and 120 s under control

conditions and between 150 and 180 s during exposure to tetracaine. The linear

range of SR Ca2+ accumulation was subjected to regression analysis to provide a

value for the rate of Ca2+ accumulation in each cell. Figure 6.13B illustrates mean

data from the regression analysis showing the effect of 100 IlM tetracaine on the

rate of Ca2+ accumulation in the SR. SR Ca2+ accumulation was increased from

0.776 ± 0.182 umol.l'l.s" under control conditions to 0.920 ± 0.226 umol.I'l.s"

during exposure to 100 IlM tetracaine (n = 5, P < 0.05). So it appears that the

ability of tetracaine to enhance Ca2+ accumulation by the SR, possibly as a

consequence of reducing Ca2+ leak through RyRs, could contribute to its ability to

enhance post-rest potentiation. However, the difference in the rate of
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Figure 6.13. The effect of tetracaine on the rate of ctl+ accumulation by the SR in un-

stimulated voltage-clamped rat ventricular myocytes.

A, representative graph showing: ordinate, SR Ca2+ content from caffeine-evoked inward current

at holding potential of -80 mY; abscissa, time (s). B, bar chart showing the mean data ± S.E.M. of

the effect of tetracaine on the linear rate of SR Ca2+ accumulation by the SR in un-stimulated

myocytes (P < 0.05, n = 5). Data was normalised with respect to control to eliminate the effect of

variations in the control rate of Ca2+ accumulation.
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accumulation observed here can only account for an extra SR Ca2+ accumulation

of2.2 umol.l" over a 15 s rest interval, and such a small difference seems unlikely

explain the extent of potentiation seen.

6.8 DISCUSSION

Increasing the frequency of stimulation had a negative inotropic effect in

isolated rat ventricular myocytes under the experimental conditions of this study.

Paradoxically the increased frequency of stimulation also produced an increase in

SR Ca2+ load of the cell. This is probably the result of increase time averaged

Ca2+ influx through more frequently activated L-type Ca2+ channels and perhaps

reduced Ca2+ extrusion because of the limited time between depolarising pulses.

An increased SR Ca2+ content would be expected to increase the gain of the Ca2+

release process [25, 166, 195, 235, 315, 343, 344], such that more Ca2+ will be

released for a given amplitude of trigger [Ca2+]j. A number of factors could

explain the negative inotropic effect of increased stimulation frequency. Firstly,

reducing the time between depolarising pulses decreases the time available for the

recovery of channels (both sarcolemmal L-type Ca2+ channel and SR RyR) from

inactivation. A reduction in the peak amplitude of the L-type Ca2+ current

corresponds almost exactly to the reduction in twitch amplitude observed.

However, it is necessary also to consider the increased SR Ca2+ content under this

condition, which would be expected to result in increased Ca2+ release for the

same trigger ICa. There may be some contribution of time-dependent refilling of

the release sites of the SR Ca2+ store. Perhaps this is consistent with the results of

Orchard and Lakatta [292], who proposed that the depression of twitch with
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increasing stimulation frequency in rat myocardium might be due to the fact that

replenishment of the SR with Ca2+ is inversely related to stimulation frequency.

After a period of rest, the enhancement of post-rest potentiation observed at the

higher stimulation frequency could therefore be accounted for by increased

recovery of Ca2+current and full replenishment of SR Ca2+release sites.

6.8.1 Rest Potentiation is Associated with an Increase of SR Ca1+Content

Despite that fact that rest decay has been successfully correlated with a

depletion of SR Ca2+ with rest, investigations of the effect of rest on SR Ca2+

content of rat ventricle have produced inconsistent results using the techniques of

measurement of rapid-cooling and caffeine-induced contracture. Rapid-cooling

inhibits Ca2+ uptake by the SR Ca2+-ATPase and Ca2+ removal from the cell by

Na+/Ca2+exchange and the sarcolemmal Ca2+-ATPase, such that Ca2+ that leaks

from the SR will not be removed rapidly as it is at normal temperatures, and will

activate contraction [58]. A possible limitation of this technique is that the Ca2+

sensitivity of myofilaments is also reduced in the cold [167], such that small

changes in the SR Ca2+content may be masked, because the extra Ca2+ released is

not enough to produce measurable difference in contraction at low temperature.

Furthermore, measurement of contracture also suffers from the difficulty of

measuring cell length accurately and relies on the assumption that the

myofilaments are not approaching saturation by the amount of Ca2+ released from

the SR. The use of caffeine-induced contracture as an index of SR Ca2+ content

relies strongly on the ability to prevent removal of Ca2+ from the cytosol.

Caffeine also enhances the Ca2+ sensitivity of the myofilaments [395] such that
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small changes in released Ca2+ may be exaggerated. In the experiments described

here a period of rest caused potentiation of contraction, and this was associated

with an increased SR Ca2+ content, as assessed by the caffeine-evoked Na+/Ca2+

exchange current. These results provide direct evidence that an increase in SR

Ca2+ content during intervals of rest could explain the phenomenon of rest

potentiation in rat ventricle.

6.8.2 Increasing the Rest Interval does not change the Apparent Degree of

Potentiation

Increasing the period of rest from 15 s to 30 s did not cause further

enhancement of the rest-potentiation. This may be in agreement with previous

reports of saturation of the SR with Ca2+ [53]. This was also suggested by the

observation that a number of cells exhibited spontaneous release of Ca2+ during

the longer rest periods, preventing the further increase of SR Ca2+content.

However, the SR Ca2+ content was increased more on average during a 30 s

rest interval in comparison with the 15 s rest (See Fig. 6.6). An alternative

explanation as to why potentiation of contraction is not enhanced further during a

30 s rest interval is needed. During the potentiated twitch the myofilaments may

be approaching saturation with Ca2+ in these cells, such that increments in [Ca2+]i

transient are not detectable in the amplitude of contraction. This would explain

why the potentiated twitch was always of similar amplitude at different

stimulation frequencies and during exposure to tetracaine. This is serious

limitation to the interpretation of these results, since it is now clear that the degree
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of twitch potentiation observed from a contraction record may not be an accurate

indication of systolic Ca2+release from the SR.

The decay of potentiation was enhanced In the presence of tetracaine

because the potentiated twitch under these conditions activated more Ca2+

extrusion, speeding up the recovery of the steady state SR Ca2+ content. This

suggests that during exposure to tetracaine more Ca2+ was released from the SR

during the first post-rest beat than under control conditions, thereby activating

more Ca2+ extrusion on the Na+/Ca2+exchanger. However, the potentiated twitch

during exposure to tetracaine was of similar amplitude to that observed under

control conditions, lending support to the hypothesis that the myofilaments may

be approaching saturation during the potentiated twitch.

6.8.3 Enhancement of Rest Potentiation by Tetracaine

Tetracaine appears to enhance post-rest potentiation. This is consistent with

the ability of the related drug cocaine to enhance post-rest potentiation despite

having a negative inotropic action on steady state stimulated contraction in this

muscle preparation [78]. Agents that suppress Ca2+ accumulation by the SR, e.g.

caffeine and ryanodine, have been shown to reduce or abolish post-rest

potentiation [264]. Inhibitors of SR Ca2+ release, such as tetracaine, on the other

hand, could increase SR Ca2+ accumulation and this could explain their ability to

enhance rest potentiation. This study has provided evidence that tetracaine can

enhance the accumulation of Ca2+ by the SR. However, the increased

accumulation of Ca2+ could only account for a small increase of SR Ca2+ content
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above that observed under control conditions, and is therefore unlikely to explain

the ability of tetracaine to enhance post-rest potentiation fully.

During exposure to tetracaine there is an increase in the steady state SR Ca2+

content (See Chapter 5). At increased SR Ca2+ content the Ca2+ current could be

more efficient at eliciting Ca2+ release due to the increased gain of the CICR

mechanism, so the effect of any recovery of peak Ca2+ current may be

exaggerated by increased gain. However, since the increase in SR Ca2+ content is

itself the result of the reduced gain of CICR due to inhibition of the RyR by

tetracaine, this is unlikely to be the case.

The enhanced ability to accumulate Ca2+ in the SR during exposure to

tetracaine may be a consequence of reduced leak of Ca2+ through RyRs. The extra

accumulation of Ca2+ was found to be an average of 0.144 umol.ll.s" in the

presence of 100 ~M tetracaine. This compares quite well with the calculated

unidirectional efflux of Ca2+ from rat SR of 0.32 ~M.S-l reported by Bassani and

Bers [29]. This was assumed to be primarily due to occasional opening of SR

Ca2+ release channels. The extra accumulation of Ca2+ during exposure to

tetracaine could therefore be accounted for by partial inhibition of RyR openings

and a reduction in the amount of time averaged Ca2+ efflux from the SR. This is

consistent with the observation that this concentration of tetracaine does not

produce complete inhibition of Ca2+ release, as evidenced by the recovery of

spontaneous [157, 294] (See Chapter 3 & 4) and stimulated contraction [295] (See

Chapter 5) during continued exposure to the drug.

The source of the Ca2+ that accumulates in the SR at rest is likely to be

extracellular Ca2+, which constantly leaks into the cell down its large
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electrochemical gradient. Most other species demonstrate rest decay and

depletion of the SR at rest, because the Na+/Ca2+exchanger or the sarcolemmal

Ca2+-ATPase rapidly extrudes any Ca2+ that leaks into the cytoplasm across the

sarcolemma or from the SR. The rat is known to possess a much higher

intracellular Na+ than most other species [324, 390], which imposes a bias on the

Na+/Ca2+exchanger in favour of Ca2+ entry and reduced Ca2+ efflux at resting

membrane potentials. This will be enhanced under the conditions of these

experiments, where the holding potential of --40 mV in most experiments will

further enhance this bias. Recent work by Ho Sook Choi has lent support to the

hypothesis that the resting influx of Ca2+in the rat can be attributed largely to a

Ne+ sensitive Na+/Ca2+exchange mechanism [90].
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CHAPTER 7

THE EFFECT OF METABOLIC INHIBITION ON Ca2+

HANDLING BY THE SR

The working heart rapidly consumes the energy supplied to it, and is

therefore strongly dependent on an uninterrupted supply of substrates, especially

oxygen, which cannot be stored. Myocardial Ischemia (reduced blood-flow to the

heart muscle) is one of the most common causes of serious illness and premature

death in developed countries. Its main cause is the obstruction of the coronary

arteries that supply the myocardium, and is synonymous with coronary heart

disease. Reduced blood flow deprives the heart muscle of oxygen and other

essential substrates, reducing mechanical performance and making the heart more

susceptible to lethal arrhythmias. Although the most important effect of

ischaemia is the lack of oxygen, ischaemia and hypoxia have different effects on

the myocardium [9]. This is probably due to the inability to remove metabolites

from the myocardium in the absence of adequate blood flow and consequent

inhibition of glycolysis. Exactly how the changes in ions and metabolites that

occur during ischaemia cause the changes in contractility is still uncertain, but it

may involve modulation of both the contractile proteins, generation of the action

potential and CICR.

In the absence of oxygen for oxidative phosphorylation anaerobic glycolysis

ensues. The end product of anaerobic glycolysis is lactate, which in absence of an

adequate blood supply will accumulate and eventually cause inhibition of
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anaerobic glycolysis and total metabolic blockade. Phosphate (Pi), adenosine

diphosphate (ADP) and adenosine monophosphate (AMP) are the products of

ATP hydrolysis and accumulate when oxidative ATP production ceases. When

the heart's ability to produce ATP is compromised, [ATP]i is expected to fall,

however, large changes in [ATP]i have not been observed in cells exposed to

metabolic inhibition [117]. Instead, there is a large fall in phosphocreatine (PCr)

and a large increase in inorganic phosphate (Pi) [8, 118]. Free [Mg2+]i is also

increased in the absence of ATP.

Intracellular acidosis has been attributed to the accumulation of lactate as a

result of anaerobic glycolysis, which is utilised under conditions of hypoxia [7, 8].

During ischaemia even anaerobic glycolysis may be limited due to the

accumulation of metabolites. Acidosis can still occur in the absence of glycolysis

and has been attributed to the release of protons during ATP hydrolysis [114].

The accumulation of protons in the ischaemic heart is largely brought about by the

hydrolysis of high-energy phosphate compounds, producing inorganic phosphate,

which acts as a weak acid releasing protons. However, during the early stages of

ischaemia this is likely to be opposed by the proton consuming reaction of

phosphocreatine hydrolysis, which will cause a short-lived alkalosis [8, 172] and

limit acidosis. In the absence of glycolysis, this alkalosis may be more

significant, because of the reduced contribution of lactate accumulation.

PCr + H+ ____. Cr + Pi

Although the degree, source and timing of acidosis remain the subject of

debate, there is no question that the ischaemic heart rapidly becomes acidotic

[191]. Proton accumulation is likely to have a number of consequences. i) It will
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inhibit glycolysis. ii) Protons can displace Ca2+ ions from anionic binding sites,

and reduce contractility by decreasing the Ca2+-sensitivity of the myofilaments

and maximal Ca2+ activated contraction [51, 132, 165,216,290]. iii) Protons also

depress Ca2+uptake [125, 204] and release from the SR [288, 291].

The hydrolysis of ATP and phosphocreatine releases large amounts of

phosphate (increased from 4 mM to 20 mM [8]), which also reduces the Ca2+

sensitivity of the cardiac contractile proteins and maximum Ca2+ activated force

[109, 205, 220]. In the steady state therefore, both acidosis and increased [Pili

will reduce the contractility of the myocardiwn. A number of studies have

separated the contribution of these two effects on contractility revealing that

increasing [Pili is the dominant effect [110, 220]. Increasing free [Mg2+]i also

decreases myofilament sensitivity [124].

Ischaemia is also associated with a massive loss of potassiwn ions (K+) from

the cell. This is believed to be due to the opening of ATP-sensitive K+channels

(KATP)in the sarcolemma when [ATP]i falls below a critical level [151, 281]. The

ATP produced by glycolysis preferentially blocks these channels [393] and this

has lent support to the hypothesis that glycolysis is essential to the integrity of

membrane function, while the ATP derived from oxidative phosphorylation is

used to maintain contractile activity [171]. Activation ofKATPchannels causes an

outward current and shortening of the action potential [76, 151, 227], such that at

sufficiently low [ATP]i levels, the action potential may be completely prevented.

Action potential shortening has been observed in the absence of changes in bulk

[ATP]i necessary to activate KATP[117]. However, changes in [ATP]j, in as yet

unresolved discrete subcellular compartments, may be adequate to explain such
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observations [172]. This efflux of positive ions from the cell would be expected

to hyperpolarise the membrane, thereby reducing excitability and has therefore

been proposed to serve as a protective mechanism, whereby energetically

compromised cells are prevented from depolarising, thereby conserving the

energy that would otherwise be consumed by further contractile activity.

However, extracellular accumulation of K+ is a typical phenomenon during

ischaemia and will depolarise the resting membrane potential, such that any

spontaneous activity is more likely to cause triggered arrhythmias.

During ischaemia there is also a progressive accumulation ofNa+ [106, 249]

and Ca2+ [338] in the cytoplasm. Na+ entry is favoured under conditions of

acidosis, which stimulates the extrusion of protons and influx of Na+ on the

Na+/H+exchanger [101, 169], although this mechanism is slowed by inhibition of

glycolysis [402]. Regulation of aNaj by the Na+/K+-ATPase (sodium pump) is

also compromised at low pH and [ATP]j [268, 345]. The elevation of aNaj

favours Ca2+ entry on the Na+/Ca2+ exchanger and may lead to increased Ca2+

loading of the SR. Acidosis alone has been shown to increase the SR Ca2+content

of rat ventricular myocytes through effects on aNaj and [Ca2+]j [169]. Increased

intracellular [H+] may also directly increase diastolic [Ca2+]jby competing with

Ca2+ ions for intracellular Ca2+ binding sites [46, 384]. A further source of Ca2+

entry has recently been identified to be a Ca2+ leak channel activated by metabolic

inhibition [389]. The reduction in ATP availability may also inhibit Ca2+-ATPase

pumps of the sarcolemma and SR, thereby reducing Ca2+ removal from the

cytosol [338]. Although the intracellular [ATP] is unlikely to fall to levels that
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limit Ca2+ uptake into the SR, intracellular phosphate and ADP also affect the free

energy of ATP hydrolysis according to the equation:

[A TP]

[ADP][Pd

Such that as [Pil and [ADP] increase the free energy of hydrolysis of ATP will

fall, and less energy is available to fuel the translocation of Ca2+ from the cytosol.

The mechanisms of Ca2+ overload have been reviewed by Tani [362].

Low pH reduces SR Ca2+ release [204] by reducing the open probability of

the RyR [310]. However, low pH has also been demonstrated to reduce Ca2+

uptake into the SR of saponin-treated ferret ventricular muscle, such that these

two effects counter-balance and there is no effect on the steady state SR Ca2+

content [204]. Similar observations were also made with increasing [Mg2+Ji.

ATP increases the opening probability of the RyR [258, 311], such that the

reduction in intracellular [ATP]i that occurs during ischaemia may therefore be

expected to suppress SR Ca2+release. Increased free [Mg2+]ihas also been shown

to depress RyR opening [130, 204, 405]. The acidification that occurs during

hypoxia and ischaemia will also depress SR release channel activity [405]. Pi also

has as yet unresolved effects on the SR Ca2+ release channel. Pi can release Ca2+

from the SR, thereby decreasing the SR Ca2+ content of saponin-treated rat cardiac

trabeculae [339, 347]. However, there was an increase of spontaneous activity on

removal of Pi [339], which could be consistent with the removal of Pi mediated

inhibition of Ca2+ release. Fruen et al [140] suggested that, in cardiac muscle, Pi

induced release of SR Ca2+ could not be attributed to an activation of the RyR,
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while in contrast, sheep cardiac RyR appears to be activated by Pi [207]. ADP

was also shown to activate the RyR, albeit to a lesser degree than ATP [207].

Under conditions of ischaemia, the fall of ATP is likely to reduce RyR activity

more than the increase of ADP can stimulate it, such that the combined effect of

these changes alone is likely to be a decrease of channel open probability. The

regulation of isolated cardiac SR release channels at the intracellular

concentrations of Ca2+, H+, Mg2+ and adenine nucleotide thought to be present

under normal and ischaemic myocardium has been investigated [405]. This study

suggested that during exposure to sustained ischaemic conditions RyR activity

may be suppressed, but the effects of ischaemia on SR Ca2+ handling in intact

cells remains unclear.

7.1 AIMS OF THIS CHAPTER

The main aim of this study was to examine the effect of metabolic inhibition

on SR Ca2+ release in isolated rat ventricular myocytes. Since metabolic

inhibition mimics some of the changes that occur during late ischaemia, the

changes in Ca2+ handling that occur during and after metabolic blockade may

provide some insight into the changes that occur during ischaemia and

reperfusion. Modulators of CICR have previously been shown to affect the

frequency of spontaneous SR Ca2+ release and the SR Ca2+ content in isolated

myocytes (See Chapters 3, 4 & 5 and references [157,284, 294, 295, 371]). The

effects of metabolic inhibition on SR Ca2+ handling were investigated by

examining the effect of superfusion with a solution containing cyanide and 2-

deoxglucose (replacing glucose) on the frequency of spontaneous SR Ca2+ release
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in the form of Ca2+ sparks and Ca2+ waves in resting myocytes. The effect of

these conditions on the SR Ca2+ content of electrically stimulated mycoytes was

also investigated.

7.2 THE EFFECT OF METABOLIC INHIBITION ON THE OCCURRENCE OF Ca1+

SPARKS

The effect of metabolic inhibition on Ca2+ sparks was examined usmg

confocal microscopy in the line-scan mode as described in Methods 2.3.6. Fluo-4

loaded rat ventricular myocytes were superfused with a control 2 mM Ca2+

Tyrode solution containing 2-deoxyglucose to inhibit glycolysis. Cells were

stimulated to contract using an external stimulator and field electrodes. A series

of line-scan images was then acquired under control conditions, immediately after

stimulation was stopped. Stimulation was then continued and metabolic

inhibition was induced by exposure to 2 mM NaCN in the superfusing solution.

When the twitch was abolished and there was evidence that the cell was going

into sustained contracture a second series of line-scan images was taken and

compared to those under control conditions. Images were enhanced using the

"smoothing" facility of the Lasersharp software (Bio-Rad, UK). Figure 7.1

compares typical line-scan images taken under control conditions, during

exposure to cyanide and on removal of cyanide. Ca2+ sparks were evident under

control conditions as localised elevations of fluorescence intensity. During

exposure to cyanide the cell demonstrated a sustained contracture, as illustrated by

the fact that the line-scan image is narrower in the horizontal plane. It is also clear

that the resting fluorescence intensity of the cell is increased above that of control,
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but no sparks are visible in the image shown. However, this may be due to the

difficulty of distinguishing Ca2+ sparks on such high background fluorescence. In

this cell, the average frequency of Ca2+ sparks was calculated from a series of 21

line-scans to be 3.4 ± 0.5 s" under control conditions (n = 21), and this was

reduced to an average of 0.2 ± 0.1 s" (from 20 line-scan images). On removal of

cyanide, the cell initially contracted further before relaxing slightly, although not

to the control cell length. Ca2+ sparks were evident and Ca2+ waves were

frequently observed despite their absence during the pre-cyanide (normal) control

period. This is indicative of Ca2+ overload of the cell and is typical of the damage

experienced on reperfusion of ischaemic tissue.

An important limitation to interpretation of these results is that the elevated

background fluorescence intensity during exposure to cyanide could reduce the

ability to detect Ca2+ sparks under these conditions. Figure 7.2 shows a similar

series of line-scan images from another cell. In this cell, resting fluorescence was

increased even more dramatically during exposure to cyanide, but a Ca2+ spark is

still visible at the top of the image, approximately one third of the total distance

from the right-hand edge, despite the elevated background. In this cell Ca2+ spark

frequency in line-scan images was reduced from 0.9 ± 0.2 S-l to 0.3 ± 0.1 s"

during exposure to cyanide.

There is still an element of doubt as to whether Ca2+ sparks would be visible

against the increased resting Ca2+-sensitive fluorescence during contracture in

cyanide. Attempts to negotiate this problem involved switching to a low Ca2+

(100 J.l.M) bathing solution just before line-scan acquisition was initiated.

However, this posed the limitation that Ca2+ spark frequency was significantly
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reduced in most cells under these conditions. Figure 7.3 illustrates typical line-

scan images from a cell during superfusion with 2 mM Ca2+ (A), 100 ~M Ca2+ (B)

and subsequently during exposure to cyanide (C) and on after removal of cyanide

(D). The superfusing solution was switched to the lower [Ca2+]o just before line-

scan acquisition in examples B, C and D. It is clear that Ca2+ spark frequency is

dramatically depressed during superfusion with a solution of lower [Ca2+]. The

frequency of sparks in the line-scan images was reduced from 9.9 ± 1.3 sol

(number of line-scans = 12), during superfusion with 2 mM Ca2+, to 1.0 ± 0.2 sol

during exposure to 100 ~M external Ca2+ (number of line scans = 27). This is

consistent with the hypothesis that Ca2+ flux through sarcolemmal L-type Ca2+

channels is responsible for triggering Ca2+ sparks, or that reducing [Ca2+]o may

reduce the SR Ca2+ content and therefore spark frequency by reducing the gain of

CICR or the driving force for Ca2+ efflux from the SR. Reducing external Ca2+

will reduce the driving force for Ca2+ entry, thereby reducing the amount of Ca2+

entering the cell through stochastically opened sarcolemmal channels and the

frequency of successful RyR triggering. In this cell, the resting fluorescence was

still increased slightly during exposure to cyanide, but no sparks were evident

during the period of line-scan acquisition. On removal of cyanide there was an

increase of Ca2+ spark frequency 2.0 ± 0.4 s" (n = 20), but Ca2+ waves were not

observed in comparison with cells exposed to 2 mM Ca2+ control Tyrode.
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Figure 7.3. The effect of lowering [C(p]o on Ca2+ sparks and background fluorescence

intensity.

Panels illustrate typical line-scan images from a Fluo-4 loaded myocyte during exposure to: A, 2

mM [Ca2+]o; B, 100 IlM [Ca2+]o; C, cyanide in the presence of 100 J.1M[Ca2+]o; D, on removal of

cyanide in the presence of [Ca2+]o' The cell was electrically stimulated in the presence of 2 mM

Ca2+, Line-scan acquisition was initiated immediately after stopping stimulation and in B-D after

switching to a solution containing 100 IlM Ca2+,
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7.3 THE EFFECT OF METABOLIC INHIBITION ON THE FREQUENCY OF

MECHANICAL SPONTANEOUS OSCILLATIONS

The effect of cyanide exposure on the frequency of propagating waves of

spontaneous SR Ca2+ release was investigated by monitoring changes in cell

length. Figure 7.4 illustrates a typical record of changes in cell length activated

by spontaneous Ca2+ release in a resting rat myocyte. Cyanide was applied for the

period indicated by the solid bar, and caused a gradual reduction in the frequency

of spontaneous Ca2+release, which was eventually abolished before the cell began

to develop contracture. On removal of cyanide the cell immediately relaxed from

its contracture and spontaneous Ca2+ release was soon resumed at around the

control frequency. This is consistent with the hypothesis that metabolic inhibition

depresses SR Ca2+ release. Similar results were obtained in a further three cells,

although some developed contracture before spontaneous Ca2+ release was

observed during exposure to cyanide.

There appears to be a lengthening of the cell during exposure to cyanide,

indicated by the change in baseline in Fig. 7.4. It is thought that this could be

explained by the decreased sensitivity of the myofilaments to [Ca2+]i during

exposure to metabolic inhibition, due to elevated [W]i and [Pili. The development

of contracture later in the record provides evidence that there has been a

significant fall in [ATP]j, which is believed to be responsible for the decrease of

cross bridge recycling and rigor contracture during metabolic blockade [22].
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7.4 THE EFFECT OF METABOLIC BLOCKADE ON THE SR Ca2+ CONTENT OF

ELECTRICALLY STIMULATED MYOCYTES

The reduced frequency of spontaneous Ca2+ release described so far could

be attributed to inhibition of Ca2+ uptake by the SR, which would reduce the SR

Ca2+ load and the frequency of spontaneous Ca2+ release. Alternatively, these

results could be explained by the direct inhibition of RyRs reducing the gain of

the CICR process. These two mechanisms predict opposite changes in the SR

Ca2+ content of cells, the latter causing an increase of SR Ca2+ content [294, 295].

To discriminate between these two effects the SR Ca2+ contents of isolated rat

ventricular myocytes were quantified and compared under control conditions and

during exposure to metabolic blockade.

Caffeine-evoked inward currents were used to measure the SR Ca2+ content

of voltage-clamped, electrically stimulated rat ventricular myocytes. Under

conditions of metabolic inhibition the activity of the sarcolemmal Ca2+-ATPase

may be compromised, reducing its ability to compete with the Na+/Ca2+ exchanger

for extrusion of Ca2+. This will affect the contribution of these two mechanisms

to Ca2+ extrusion during exposure to caffeine, such that an increase of the inward

current could reflect the increased contribution of Na+/Ca2+ exchange to ci+

extrusion rather than an increase in Ca2+ release and SR Ca2+ content. To avoid

such complications, the sarcolemmal Ca2+-ATPase was specifically inhibited by

loading cells with carboxyeosin prior to each experiment, as detailed in Methods

2.2.1. Ca2+ extrusion was then assumed only to be mediated by Na+/Ca2+

exchange and it was not necessary to compensate for non-Na+/Ca2+ exchange

mediated Ca2+ efflux by multiplying integrals by a factor of 1.5 as described in
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previous chapters. 10 JlMglibenclamide was also included in the bathing solution

to inhibit KATP sensitive currents, which may otherwise result in loss of efficient

voltage-clamp control. Figure 7.5 illustrates typical Na+/Ca2+exchange currents

activated by application of 20 mM caffeine to an electrically stimulated rat

myocyte under control conditions and following exposure to 2 mM cyanide to

block oxidative phosphorylation for two minutes. Voltage-clamp command

pulses from a holding potential of -40 mV to 0 mV activated stimulation.

Caffeine was applied immediately after stimulation was stopped under the two

conditions and cyanide was added after the recovery of the steady state level of

contraction under control conditions. It is clear that the caffeine-evoked current

and its integral are increased following two minutes exposure to cyanide. This

particular cell showed only slight depression of contraction during exposure to

cyanide for this period. Other cells demonstrated similar moderate, if any,

depression of contraction and moderately increased SR Ca2+ content over periods

of 1 - 4 minutes stimulation in the presence of cyanide. Figure 7.6 illustrates a

histogram of average data comparing the SR Ca2+ content of seven cells under

control conditions and after exposure to cyanide for between I and 4 minutes. SR

Ca2+ content was increased by 47.4 ± 8.2 % from 79.4 ± 5.7 umol.l" to 115.2 ±

6.6 umol.l" (P < 0.001, n = 7). Because metabolic inhibition appears to cause a

certain degree of permanent damage to the cell, measurement of SR Ca2+ content

following removal of cyanide was not achieved in this study.



Effect of metabolic inhibition on Ca2
+ handling by the SR

A Control

201

B Cyanide

100 pA

200 pC

5s
Figure 7.5. The effect of metabolic inhibition on caffeine-evoked Na+/Caz+exchange currents

and their integrals.

The upper panel illustrates Na+/Ca2+ exchange currents activated by the application of 20 mM

caffeine: A, under control conditions and B, following exposure to cyanide for a period of 2

minutes. Caffeine was applied immediately after stopping stimulation. The lower panel shows

the integrals calculated from the inward currents of the upper panel. 2-deoxyglucse was present

throughout the experiment.
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Figure 7.6. The effect of metabolic inhibition on the SR Ca2+ content of electrically paced rat

ventricular myocytes.

Histogram showing mean data ± S.E.M. of SR Ca2+ content under control conditions and after

exposure to cyanide for between 1 and 4 minutes (P < 0.001, n = 7). 2-deoxyglucose was present

under both conditions in all experiments.
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7.5 DISCUSSION

Despite the knowledge that many of the changes that occur during metabolic

inhibition and therefore myocardial ischaemia have been shown to affect the RyR

[256, 310, 405], their effects on CICR in intact myocytes has been previously

overlooked. This is probably a consequence of the assumption that SR Ca2+

uptake is compromised under conditions of limited ATP and energy supply.

However, changes in CICR could be critical to the heart's ability to tolerate

ischaemia.

7.5.1 SR Ca1+Release is inhibited During Metabolic Blockade

The results presented here demonstrate three separate techniques of

assessing the effect of metabolic inhibition on the process of CICR. It has been

shown that metabolic blockade causes the inhibition of spontaneous Ca2+ release

from the SR in the form of Ca2+ sparks and propagating Ca2+ waves, and an

increase the SR Ca2+ content of electrically paced rat myocytes. Together, the

results provide clear evidence of inhibition of SR Ca2+ release and a reduction in

the sensitivity of the process ofCICR, essential to normal cardiac function.

Despite the apparent suppression of SR Ca2+ release, no suppression of

electrically evoked contraction was observed during exposure to cyanide. This

can be explained by the knowledge that changes in RyR sensitivity can be rapidly

compensated for by changes in SR Ca2+ content (See Chapter 5 and references

[295, 371]), and changes in the sensitivity of the CICR mechanism will not cause

changes in twitch amplitude in the steady state. Twitch is normally abolished
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relatively early during metabolic inhibition, due to activation of ATP-sensitive K+

channels and consequent shortening of the action potential. This will not affect

twitch stimulated electrically through the voltage-clamp protocol, which was

designed specifically to activate L-type Ca2+ channels and Ca2+ influx to trigger

SR Ca2+ release and contraction. The fact that twitch was minimally affected

during metabolic inhibition under the conditions of these experiments is consistent

with the hypothesis that early contractile failure is usually a consequence of action

potential shortening due to activation ofKATP channels [227].

There are a number of reasons to suspect that the SR ci+-ATPase may be

inhibited under conditions of metabolic blockade and that this may contribute to

the elevation of intracellular free [Ca2+Ji_ Elevated [Mg2+]iand [H+]i'which are

likely to be experienced during metabolic inhibition, have been shown to decrease

SR Ca2+ uptake in saponin-treated ferret ventricular muscle [204]. The free

energy of ATP hydrolysis will be reduced due to elevated [ADP]i and [Pili. and

may fall below that necessary to pump Ca2+ into the SR against its concentration

gradient [9]. However, a number of studies have failed to observe changes in

[ATP]i sufficient to cause significant inhibition of ATP-dependent Ca2+ pumps.

Unfortunately these studies suffer from the limitation that ATP appears to be

functionally compartmentalised [103, 171, 393] and significant changes in sub-

cellular 'pockets' of ATP sufficient to compromise such processes may be missed

when examining the cell as a whole. The inhibition of Ca2+ uptake by the SR has

also been proposed to explain observations of reduced Ca2+ release from the SR

under conditions of acidosis [288]. The hypothesis of reduced Ca2+uptake by the

SR is at variance with the observation in this study of an increased SR Ca2+
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content during metabolic inhibition. The results of this study are consistent with

the observations of Goldhaber et at [149] in guinea pig ventricular myocytes that

CICR is inhibited during rigor contracture. The observation in this study of

increased SR Ca2+ content (Fig. 7.5 & 7.6) and reduced frequency of spontaneous

Ca2+ release (Fig. 7.4) before the onset of contracture also suggests that inhibition

of CICR may be a relatively early consequence of inhibiting oxidative

phosphorylation.

The increase in fluorescence observed during early contracture in these cells

supports the hypothesis of increased [Ca2+]j associated with the early development

of contracture [22, 114] and are at variance with the failure to note increases in

aequorin luminescence during metabolic inhibition [9-11, 94, 338]. Clusin [93]

has suggested that aequorin may be more sensitive to Ca2+ released from the SR

than to uniformly distributed Ca2+. Furthermore, the sensitivity of aequorin to

diastolic levels of [Ca2+]j is relatively low and may also be further reduced by

[Mg2+]j, which is likely to be increased during metabolic inhibition [22].

Although the development of contracture was coincident with the increase of

[Ca2+]j, the results described here cannot ascertain whether the increase of [Ca2+]j

precedes the development of contracture. The source of such an increase in

[Ca2+]j is unclear, but could be a consequence of influx on the Na+/Ca2+ exchanger

as a consequence of the increased aN~ expected under these conditions [101,

169], activation ofB-type Ca2+ channels [389] or decreased Ca2+ extrusion via the

sarcolemmal ATPase [338].
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7.5.2 The Functional Implications of Inhibition of CICR during Metabolic

Blockade

Ca2+ oscillations and associated arrhythmias on reperfusion of tissue (when

oxidative phosphorylation restarts) were previously thought to be a consequence

of rapid uptake of Ca2+ from the myoplasm by the SR Ca2+-ATPase, which is

rapidly reactivated by the availability of ATP. The results presented here suggest

that the SR Ca2+ content is already elevated during exposure to metabolic

blockade, due to direct inhibition of SR Ca2+ release. When oxidative

phosphorylation is resumed, the inhibition of the SR Ca2+ release channel will be

removed as the cell recovers its control levels of metabolites. Spontaneous Ca2+

release activity then resumes and the SR Ca2+content should eventually fall to the

control level. Na+/Ca2+exchange has also been shown to contribute to the rise of

[Ca2+]ion resumption of oxidative phosphorylation [338].

The opening of ATP-sensitive K+channels will hyperpolarise the membrane

and reduce the excitability of the heart, possibly contributing to maintenance of

the precious energy reserves by reducing contractility. However, the

accumulation of extracellular K+ in the absence of its removal by an adequate

blood supply and inhibition of the Na+/K+-ATPase during ischaemia will

depolarise the cell membrane, thereby increasing the risk of arrhythmia.

Inhibition of CICR may represent a protective mechanism to avoid the generation

of such arrhythmias. Reducing the frequency of spontaneous Ca2+ release means

that oscillations of Ca2+ and therefore membrane potential are less likely to

summate and drive membrane potential to threshold. However, the increased SR

Ca2+ content as a consequence of inhibition of CICR may be ultimately
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deleterious since it will contribute to the degree of Ca2+ overload and therefore

enhancement of spontaneous SR Ca2+ release observed on resumption of oxidative

phosphorylation, typical of reperfusion damage. At this time the SR Ca2+ release

properties will be returned to normal in the presence of an elevated SR Ca2+

content. It is clear that inhibition of CICR could represent an important aspect of

modulation of EC-coupling during ischaemia and reperfusion, which may

contribute to the heart's ability to survive ischaemia and the damage experienced

on subsequent recovery of normal metabolism.
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GENERAL DISCUSSION

Many aspects of the mechanism of CICR, which is widely accepted to

underlie EC-coupling in cardiac muscle, remain poorly understood. Previously

very little was known about the effect of modulators of CICR on spontaneous and

stimulated Ca2+ release from the SR. The work described here has made a

significant contribution to the understanding of this aspect of Ca2+ handling in the

heart. This has relevance to the effects of certain endogenous substances and

pharmacological agents, many of which are believed to modulate the activity of

the SR Ca2+ release channel (the RyR) and, as detailed in this study, may be of

importance during myocardial ischaemia (Chapter 7). Detailed discussion already

accompanies each chapter, therefore this section aims to discuss the more general

implications of this work and proposals for possible future investigations to

further advance our knowledge of CICR.

8.1 SPONTANEOUSSR Ca1+ RELEASE ASAN INDEX OFCICR MODULATION

Tetracaine has been used for many years as a tool for investigating the

effects of inhibition of SR Ca2+ release in striated muscle [12, 145, 182, 248].

This study has provided evidence that its effects on spontaneous Ca2+ release are

largely due to the inhibition of Ca2+ release from the SR, probably by reducing the

sensitivity of the RyR to cytosolic [Ca2+]. From this study it is clear that reducing

the sensitivity of CICR initially abolishes spontaneous Ca2+ release in the form of
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propagating Ca2+ waves, in agreement with its effect on spontaneous Ca2+ sparks

in work published by Gyorke et al [157]. As a consequence of inhibiting

spontaneous Ca2+ release, Ca2+ accumulates in the SR, resulting in an increased

SR Ca2+ content. This increases the gain of the CICR process and, as result it can

overcome the inhibition imposed and spontaneous Ca2+ release resumes. The

amplitude of spontaneous SR Ca2+ release was also increased during exposure to

100 11Mtetracaine, probably as a consequence of the increased SR Ca2+ content

increasing the driving force for Ca2+ efflux from the SR lumen into the cytoplasm

[368]. This activates more Ca2+ extrusion, such that more time is required for the

SR to reach the threshold Ca2+ content to allow initiation and propagation of a

spontaneous wave ofCa2+ release. This is the basis of the maintained reduction of

oscillation frequency observed in this study. In contrast to these effects are those

of applying a low concentration of caffeine (100 - 500 11M),which causes a burst

of spontaneous activity on initial application of the drug, due to sensitisation of

CICR, and resultant rapid reduction of SR Ca2+ content. Spontaneous Ca2+

release events in the steady state are smaller in amplitude, because of the reduced

SR Ca2+ content and reduced driving force for Ca2+ to leave the SR. The reduced

[Ca2+]j transient activates less Ca2+ efflux from the cell, and the frequency of

oscillations is thus increased [373]. These results have lead to the proposal that

changes in the magnitude and frequency of spontaneous Ca2+ release represent a

useful index of changes in RyR function [115, 294, 373].

It is not clear from this study how increasing the inhibition of CICR further

(using higher concentrations of tetracaine) will affect the steady state frequency of

spontaneous Ca2+ release. The effects of tetracaine on the frequency of
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spontaneous oscillations are concentration dependent up to 200 J.1M(See Fig. 3.2).

However, in Chapter 4, the effect of tetracaine on the spatial and temporal

properties of Ca2+ release revealed that 500 J.1Mtetracaine caused a reduction of

Ca2+ wave amplitude and propagation of Ca2+ release was often terminated

prematurely. This suggests that at higher concentrations the increase of SR Ca2+

content is no longer able to fully compensate for the inhibition imposed by

tetracaine. Fewer channels will be sensitive to cytosolic Ca2+ resulting in a

smaller Ca2+ release. With these observations in mind, the amplitude of

spontaneous SR Ca2+ release is clearly not an adequate index of changes of RyR

function as suggested previously [373]. In this situation, if Ca2+ -uptake by the SR

and leak into the cell is unaffected by tetracaine one would expect that smaller

Ca2+ waves will occur more frequently than comparatively larger Ca2+ waves

during exposure to lower concentrations of tetracaine. However, tetracaine may

affect SR Ca2+ uptake and resting Ca2+ influx at these concentrations. It will be

necessary to investigate the effects of higher concentrations of tetracaine on the

frequency and amplitude of spontaneous Ca2+ release and its affects on SR Ca2+

accumulation. Changes in SR Ca2+ accumulation and/or flux of Ca2+ into the cell

will also affect the frequency of spontaneous SR Ca2+ release and limit the

usefulness of steady state oscillation frequency as an index of modulation of

CICR, since relatively few agents are expected to affect only the RyR.
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8.2 EFFECTS OF MODULATING CICR ON SR Ca2+ CONTENT AND STIMULATED

CONTRACTION

Stimulation of CICR might be expected to increase the amount of Ca2+

released on stimulation and therefore the force of contraction. This has previously

been used to explain the inotropic effects of a number of agents, e.g. cADP-ribose

[301], rapamycin [199] and FK-506 [251]. The results presented in Chapter 5 of

this study demonstrate that reducing the sensitivity of CICR alone, by using low

concentrations of tetracaine, has no maintained effect on cardiac contractility

[295]. Similarly the effects of low concentrations of caffeine have been shown to

be transient [284, 371]. The transient nature of these effects has again been

attributed to alteration of the gain of the CICR mechanism and consequent

changes in Ca2+ fluxes across the sarcolemma. This results in a change in the SR

Ca2+ content of myocytes, which itself affects the gain of the CICR process

having the reverse effect. Together these findings strongly suggest that

modulation of CICR alone cannot produce maintained effects on the magnitude

of systolic Ca2+ release.

8.3 THE PHYSIOLOGICAL SIGNIFICANCE OF THE TRANSIENT NATURE OF CICR

MODULATION

In answer to the question "why have a mechanism for transient modulation

of systolic Ca2+ release" the effects of J3-adrenergic stimulation represent a neat

example. J3-adrenergic stimulation increases the rate of force development, the

maximal force of contraction and the rate of relaxation. A biochemical cascade,

ultimately causing an increase in intracellular [cAMP] initiates these effects. This
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increase of cAMP activates the cAMP-dependent protein kinase (PKA), which

phosphorylates voltage-sensitive Ca2+ channels [377], phospholamban [357] and

the RyR [360, 410]. These events result respectively in enhancement of Ca2+

influx, stimulation of Ca2+ uptake by the SR and stimulation of the RyR,

activating SR Ca2+ release and potentiating the systolic Ca2+ transient [107].

Removing the inhibition imposed by phospholamban will allow the SR Ca2+-

ATPase to compete more effectively with Na+/Ca2+ exchange, such that the

duration of the Ca2+ transient is shortened, and Ca2+ efflux from the cell will be

limited despite elevated Ca2+ release as a consequence of RyR stimulation. This

will facilitate the maintenance of the SR Ca2+ content and will contribute to the

maintained increase of systolic Ca2+ transient. The immediate transient response

to stimulation of CICR compensates for the delay in the response to

phosphorylation of phospholamban to increase the SR Ca2+ content, allowing the

two mechanisms to work co-operatively producing an almost immediate response

to ~-adrenergic stimulation. These effects are modelled very well in the review

article by Eisner et al [115]. Augmentation of the Ca2+ current will further limit

any decrease of SR Ca2+ content due to stimulation of CICR and the increased

trigger will further enhance systolic Ca2+ release.

8.3.1 The Possible Frequency and Temperature Dependence of these Effects

The effects of modulating CICR on stimulated Ca2+ release may be

dependent on the frequency of stimulation. In the rat there is believed to be

significant Ca2+ uptake during diastole, confirmed in this study by the observation

of spontaneous waves of Ca2+ release (Chapters 3, 4 & 7) and rest potentiation
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(Chapter 6). Although diastolic Ca2+ uptake appeared to be minimal in the study

described in Chapter 4, because the change in sarcolemmal Ca2
+ influx was almost

completely balanced by the effiux activated on repolarisation. At very low

stimulation frequencies, the diastolic gain of Ca2+ by the SR may mask transient

effects on systolic Ca2+ release of CICR modulation. Reducing the length of

diastole may reduce Ca2+ uptake during this period thereby limiting the rate at

which the SR Ca2+ content is increased when RyR is inhibited. This would slow

the recovery from transient depression of contraction observed when CICR is

inhibited. It would also increase the rate at which the SR Ca2+ load is decreased

during stimulation of CICR. The investigations described so far have been carried

out using stimulation frequencies far below the normal rates of cardiac contraction

for rat. It is important that in the future some investigation of the effects of

modulating CICR be made at normal heart rates, the normal heart rate of rat

ventricle being up to 400 min-I.

The temperature dependence of the effects of cADP-ribose on contractility

[186], highlight the inability to extrapolate the results presented in this study to

the effects of such agents under normal physiological temperatures. This could be

attributed to temperature dependent changes in the availability of endogenous

effectors or changes in the contribution of cytosolic Ca2+ removal mechanisms to

relaxation, thereby altering the ability of the SR to compete with other extrusion

mechanisms. It is therefore important to assess the effect of modulators of CICR

under more physiological temperatures. Preliminary experiments performed by

Dr Andrew Trafford (personal communication) have revealed that the qualitative

effects of caffeine application on stimulated contraction are similar at 37°C. At
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higher temperatures a new equilibrium between the different Ca2+ uptake and

efflux pathways will be established, but the effects of tetracaine are likely to be

the same qualitatively ifnot quantitatively. For example if the SR Ca2+-ATPase is

activated more at higher temperature than the Na+/Ca2+ exchanger, one might

observe a faster increase of SR Ca2+ content and therefore faster recovery from the

transient depression of contraction.

8.3.1 The Effect of more gradual Modulation of CICR

The effect of tetracaine on CICR can be compensated for by an increase in

SR Ca2+content. Exactly the reverse occurs during stimulation of CICR with low

concentrations of caffeine [284, 371]. Both these agents reach their targets

rapidly, causing inhibition / activation of CICR almost as soon as they are applied

to cells. If agents were to reach their target sites more slowly, causing more

gradual changes in the sensitivity of CICR, then it is possible that the change in

SR Ca2+ content could compensate simultaneously for any manipulation of RyR

sensitivity, such that transient effects on systolic Ca2+ release are not observed.

This means that the lack of effect of any agent or change of experimental

conditions on systolic [Ca2+]ior contraction does not mean that it has no effect on

CICR. This knowledge has already proven useful in achieving clear evidence that

CICR is inhibited during metabolic blockade and the SR Ca2+content is elevated,

while no transient depression of contraction was observed in this study. This

previously overlooked phenomenon could have an important role in limiting the

occurrence of potentially fatal arrhythmias during ischaemia. The effects of a

manoeuvre like metabolic inhibition could be attributed to the gradual changes in
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the concentrations of ions and metabolites with potential effects on CICR. The

transient nature of CICR modulation on stimulated contraction means that its

protective effect can be achieved without compromising the heart's ability to

pump blood. The failure of contraction under these conditions must be due to the

failure of the action potential caused by opening of KA TP channels, a mechanism

to reduce the energy demand of the heart and to preserve at least low levels of

ATP.

8.4 RESTING INFLUX OF Ca2+ AND ITS ACCUMULATION BY THE SR

A constant Ca2+ influx into rat myocytes occurs at rest, as suggested by the

occurrence of spontaneous Ca2+ release (Chapters 3 & 4), the phenomenon of rest

potentiation and the ability of resting myocytes to accumulate Ca2+ in their SR

(Chapter 6). This influx could represent flux through L-type Ca2+ channels, B-

type Ca2+ channels [97, 224] or reverse mode Na+/Ca2+ exchange. In Guinea pig

ventricular myocytes resting Ca2+ accumulation was shown not to be inhibited by

Ne+ or nifedipene, suggesting that Na+/Ca2+ exchange and Ca2+ flux through L-

type channels contribute little to Ca2+ influx across the membrane in this species

[363]. The route ofCa2+ entry into rat myocytes has recently been investigated by

Ho Sook Choi, and is largely attributed to Na+/Ca2+ exchange under normal

resting conditions [90], as expected for a species with such a high aNaj.

Ca2+ flux through B-type channels is augmented under conditions of

metabolic inhibition [389]. Coupled with the increased ability of the SR to

accumulate Ca2+ due to inhibition of CICR under these conditions this could

contribute further to the degree of Ca2+ overload experienced during ischaemia



General Discussion 217

and responsible for the damage on reperfusion. It would be interesting to see how

Ca2+ accumulation by the SR is changed under conditions of metabolic inhibition

(as achieved for tetracaine in Chapter 6). The inhibition of SR Ca2+ release and

increased Ca2+ influx predict that it will be enhanced, and this could compensate

for decreased Ca2+ uptake due to reduced ATP availability or thermodynamic

limitations on the SR Ca2+ -ATPase. Specific inhibition of the B-type Ca2+

channel under these conditions by intracellular protamine [91] could reduce the

increase of SR Ca2+ content and the degree of Ca2+ overload. Such an effect

should be investigated because of its tremendous potential as a therapeutic agent

in the treatment of ischaemic heart disease.

The rate of Ca2+ accumulation by the SR appears to be enhanced by

tetracaine. It was proposed that this is due to some inhibition of Ca2+ release

through random openings of the RyR and the occurrence of Ca2+ sparks. It

appears therefore that the occurrence of spontaneous Ca2+ sparks could limit the

ability of the SR to accumulate Ca2+. The frequency of such openings will be

increased during exposure to low concentrations of caffeine and it would be

interesting to see whether such a manoeuvre could reduce the rate of SR Ca2+

accumulation.

Despite the well known relationship between Ca2+ spark amplitude and SR

Ca2+ load [86], there has been no quantitative investigation of the effects of SR

Ca2+ content on the spatial and temporal properties of spontaneous Ca2+ sparks,

particularly in non-Ca'" overloaded myocytes. Song et al observed that the

frequency of spark generation was independent of Ca2+ load, although spark

amplitude depends on the SR Ca2+ load [342]. after correcting for the difficulties
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in detecting smaller amplitude sparks against the background fluorescence. It

would also be interesting to monitor the properties of Ca2+ sparks during Ca2+

loading of the SR, showing their dependence on the SR Ca2+ load. It might be

expected that at a low Ca2+ load the frequency and amplitude of Ca2+ release

would be reduced. There are a number of problems with assessing the frequency

of Ca2+ sparks under different conditions. Any manoeuvre that affects spark

amplitude will increase the apparent frequency because larger amplitude Ca2+

release events that occur below the plane of focus may diffuse into the plane of

focus and be detected. At lower amplitude these sparks would be missed. This

could explain the apparent increase in Ca2+ spark frequency observed on

resumption of spontaneous Ca2+ release in the presence of high concentrations of

tetracaine by Gyorke et al [157]. Such problems should be taken into

consideration.

8.5 SOME OF THE LIMITATIONS OF THIS STUDY

An important limitation to the interpretation of the results presented in this

study is that the conclusions drawn from changes in SR Ca2+ content rely on the

assumption that the contribution of Na+/Ca2+ exchange to Ca2+ extrusion during

caffeine-induced Ca2+ release is unaffected by the presence of tetracaine. This

appears to a reasonable assumption since the presence of tetracaine had no effect

on the steady state efflux of Ca2+ per unit time in resting rat ventricular myocytes

(See Chapter 3).

Since the rat shows many characteristics that are a consequence of its high

resting [Na+]j, manoeuvres that potentially alter this could affect Ca2+ influx and
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therefore the SR Ca2+ load of the cell. The local anaesthetics lidocaine and

procaine have been shown to reduce the effects of manoeuvres designed to

increase aNaj, by inhibiting Na+ entry through TTX sensitive Na+ channels. It

would be interesting to see how intracellular Na+ is affected by superfusion with

tetracaine. The results presented in this study suggest that any changes in aNaj

that occur with low concentrations of tetracaine cannot compensate for its effects

on CICR. At higher concentrations however, we have observed smaller amplitude

Ca2+waves, which in the absence of change in Ca2+ influx would be expected to

occur at a higher frequency than larger amplitude oscillations in the presence of

lower concentrations. Instead their frequency was very low, suggesting that Ca2+

influx must be affected by the presence of higher concentrations of tetracaine.

This could be caused by effects on the L-type Ca2+ channels [75, 81] or by

lowering aN8.jand the driving force for Ca2+ entry on the Na+/Ca2+ exchanger.

Further investigation of the effects of higher concentrations of tetracaine on the

amplitude of spontaneous Ca2+waves and their frequency needs to be made.
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The effect of tetracaine on spontaneous Ca2+ release
and sarcoplasmic reticulum calcium content in rat

ventricular myocytes

C. L. Overend, D. A. Eisner* and S. C. O'Neill

Department of Veterinary Preclinical Sciences, University of Liverpool, PO Box 14 7,
Liverpool L69 3BX, UK

The effects of tetracaine were studied on voltage-clamped rat ventricular myocytes, which
exhibited Ca2+ overload as identified by spontaneous Ca2+ release from the sarcoplasmic
reticulum (SR) as shown by the associated contractions. This Ca2+ release was initially
abolished by tetracaine before returning at a lower frequency, but greater amplitude, than
the control. On removal of tetracaine, there was a burst of spontaneous Ca2+ release activity.
All these effects were dose dependent, from 25 to 200 p."){ tetracaine.

The spontaneous CaH release activated an inward Xa+-Ca2+ exchange current as Ca2+ was
pumped out of the cell. The integral of this current (i.e. the Ca2+ efflux) was increased in the
presence of tetracaine. The calcium efflux per unit time was unaffected by tetracaine.

The SR Ca2+ content was increased by tetracaine, as shown by the integral of the caffeine-
evoked Xa+-Ca2+ exchange current. The increase of SR Ca2+ content was equal to the extra
Ca2+ lost from the cell during the burst on removal of tetracaine, and to estimates of the
extra calcium gained over the quiescent period following addition of tetracaine.

It is concluded that partial inhibition of calcium-induced calcium release increases SR Ca2+
content. In the steady state, cell Ca2+ balance is maintained as the lower frequency of
spontaneous release (that activates efflux) is compensated for by their greater size.

1.

.")

3.

Under conditions of calcium overload, cardiac muscle
exhibits spontaneous contractile activity resulting from the
spontaneous release of Ca2+ ions from the sarcoplasmic
reticulum (SR). This is thought to arise as a consequence of
the stochastic opening of the SR Ca2+release channels, which,
under non-overloaded conditions, produce discrete localized
increases of [Ca2+]1or Ca2+ sparks (Cheng, Lederer & Cannell,
1993; Lopez-Lopez, Shacklock, Balke & Wier, 1994). Under
Ca2+ -overloaded conditions, it appears that these sparks can
initiate waves of [Ca2+]I' which propagate along the cell
(Cheng, Lederer, Lederer & Cannell, 1996). This is possibly
because the higher the SR CaH content, the greater the
amount of Ca2+ released for each SR Ca2+ channel opening
and therefore the greater the gain of the release process.

About one-fifth of the Ca2+ content of the SR is pumped out
of the cell by the electrogenic Xa+_Ca2+ exchange during
each propagating wan' (Dlaz, Tratford, O'Xeill & Eisner,
1997) and the resulting inward current can initiate
potentially arrhythmogenic action potentials (Lederer &
Tsien, 1976). This spontaneous calcium release activity
therefore limits the usefulness of inotropic agents that
elevate [CaH]I' Although these waves of SR Ca2+ release are
largely of pathophysiological relevance in the heart, in other

systems they are a normal aspect of cell function. Thus, in a,
variety of secretory cells, Ca,2+waves produced by Cal+
release from the endoplasmic reticulum (ER) are the normal
mechanism for coupling stimulus to response (Kasai &
Petersen, 1994).

Despite the volume of work in this area, there is little
information about what determines the properties of the
spontaneous SR (or ER) Cal+ release. For example, how do
changes in the properties of SR Ca2+ release or re,uptake
affect the magnitude, duration and frequency of the Cal+
waves! In recent work, we have shown that changing the
Ca2+ entry into the cell affects the frequency of the waves
but has no effect on the properties of the individual waves
(Diaz et al. 1997). Here we investigate the effects of tetra'
caine, a local anaesthetic that has been shown to decrease
the open probability of the SR Ca2+ release channel (Xu,
Jones & ~Ieissner, 1993), an action that accounts for its
inhibition of Ca!+ release from the SR (Volpe, Padade,
Costello, :\1itchell & Fleischer, 1983) and of contraction in
striated muscle (Almers & Best, 1976).

The results show that tetracaine decreases the frequency of
spontaneous SR Ca2+ release. As a result of this there is an

• To whom correspondence should be addressed.
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increase of SR Ca2+ content, which increases the magnitude
of the Ca,2+ waves, thus demonstrating that, unlike many
other manoeuvres, factors affecting the opening of the SR
release channel have profound effects on the properties of
individual Ca2+ releases. Most striking is the demonstration
that inhibiting Ca2+ release increases the magnitude of the
release.

METHODS
Experiments were carried out on cardiac myocytes isolated from
rat ventricles using a collagenase and protease digestion protocol as
previously described (Eisner, Nichols, O'Neill, Smith &
Valdeolmillos, 1989). Rats were killed by stunning and cervical
dislocation, Voltage-clamp control was achieved with the perforated
patch technique (Horn & ~Iarty, 1988) using amphotericin B
(240 pg ml-'). Due to the relatively high access resistance of the
perforated patch (about 20 )In), the switch-clamp facility of the
Axoclamp-zA voltage-clamp amplifier (Axon Instruments) was
used. Data were digitized using a Digidata board and Axoscope
software (Axon Instruments) and analysed using programs kindly
written tor us by Dr A. W. Tratford. Pipettes (1-3 ~In in resistance)
were filled with the following solution (m:\l): 125 CsCH303S, 12
CsCl, 20 XaCl, 10 Hepes, 5 )IgCI2 and 0'1 EGTA; titrated to
pH 7'2 with CsOH. To avoid interference from outward currents,
all experiments were carried out in the presence of 5 msr -l-amino-
pyridine and 0'1 msr BaCI,. Cells were bathed in a control solution
of the following composition: 135 XaCl, 4- KCI, 10 Hepes, 11
glucose, 2 CaC~ and 1 ~IgCI2; titrated to pH 7'4 with XaOH. In
some experiments (e.g. Figs 1, ::! and 3), the voltage clamp was not
used. In these experiments, 4-aminopyridine and BaCl2 were
omitted. All experiments were carried out at 22°C. In some

experiments caffeine was used to release Ca2+ from the SR. In
initial experiments, we found that in the presence of tetracaine,
10 msr caffeine often produced a series of oscillations of inward
current rather than a single release. This is similar to the effect of a
lower concentration of caffeine in the absence of tetracaine and
presumably reflects antagonism between tetracaine and caffeine
(Almers & Best, 1976). For this reason 20 mst caffeine was used in
subsequent experiments.

Measurement of SR Ca'+ content and Ca'+ efflux
The assignment of the [Ca2+11·dependent membrane currents as
v + C 1+..xa - a exchange and the conversion of integrated ~a+ -Ca2+
exchange current records to total calcium fluxes have been
described previously (Varro, Xegretti, Hester & Eisner, 1993;
Negretti, Varro & Eisner, 1995). Briefly, it is necessary to first
correct tor the fraction of the efflux that is not produced bv
Xa" -Ca2+ exchange, and then relate the fluxes to cell volume. The
volume w~ calculated from the cell membrane capacitance using
the capacitance-to-volume ratio of 6'76 pF pl-l (Satoh, Delbridge,
Blatter & Bers, 1996). It should be noted that, as in our previous
work, the SR Ca2+ content is expressed in relation to cell (and not
SRI volume.

RESULTS
Figure 1 illustrates measurements of cell length made
during an experiment to investigate the effects of various
concentrations of tetracaine on contractions due to
spontaneous SR Ca2+ release in a rat isolated ventricular
myocyte. The application of tetracaine initially abolished
this spontaneous activity before spontaneous contractions
resumed at a frequency lower than the control. Both the

Tetracaine

']
251'M

ill I . -lliJlllJ Ill. 50 I'M

I.---.J
1 min

Figure 1. The effects of various concentrations of tetracaine on spontaneous SR Ca'+ release
All traces show cell shortening. Tetracaine was applied for the period shown above at concentrations of
(from top to bottom): 25,50, 100 and :200 p~!.
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Figure 2. Concentration dependence of the effects of tetraca.ine
The abscissa shows the concentration of tetracaine. The ordinate
shows: top, the interval between spontaneous releases in the presence
of tetracaine; bottom, the duration of the quiescent period after
adding tetracaine. Both the duration of the quiescent period and the
oscillation interval have been normalized by dividing by the control
interval of spontaneous release before adding tetracaine. This had a
mean value of 22 s. The quiescent period was calculated by subtracting
the average control interval from the total period lacking spontaneous
release. The lines are linear regressions that have been forced to go
through values of 1'0 for the oscillation interval and 0 for the quiescent
period in the absence of tetracaine. The symbols show means ± S.E.:'1.

of data from three cells. Error bars are not shown where they would be
smaller than the symbols.

duration of the quiescent period and the steady-state
decrease of frequency increase with increasing concentration
of tetracaine. The dose dependence of these effects are
summarized by the mean data illustrated in Fig. 2. Another
novel observation is that removal of tetracaine from the
superfusing solution is associated with recovery of
spontaneous release at a transiently elevated frequency
('burst') in comparison with that observed in control.
Spontaneous contraction frequency then falls towards the
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control level over the next 30 s to 1 min. The magnitude of
this burst is also greater following exposure to higher tetra-
caine concentrations.

Previous work has shown that the frequency of spontaneous
SR Ca2... release is very variable between different cells
(Capogrossi, Kort, Spurgeon & Lakatta, 1986; Dfaz et al.
1996). Figure 3 shows that the effects of tetracaine depend
on the initial rate of spontaneous release. Thus at a given
concentration of tetracaine, the greater the interval between

Figure 3. The relationship between the effects of tetracaine and
the interval between spontaneous release events before adding
tetraca.ine
The abscissa shows the interval in control conditions before adding
tetracaine (100 ILlI). The ordinate shows: top, the interval between
spontaneous releases in the presence of tetracaine; bottom, duration of
the quiescent period after adding tetracaine. The interrupted lines have
unit slope. Each symbol represents a ditferent cell.
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spontaneous releases in the control condition, both the
longer the initial quiescent period in tetracaine and the

C '+lower the steady-state frequency of spontaneous a-
release in tetracaine. The line of identity is shown as the
dashed line in each panel of Fig. 3, i.e. if tetracaine had no
etfect on the interval between spontaneous releases or
produced no quiescent period, all the data points would lie
along these dashed lines.

The data above show that, after an initial delay, in the
presence of tetracaine, spontaneous release resumes at a
lower rate than in the control. \Ve have also examined
whether the properties of the spontaneous release are affected
by tetracaine. In many experiments (e.g. Fig. 1), it is obvious
that the magnitude of the spontaneous contractions is
increased in the presence of tetracaine. It is difficult to
quantify this etfect from cell length measurements alone, as
the magnitude of the spontaneous contraction depends not
only on that of the increase of [Ca2+]I but also on how
uniform it is throughout the cell. Instead, we have measured
the integral of the transient inward ~a+ _Ca2+ exchange
current that is activated by the spontaneous Ca2+ release. If
we assume that the properties of ~a +-Ca2+ exchange are not
atfected by tetracaine, then this integral, as well as giving a
measure of the amount of Ca2+ pumped out of the cell, also
zives an indication of the amount of calcium released from
the SR.

A

Figure 4 shows perforated patch voltage-clamp current
records from an isolated myocyte under a similar protocol of
solution changes as that in Fig. 1. This cell demonstrated an
initial abolition of spontaneous Ca2+ releases (quiescent
period) during exposure to 100 Jl.M tetracaine, followed by
their resumption, at reduced frequency. The lower trace in
Fig. 4 illustrates the transient inward currents associated
with spontaneous Ca2+ releases, and their integrals, on an
expanded time scale. Spontaneous Ca2+ releases during
exposure to tetracaine are considerably larger with respect
to both peak magnitude and integral, in comparison with
those observed in control. These data are quantified in the
histogram of Fig.5..1, which plots the mean effects of
100 J.nl tetracaine on the interval between spontaneous
releases and their amplitude. It is clear that both parameters
are increased by a factor of about two. The fractional
changes relative to control are emphasized in Fig.5B.
From the measurements of magnitude and frequency of
spontaneous releases, one can calculate the time-averaged
calcium efflux from the cell produced by this spontaneous
CaH release activity. On average, the time-averaged Ca2+
efflux via spontaneous release was 1'1 ± 0-1 /lmol 1-1 s-I in
control and O-g ± 0-1 /lmoll-I s-I in 100 /lM tetracaine
(paired t test, P > 0-15, n = i). The similarity of these
values is emphasized by the right-hand bar in Fig.5B,
which shows the average efflux in tetracaine divided by that

100 pM tetracaine

2 min

B
a b c

50pA [1 iii .... Y uur rrrrr
20pC [ l l l 1 nll1

20 s

Figure 4. The effects of tetracaine on the membrane current accompanying spontaneous SR Cal+
release
A, time course; the trace shows the membrane current recordt'd from a cell held at -80 mV.Tetracaine
(100 Illl) was applied lor the period shown. Tetracaine produced an outward shift of holding current of
4 pA. For clarity this was removed by subtracting a low-pass-filtered version from the raw current trace.
B, specimen records of: top, current; bottom. integrated current from the periods shown in A.
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Figure 5. Summary of the effects of tetracaine on the magnitude and period of spontaneous SR
Ca.2+release
.4. histogram of the effects of tetracaine (100 p;ll) on: left. interval between oscillations (n = 10); right.
integral of the associated current. The integral has been converted to the equivalent change of cell calcium
(see Methods). O. control; ~. tetracaine. B. normalized data. The bars show mean data (n = 7) normalized
to the value in the control solution of (from left to right): the interval between spontaneous releases. the
integral of the transient inward current and the time-averaged efflux (calculated from the product of
frequency and integral in each cell).
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Figure 6. The effectsof tetracaine on the response to caffeine
A. original data. The traces show: top. current; bottom. integral. T?e panels sho,,: (fro~ ~eft to right):
control tetracaine (100 p::lt) and recontrol. Caffeine (20 m») was applied for the periods indIcated by the
horizontal bars. B, histogram showing mean SR Cal. content (n - 10). as measured from the integral of the
caffeine response in control (left) and tetracaine (right),
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in control. Therefore the addition of tetracaine has little
steady-state effect on Ca2+ loss from the cell via spontaneous
Ca2+ release.

On removal of tetracaine there was consistently a progressive
decrease in the magnitude of both the current oscillations
and their integral (Fig. 4) towards the control lewis in
parallel with the reco\"ery of frequency.

There are at least two explanations for the presence of the
burst of spontaneoUl! Ca2+ release on removal of tetracaine.
(i) Tetracaine could have some complicated effect on the
surface membrane such that its removal could produce a
transient influx of calcium into the cell, which would then
lead to an increase of SR Ca2+ loading and consequently to
SR Ca2+ release. (ii) The inhibitory effect of tetracaine on
the SR Ca2+ release channel could increase SR Ca2+ content.
On removal of tetracaine, spontaneous release would ensue
clue to the Cal+ overload of the SR. ,re have discriminated

Figure i. Comparison of three methods for estimating the
Ca2+ gained by the cell during exposure to tetra.caine
(100 pM)
The bars show (from left to right): (1) the measured increase in
the integral of the caffeine response; (2) the calculatedCa2+ entry
during the quiescent period on application of tetracaine (in this
calculation we used the extra quiescent period produced by tetra-
caine in addition to the interval between spontaneous releases in
control); (3)the calcium lost from the cell during the burst on
tetracaine removal. This was obtained by integrating the current
during the burst and subtracting from it the lossof calcium
which would have occurred during an equivalent period of
control oscillation frequency followingtetracaine removal.

between these hypotheses by measuring the SR Ca2+ content
using the integral of the Na+-Ca2+ exchange current,
activated by releasing the SR Ca2+ by application of 20 mM

caffeine (this concentration ensures a single, complete
caffeine-induced calcium release). In the maintained presence
of caffeine, a known proportion (-67%) of the calcium
released from the SR leaves the cell by the Na+_Ca2+
exchanger. The integral of the transient inward current (due
to Xa+-Ca2+ exchange) evoked by caffeine provides a
quantitative measure of the SR calcium content. Typical
current records from a single ventricular myocyte under
pert orated patch voltage-clamp control are shown in the
upper traces of Fig.6A. The smooth curves in the lower
panel represent the integrals of each current record and
clearly show that tetracaine produces a reversible increase in
the SR content, in this case from 118 to 233 jlmoll-1• On
average (Fig. 6B), exposure to 100 jlll tetracaine for 5 min
increased the integral of the caffeine-evoked current by

100 Ii ....tetracaine

'in !f'-TIll I-Wll'lnr
VVV'~/VVtv50 limoll-' [

1/1/1

1 min

Figure 8. Calculation of the effects of tetracaine on SR Cal+ content
Top, membrane current; bottom, calculated Ca.2+content. Tetracaine (100 )01) was applied for the period
shown. Tetracaine produced an outward shift of holding current of 9 p.A. For clarity this was removed by
subtracting a low-pass-filtered version from the raw current. The lower record was calculated by integrating
the current records only tor the period of each oscillation. To these integrals. a calcium influx of
2'1 pmoll-I ii-I was added. Xote that the calculatedCa2+content only considers changesdue to sarcolemmal
fluxes and ignores the faster components due to SR Ca2" release and re-uptake during and immediately
after spontaneous release,
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80'3 ± 11'4 pmoll-1 from 108'0 ± 6'9 pmoll-I (paired t test,
P< 0'0001, n = 10).

It is likely that the extra Ca2+ accumulated by the SR in
tetracaine is gained during the initial quiescent period. In
addition, one predicts that this extra calcium is lost during
the burst of spontaneous release activity on removal of
tetracaine. We have tested this as follows. The calculated
calcium gain during the period without spontaneous Ca2+
release was estimated from that which would have occurred
if spontaneous release activity had continued at its control
frequency, using the a\'erage efflux per unit time. We have
taken the total interval between the last spontaneous release
event in control and the first in tetracaine, and subtracted
from this the average period between spontaneous releases
in control, thereby leaving the extra interval due to
application of tetracaine. This calculation gives the amount
of calcium efflux that ought to have taken place during the
quiescent period. This calcium, we assume, is
accommodated within the SR. \Ve estimated the extra Ca2+
lost from the cell during the burst by calculating the
cumulative integral over a defined period commencing on
removal of tetracaine. From this we subtracted an estimate
of the Ca2+loss had spontaneous Ca2+ release occurred at the
steady-state frequency re-established following the burst.
On average, these values compare well with the change of the
caffeine response observed in tetracaine (Fig. i). Average
values for these estimation methods are 118'3 ± 15'i pmoll-I

from the quiescent period, 104'5 ± 16'0 pmoll-I for the burst
and 86'3 ± 11'6 pmoll-I from the difference in caffeine
response. Each of these methods of estimation was
compared with the other two using a paired t test, and they
were found not to be significantly different (paired t test,
P>O'lforall, n=i).

DISCUSSION
The main finding of this work is that the reduction of
spontaneous release frequency produced in rat ventricular
cells by application of sub millimolar concentrations of tetra-
caine is associated with an increase of SR calcium content.
This is associated with an increase in the size of the transient
inward current and integral activated by spontaneous
releases in tetracaine. With more calcium in the SR, one
might expect a greater flux of calcium through the calcium
release channels when they are opened.

The results in this paper are consistent with tetracaine
acting by inhibiting Ca2+ release from the SR. We must,
however, consider whether other actions of tetracaine could
be involved. Tetracaine is a local anaesthetic and inhibits
both sarcolemmal Na+ and Ca2+ channels (Carmeliet, Morad,
Van der Heyden & Vereecke, 1986). Inhibition of Na+
channels wili decrease [Na+]. and. via Xa+-Ca2+ exchange,
will decrease [Ca2+]. and thence SR Ca2+ content. Inhibition
of Ca2+ channels will directly decrease [Ca2+1•. These effects.
howe\-er, will produce (as is seen for lidocaine; Eisner,
Lederer & Sheu, 1983) a gradual decrease of the frequency

of spontaneous Ca2+ release. When tetracaine is removed, one
would expect a gradual recovery of the rate of spontaneous
SR Ca2+ release. This hypothesis is therefore unable to
account for the immediate abolition of spontaneous SR
release followed by redevelopment or the burst on removal
of tetracaine.

The appearance of spontaneous SR Ca2+ release in cardiac
muscle is associated with increased SR calcium content
(Bers & Bridge, 1988). One would expect, therefore, that
abolition of spontaneous SR Ca2+ release would be
associated with a decrease in SR calcium content. The
apparently paradoxical effect of tetracaine to abolish
spontaneous release while increasing SR calcium content
can be explained if its main effect is to inhibit SR calcium
release. Such an inhibition has been demonstrated in
isolated cardiac SR vesicles for the structurally related local
anaesthetic procaine (Chamberlain, Volpe & Fleischer, 1984).
Procaine also inhibits calcium -activated channel activity of
the cardiac ryanodine receptor in lipid bilayers (Tinker &
Williams. 1993; Zahradnikova & Palade, 1993) and its
application has been shown to increase the magnitude of the
rapid cooling contracture and therefore, presumably the SR
Ca2+ content (Kornai, Redon & Rusy, 1995). Although no
studies have been published on the effect of tetracaine on
the cardiac ryanodine receptor. a personal communication
from L. Xu & G. )Ieissner shows that it has similar effects to
those previously reported in skeletal muscle where it inhibits
spontaneous release of calcium from skeletal muscle SR
vesicles (Volpe et al. 1983) and lowers the open probability of
the calcium-activated skeletal muscle ryanodine receptor in
lipid bilayer studies (Xu et al. 1993). Work published
recently in abstract form (Gyorke, Lukyanenko & Gyorke,
199i) has shown that, in cardiac cells, tetracaine initially
abolished Ca2+ sparks before a recovery associated with an
increased SR Ca2+ load (as judged qualitatively by the
caffeine-evoked increase of [CaH].).

In previous work we have shown that, in the absence of
tetracaine, spontaneous SR Ca2+ release occurs when the SR
Ca2+ content has reached a threshold level (Diaz et al. 199i).
Increasing the magnitude of Ca2+ entry into the cell does
not increase the Ca2+ content of the SR once spontaneous
activity begins. Rather, spontaneous SR Ca2+ release occurs
at a higher frequency because the SR refills to threshold
more rapidly. The apparent threshold may result from an
effect of luminal Ca2+ on the gain of calcium-induced Ca2+
release either (i) directly through an intraluminal regulatory
effect on the ryanodine receptor or (ii) indirectly because
when an SR Ca2+ channel opens, the greater the luminal
Ca2+, the greater the Ca2+ efflux and therefore the greater
the gain of calcium-induced Ca2+release. In either case, the
greater gain allows wave propagation, activating calcium
efflux, thus limiting the level to which the SR can fill.

On the above analysis the effects of tetracaine can be
explained if we assume that it increases the loading of the SR
required for spontaneous release. This could arise because.
by decreasing the opening probability of the SR Ca2+ release
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channel tetracaine mav decrease the frequency of Ca2+
'sparks' 'and thence inhibit the initiation of Ca2+ waves. The
subsequent recovery of spontaneous release will arise
because the increase of SR Ca2+ content will increase the
spark magnitude such that a larger fraction of the sparks
result in a propagating wave, This has recently received
direct experimental support (Gyorke et al. 199i), although
we cannot exclude the idea that the decrease of opening
probability will decrease the 'gain' of calcium-induced
calcium release and may interfere with the propagation of a
wave.

When tetracaine is applied, the SR will continue to fill with
calcium to beyond the level reached in the control solution.
This will produce the initial delay seen before spontaneous
release resumes. The duration of this delay will depend on
the rate at which Ca2+ is entering the cell. It is therefore
noteworthy that the delay is proportional to the interval
between spontaneous releases observed under control
conditions (Fig. 3). Presumably, the higher the rate of Ca2+
entry into the cell, the greater the frequency of spontaneous
release in control and the less time required to reach the
new threshold level of luminal SR. The duration of the
initial delay also increases with increasing tetracaine
concentranon. probably because the concentration of luminal
Ca2+ required to initiate release increases. In the presence of
tetracaine, the amplitude of the spontaneous releases and the
amount of ci+ pumped out of the cell per release increases.
Presumably the larger SR Ca2+ content results in a larger
release of calcium. There is a corresponding decrease in the
frequency of release such that the calculated time-averaged
Ca2+ efflux produced by spontaneous Ca2+ release is similar
to that in control. The unchanged spontaneous calcium
release-induced efflux suggests that the component of efflux
activated by the resting calcium is also unchanged,
i.e. tetracaine probably does not change the resting calcium.
\Ye attempted to measure this directly. However, when
tetracaine is applied, there is an immediate increase of
tluorescence which is due, at least in part, to the fact that
tetracaine is fluorescent. This therefore hampered measure-
ment of resting [Ca2+]I. However, there was no subsequent
change of resting [Ca2+]1 during prolonged exposure to
tetracaine, suggesting that [Ca2+]1 is constant. Furthermore,
the constancy of the efflux suggests that tetracaine is not
having a marked effect on Ca2+ entry as any decrease of
('a2+ entry would, in the steady state, decrease the efflux. It
is known' that tetracaine decreases Ca2+ fluxes through the
L-type Ca2+ channel (Carmeliet et al. 1986), It is, however,
likely that all these channels are closed at the normal resting
potential and, therefore, not surprising that tetracaine does
not affect resting Ca2+ fluxes by this mechanism. The
eonstancv of the time-averaged Ca2+ efflux is obviouslv
required -for the cell to maintain Ca2+ balance in the face ;f
an unchanged Ca2+ entry. The fact that the initial delay
before spontaneous release resumes is greater than the
interval between spontaneous releases subsequently in
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tetracaine is consistent with the fact that the increase of SR
Ca2+ content in tetracaine (i.e. the amount of calcium zained

'"during the initial delay) is greater than the extra amount
pumped out of the cell per spontaneous release (i.e. the
amount gained between waves in tetracaine).

This model can also account for the burst of spontaneous
Ca2+ release seen after removing tetracaine. At this peint
the properties of calcium-induced Ca2+ release have been
restored to normal but the SR Ca2+ content is elevated
considerably above the control threshold for Ca2+ release.
This will result immediately in Ca2+ release. It is

C 2+
noteworthy that the extra a content of the SR is not
removed from the cell on one spontaneous release and is
presumably partly re-sequestered by the SR.

The overall results of this paper are best illustrated by the
data and calculations shown in Fig. 8, The upper trace
shows the effects of tetracaine on membrane current. The
inward currents associated with calcium release were
integrated to calculate the net loss of calcium from the cell.
In the steady state this must be balanced by a calcium entrv
The lower t~ce in Fig. 8 shows the calculated change of ceii
Ca2+ content assuming a constant Ca2+influx into the cell of
2'1 ,umoll-I s-I, which was chosen to exactly balance the
time-averaged Ca2+ efflux. Under control conditions, this
results in a gradual increase of cell Ca2+ punctuated by
abrupt decreases during spontaneous SR Ca2+ release. It
should be noted that the linear time course of the gain of
Ca2+ between releases is a simplifying assumption: all we
can fix are the initial and final points of the increase. When
tetracaine is applied, the spontaneous release stops for a
period, the Ca2+ influx continues and therefore the cell Ca2+
content increases. When spontaneous release resumes, the
integrals are larger and therefore the decrease of cell Ca2+
content on each release is larger and, in combination with
the lower frequency, a new mean steady-state Ca2+ content
is achieved. Finally, when tetracaine is removed, the burst
reduces cell Ca2+ b~ck down to the control level.

In summary, the results of this paper show that the
inhibition of the SR Ca2+ release channel produces an initial
cessation of SR Ca2+ release. However, the consequent
increase of SR Ca2+ content overcomes this, resulting in
larger amplitude but less frequent Ca2+ releases such that cell
Ca2+ homeostasis is maintained. In other words, given the
need to maintain cell Ca2+ homeostasis, one obtains the
initially unexpected result that inhibiting the Ca2+ release
process increases the magnitude of the spontaneous Ca2+
release. This result may well have implications for the
different patterns of spontaneous Ca2+ release seen in other
cell types (Petersen, Toescu & Petersen, 1991).

Note added in proof
Since this paper was submitted for publication, a full version of the
work of S. Gyorke, V. Lukyanenko & I.Gyorke has been published
(Journal of PhYSiology 500, 29;-309 (199;)).
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1. The effects of tetracaine were examined on rat ventricular myocytes. In both field-
stimulated and voltage-clamped cells tetracaine (100- 200 ,uM) produced an initial decrease
of contraction before a recovery towards the control level. Removal of tetracaine produced a
transient overshoot of contraction to levels greater than the control.

2. The transient decrease of contraction produced by tetracaine was accompanied by a small
transient increase in the integral of the L-type Ca2+ current and a larger transient decrease
of the Na+_Ca2+ exchange current on repolarization. These are attributed to decreased
systolic release of Ca2+. On removal of tetracaine there was an increase of the Na+-Ca2+
exchange current. Before the addition of tetracaine, calculated Ca2+ influx and efflux across
the sarcolemma were approximately equal. On adding tetracaine, efflux was transiently less
than influx and, on removal of tetracaine, efflux was greater than influx.

3. These changes in Ca2+ fluxes result in an increase of cell Ca2+ during exposure to tetracaine.
The calculated magnitude of this increase was equal to that measured directly by applying
caffeine (20 mx) to release sarcoplasmic reticulum (SR) Ca2+ and integrating the resulting
Na" -Ca2+ exchange current.

4. It is concluded that the effects of tetracaine can be accounted for by depression of calcium-
induced Ca2+ release (CICR). The response is transient because the inhibition is compensated
for by an increase of SR Ca2+ content such that there is no steady-state effect on the
magnitude of the systolic Ca2+ transient. The consequences of this result for the effects of
other modulators of CICR are discussed.

Calcium-induced calcium release (CICR) underlies excitation-
contraction coupling in cardiac muscle. Calcium is released
from the sarcoplasmic reticulum (SR) through a specialized
release channel termed the ryanodine receptor (RyR). This
receptor is activated during an action potential by calcium,
which enters the cell through voltage-activated L-type
calcium channels in the sarcolemma. Certain agents modify
the sensitivity of the ryanodine receptor to calcium and as
such are considered to be potential regulators of contraction.
For example, both the compound cyclic ADP-ribose
(Rakovic, Galione, Ashamu, Potter & Terrar, 1996) and
phosphorylation of the ryanodine receptor (duBell, Lederer
& Rogers, 1996) have been suggested to increase the gain of
CICR and thence the magnitude of the systolic Ca2+
transient. Local anaesthetics such as procaine and tetracaine
inhibit Ca2+ fluxes through the ryanodine receptor
(Zahradnfkova & Palade, 1993; Gyorke, Lukyanenko &
Gyorke, 1997) and suppress Ca2+ release and contraction in
both cardiac and skeletal muscle (Almers & Best, 1976;
Chapman & Leoty, 1981; Stephenson & Wendt, 1986;

Klein, Simon & Schneider, 1992; Komai, Redon & Rusy,
1995). Tetracaine may therefore be a useful model compound
for studying the effects of regulators of CICR. We have
previously shown that tetracaine produces a transient
suppression of spontaneous Ca2+ release from the SR
(Overend, Eisner & O'Neill, 1997) (cf. Gyorke et al. 199i).
This effect was attributed to the combination of (i) an
inhibitory effect of tetracaine on CICR which is then
gradually overcome by (ii) a subsequent increase of SR Ca2+
content. These results were shown to be consistent with
inhibition of CICR. There was, however, no direct
measurement of the gain of CICR. Furthermore there was
no information about the effects of tetracaine on the normal.
stimulated release of Ca2+ from the SR.

The related local anaesthetic, procaine, has been shown to
directly inhibit SR calcium release [Zahradnikova & Palade,
1993),· and to increase SR calcium content (as assessed by
rapid cooling contracture), an effect which has been
attributed to a reduction in trans-sarcolemmal Ca2+ efflux
(Komai et al. 1995). The initial aim of this paper was to
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obtain quantitative measurements of changes of CICR gain
and SR Ca2+ content. Before this can be done, however, it is
important to consider other possible actions of tetracaine
which, for example, acts as a local anaesthetic by blocking
sodium, calcium and potassium ion channels in nerve and
muscle preparations at concentrations similar to those
affecting the SR release channel (Hille, 19ii; Chapman &
Leoty, 1981; Carmeliet, Morad, Van der Heyden & Vereecke,
1986). Therefore, some of the inotropic effects of tetracaine
could be attributable to effects on these sarcolemmal ionic
fluxes. \Ve present evidence suggesting that such a
contribution is small, and that the transient nature of the
effects of tetracaine on contraction can be attributed to
depression of SR Ca2+ release and consequent changes of SR
Ca2+ content. We conclude that agents which only affect
CICR will only have transient effects on contraction.

METHODS
Experiments were carried out on cardiac myocytes isolated from
rat ventricles using a collagenase and protease digestion protocol
as previously described (Eisner, Nichols, O'Xeill, Smith &
Valdeolrnillos, 1989). Rats were killed by stunning and cervical
dislocation.

Electrophysiology
Voltage clamp control was achieved using the perforated patch
technique (Horn & :\Iarty, 1988) using amphotericin B. Due to the
relatively high access resistance of the perforated patch (about
::!O :\In) we used the switch clamp facility of the Axoclamp-2A
voltage clamp amplifier (Axon Instruments). Pipettes (1-3 :\I!l in
resistance) were filled with the followingsolution (mx): CsCH303S,
125; CsCl, 12; XaCl, 20; Hepes, 10; :\[gCI2' 5; Cs-EGTA, 0'1;
titrated to pH i'2 with CsOH. Amphotericin B was dissolved in
D:\ISOand added to the filling solution to a final concentration of
240 p.gml-I, before use. Cells were bathed in a control solution of
the following composition (rnx): ~aCl, 135; KCl, 4; Hepes, 10;
glucose, 11; CaC!" 2; :\IgCI2, 1; titrated to pH i'4 with ~aOH. To
avoid interference from outward currents, all voltage clamp
experiments were performed in the presence of 5 mx 4-amino-
pyridine and 0'1 mx BaCl,. Tetracaine was added where
appropriate from a stock solution of 100mx (in H20), without
osmotic correction. In someexperiments (e.g. Fig. 1)voltage clamp
was not used, and in this case 4-aminopyridine and BaCl, were
omitted. All experiments werecarried out at 22 ·C.

Fluorescence measurements
In experiments designed to measure [Cat+]••cells were loaded with
the acetoxymethyl ester form of indo-I (:\IolecularProbes; 2·5p.M
tor 5 min, followed by at least 30 min for de-esterification) and
placed in a bath on the stage of an inverted epifluorescence
microscope (Nikon Diaphot T~ID, Nikon, l"K). Fluorescence was
excited at 340 nm and measured at 400 and 500 nm. The ratio of
the emitted fluorescence(400 nm/500 nm) was used as an index of
[Ca2+]I' In other experiments cells were not loaded with the
indicator. Fluorescence measurements in the presence of tetracaine
were hampered by the fact that the drug itself fluoresces with an
intensity which is considerablygreater at 400 than at 500 nm. The
intensity of this fluorescence is greater in the presence of a cell
presumably because tetracaine (a weak base) is accumulated within
the cytoplasm (which is acidic with respect to the extracellular
rluid). The time course of the rise of this artifactual increase of

fluorescence is complete within 2-3 s. We have therefore adjusted
~he indo-I fluorescence traces (Fig. 1) by subtracting off a step
increase of fluorescenceat both 400 and 500 nm. This correction is
fairly crude and the results should be interpreted accordingly. In
particular, it is not possibleto compare accurately the magnitude of
a.Ca2+ transient in tetracaine with one in control solution, although
changes of fluorescence once tetracaine has been applied will be
recorded faithfully.

In some experiments caffeinewas used to release Ca2+from the SR.
As reported previously (Overend et al. 199i), in the presence of
tetracaine, 10 mMcaffeine often produces a series of oscillations of
inward current, rather than a.single release. This is similar to the
effect of a lower concentration of caffeine in the absence of tetra-
caine and presumably reflects antagonism between tetracaine and
caffeine (Almers & Best, 19i6). For this reason 20 mMcaffeinewas
used to measure SR calcium content. Under these conditions a.
single release of calcium resulted, and the accompanying ~a+-Cal+
exchange current could be measured easily.

Data were digitized using a Digidata 1200 series interface board
(Axon Instruments) and analysed using software (ABFAN2)written
by Dr A. W. Trafford (Department of Veterinary Preclinical
Sciences, University of Liverpool).

Quantification of SR Cal+ content and sarcolemmal Cal+
fluxes
Inward Na+_Ca2+exchangecurrents produced by the application of
caffeine (20 rnx) to voltage-clamped cells were integrated and
converted to total cell calciumfluxesas described previously (Varro,
Xegretti, Hester & Eisner, 1993; Negretti, Varro & Eisner, 1995).
Briefly, it is necessary to first correct for that fraction of the efflux
which is not produced by Na+-Cal+ exchange, and then relate the
fluxes to cell volume. The volume was calculated from the cell
membrane capacitance using the capacitance-to-volume ratio
6'i6 pF pl-· (Satoh, Delbridge, Blatter & Bers, 1996). It should be
noted that, as in our previous work, tbe SR Ca.I+ content is
expressed with relation to cell (and not SR) volume. We have
previously shown that 6i % of Ca2+efflux is generated by ~a+-Ca.I+
exchange (Negretti, O'Xeill & Eisner, 1993).The remainder occurs
via the sarcolemmal Cal+-ATPase and mitochondrial sequestration.
To take into account non-Na"-Cal+ exchangeefflux of Ca2+,current
integrals were multiplied by a factor of 1'5. This correction was
used for both caffeine- and repolarization (tail current)-activated
current. The integrals of calciumcurrents weresimply divided by a
factor of 2 to compensate for the fact that each calcium ion carries
two positive charges into the cell.

Statistics
All values are presented as means ± S.E.M. for n experiments.
Significance was assessed using a paired I test.

RESULTS
Figure 1 shows the effect of tetracaine on the amplitude of
contraction and associated calcium transients in field-
stimulated rat ventricular myocytes. Application of 100 pM
tetracaine transiently reduced the amplitude of contraction.
Contraction then gradually recovered towards the control
level over a period of 1-2 min, despite the maintained
presence of the drug. The magnitude of peak contraction
was also more variable in the presence of tetracaine. Removal
of tetracaine was associated with a transient elevation of
contraction amplitude above the control level, which
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subsequently recovered to the control level. Similar effects of
tetracaine addition and removal were seen on the systolic
Ca2+ transient record (Fig. lA, lower trace). This suggests
that changes in contraction amplitude are a consequence of
changes in the Ca2+ transient magnitude, and do not reflect
effects of the drug on the contractile apparatus. The
amplitude of the Ca2+ transient doesnot recover to the control
level, while the contraction appears to demonstrate recovery
to the control level. We cannot exclude the possibility that
the lack of complete recovery of the Ca2+ transient is due to
errors in correction for the intrinsic fluorescence of tetra-
caine (see ~Iethods). However, the changes in the amplitude
of the Ca2+ transient which occur during the maintained
presence of tetracaine, and the overshoot on removal of
tetracaine must be due to changes of [Ca2+]1 rather than
artifactual changes of fluorescence.

It is likely that the effects of tetracaine are a result of
reduced calcium-induced calcium release (CICR). However,
tetracaine has well-documented effects on sodium and
calcium currents across the sarcolemma (lsa and lea.'
respectively) (Hille, 1977; Carmeliet et al.1986). The former
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will decrease excitability, and this effect can be eliminated
by using voltage-clamped cells. The latter will directly
decrease Ca2+ entry. The experiment illustrated in Fig. 2
shows a typical result in a voltage-clamped cell. The effects
of tetracaine on contraction (Fig. 2A) are qualitatively
similar to those seen in field-stimulated cells: tetracaine
produces an initial decrease of contraction followed by
recovery and then an overshoot on removal of tetracaine.
The transient overshoot of contraction amplitude on
removal of the drug, in this case, was accompanied by
spontaneous oscillations, indicating some degree of calcium
overload at this point in the experiment. Figure 2B shows
specimen records of current and contraction. The immediate
major depression of contraction (b) is accompanied by a
modest decrease (to 83%) of the peak magnitude of the
calcium current. This is associated with an increase in the
integral of the Ca2+ current (see later). However, while
contraction recovers towards control levels, there is no
recovery of the calcium current (c). Similarly, the overshoot
in contraction amplitude on removal of tetracaine (d) is not
accompanied by an increase in peak calcium current above
the control level. Changes in the peak amplitude of the

100 pt.! tetracaine

d

30 s

b

0·2 L--J
0·5 s

d

c

Figure 1. The effects of tetracaine on contraction amplitude and systolio [Cal.].
A, time course of cell shortening (top) and indo-1 ratio (R= F~FM)O) (bottom). The cell was field
stimulated at a frequency of 0'3 Hz. Tetracaine (100 I'll) was applied for the period indicated by the bar.
The indo-I ratio was corrected for the intrinsic fluorescence of tetracaine (see Methods). H, averaged
specimen (n = 5)Ca2+ transients taken from the periods (a-d) indicated in A.
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calcium current, therefore, cannot explain the recovery of
contraction amplitude during continued superfusion with
tetracaine, nor the transient overshoot of contraction
observed on its removal. On average, in twelve cells, the
minimum level of contraction reached in 100 P.M tetracaine
was 40'0 ± 4'5% of the control level and this recovered to
96'2 ± 2'6% in the steady state. This level of contraction
during steady-state exposure to tetracaine was not
significantly different from that in control (P> 0'1). On
removal of tetracaine the mean peak level of contraction
reached was 1iO'8 ± 16% of the control level.

In an attempt to gauge to what extent inhibition of the
L-type calcium current may account for changes in
contraction, in Fig. 3 we compared the effect of tetracaine
with that produced by deliberately reducing the calcium
current, by reducing the size of the depolarizing step (from
40 to 30 mY). Reducing the size of the depolarization
reduced the peak calcium current considerably more than
did exposure to 100 I'M tetracaine (here, to 54 % of the
control peak lea, cf. 83 % in tetracaine). However, the
contraction elicited by the smaller pulse was only marginally

A

reduced in magnitude, in contrast to the dramatic reduction
of contraction amplitude observed during early exposure to
tetracaine. This confirms that only a small proportion of the
effects of tetracaine on contraction amplitude can be due to
reduction of the L-type calcium current.

Measurement of Ca2+ flux balance in tetracaine
The transient elevation of contraction amplitude observed
on removal of tetracaine may be indicative of an increase in
the SR calcium load of the cells following exposure to
tetracaine. This is further suggested by the presence of
spontaneous oscillations in some cells immediately following
removal of the drug (Fig. 2). Results presented later in this
paper provide quantitative measurements of this increase of
SR Ca2+ content. The aim of the series of experiments
described below was to investigate the origin of this increase.
In order to do this we have measured the sarcolemmal fluxes
of calcium. As in our previous work (Negretti et al. 1995;
Trafford, Diaz, Negretti & Eisner, 199i b), Ca2+ entry was
measured by integrating the L-type Ca2+current and Ca2+
efflux from the Na+-Ca2+ exchange current tail activated on
repolarization (Fedida, Noble, Shimoni & Spindler, 198i;
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d

a
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Figure 2. The effects of tetracaine on contraction and membrane current in a. voltage-cla.mped
cell
A, time course of changes of contraction. Tetracaine (100101) was applied for the period indicated by the
bar. The membrane potential was held at -40 mV. and 200 ms duration depolarizing pulses to 0 mV were
applied at a frequency of 0'5 Hz. B. specimen records of membrane current (top) and contraction (bottom)
obtained at the times (a-d) indicated in A.
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Bridge, Smolley & Spitzer, 1990).To facilitate the measure-
ments, short (100 ms duration) pulses were used in order to
minimize Ca2+ efflux during depolarization, when any
Na+-Ca2+ exchange flux will be obscured by the L-type Ca2+
current. The contraction record in Fig. 4 again shows a
transient reduction of amplitude followed by a recovery on
application of tetracaine and overshoot on removal of tetra-
caine. Figure 4B illustrates sample current records. The
integrated currents for this cell show that in control
conditions (Fig. 4Ba) depolarization produces a gain of about
4 pmol (1 cell volumef" Ca2+ via the L-type Ca2+ current.
On repolarization there is a loss of calcium from the cell
which is of the same magnitude as the initial gain. In other
words, influx equals efflux. On average, in twelve cells, the
Ca2+ entry during the Ca2+current was 4'19 ± 0'43 pmoll-1

in comparison with average efflux of 4'55 ± 0'3i pmoll-I
(all fluxes expressed with respect to total cell volume).These
are not significantly different (P> 0'10). The records
illustrated in Fig. 4Bb show the early effects of tetracaine.
Despite the reduction in the peak magnitude of the Ca2+
current, the integrated Ca2+ entry is greater (presumably
due to reduced Ca2+-induced inactivation of the current,
because of the smaller Ca2+ transient: Sipido, Callewaert &
Carmeliet, 1995; Adachi-Akahane, Cleemann & Morad,

a

mVJ J

1996).The main effect of tetracaine on membrane current is,
however, a decrease of the Na+-Ca2+ exchange current tail
on repolarization due, presumably, to the decreased
magnitude of the systolic Ca2+ transient. The net effect is
that the cell has gained about 3 /.tmolCa2+ I-I at the end of
the record shown. During the period of exposure to
tetracaine, as the sizes of the systolic Ca2+ transient and
contraction increase, so does that of the current tail on
repolarization. Therefore, in the steady state in tetracaine
(Fig. 4Bc) Ca2+entry on depolarization exactly balances the
loss on repolarization, such that there is no net change of
cell Ca2+. The mean data confirm that influx (4'00 ±
0·42/.tmoll-l) and efflux (4'64 ± 0'38 /.tmoll-I) are not
significantly different and, therefore, balance in tetracaine
(P> 0'05) once a steady-state levelof contraction is achieved.
'When tetracaine is removed there is a small decrease of the
integrated calcium current. This is accompanied by a much
larger increase of Ca2+ loss on repolarization due to the
larger Ca2+transient. On this pulse there is a net lossof cell
calcium of almost 4 /.tmol I-I. Although not shown, as the
contraction and systolic Ca?-+ transient decrease towards
control levels, the Ca2+ loss on repolarization decreases to
control levels and Ca2+ flux balance is once again achieved.
This post-tetracaine depletion of calcium presumably

b c
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Figure 3. Comparison of the effects of tetracaine with those of decreasing the size of
depolarization
In all panels the traces show (from top to bottom): membrane potential, current, celilength. In a and b,
the depolarizing pulse was to 0 mY. Panel a, control; b, after 4 s exposure to tetracaine (100 I'M); c, in the
absence of tetracaine (depolarization to -10 mY). lIembrane potential was held at -40 m\" and
depolarizing pulses of :!OOms duration were applied to elicit contraction.
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accounts for the gradual reduction of contraction towards
the control steady-state level.

The net changes of calcium illustrated in Fig. -1 take place
over each cycle of contraction and relaxation. It appears that
exposure to tetracaine causes a net increase of calcium by
the cell, and this is balanced by a loss of calcium from the
cell on its removal. The total amount of calcium gained and
lost in this way can therefore be calculated by summing the
net calcium flux for each cycle. An example of this type of
calculation is illustrated in Fig. 5. This calculation was
performed using the same data as in Fig. 4. The bar
illustrates the period of tetracaine superfusion. The upper
panels represent the values of Ca2+ influx and efflux
respectively, calculated from the integrals of Ca2+ current
and tail current, associated with each cycle of contraction.
The bottom panel illustrates the cumulative difference
between influx and efflux, i.e. the total amount of calcium
gained or lost by the cell since the start of the record. The

A

data presented earlier show that, on average, in either
control or tetracaine, in the steady state Ca2+ influx and
efflux are equal. However, any small differences will add up
with this cumulative method. We have therefore calculated
the mean steady-state values of calcium influx and efflux for
control, tetracaine and recontrol. These steady-state values
were subtracted from the integral of each pulse in the
appropriate solution. As shown in Fig. 4, application of
tetracaine is associated with a reduction in calcium efflux
from the cell, and a transient elevation of calcium entry
above the control level, probably as a consequence of
reduced calcium-induced inactivation of lea. Both these
effects will contribute to increasing the calcium content of
the cell. As the cell gains calcium, contraction recovers
towards the control level, and with it efflux from the cell
activated by the increasing magnitude of associated Ca2;'
transients. On removal of tetracaine there is a transient
elevation of the efflux integral, producing a net loss of
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Figure 4. Transient 1088 of Cal+ llux balance during application and removal of tetracaine
A, tim~ course of the effects on contraction of applying tetracaine for the period shown by the bar.
B, specimen records of membrane current (top) and cumulative integral (bottom). Membrane potential WII8

held at -40 mV and depolarizing pulses of 100 ms duration were applied at 0'5 Hz. The Ca2+ flux traces
show the cumulative integral of the calcium current (initial upward deflection) followed by a downward
deflection due to the Ca2+ efflux. The records were obtained at the times (a-d) shown in A. (See )Iethods for
calcul~~ion of sacro~emma1 Ca2• movements.) The vertical positions of the current traces have been aligned
to facilitate companson. Tetracaine produced an outward shift of holding current of i pA and this h88 been
removed to facilitate comparison between records.
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calcium from the cell. There is also a significant undershoot
of calcium entry into the cell, which will further contribute
to reducing cell calcium content. The net calcium loss on
removal of tetracaine calculated in this way (35'5 ±
3-3 J.Lmoll-1, n = 11) is similar to (P> 0-05) the calculated
amount of calcium gained in the presence of tetracaine
(33-7 ± 3-1 J.Lmoll-t, n = 11).

In the steady state, the flux of calcium into the celI in Fig. 4
is minimally affected by 100 flM tetracaine. This is reflected
in the fact that contraction amplitude recovers towards the
control level in the steady state (where influx and efflux are
balanced). Inhibition of the calcium current may, however,
contribute to any observed reduction in the steady-state
amplitude of contraction below that observed under control
conditions, during prolonged exposure to tetracaine. This
effect is more obvious in Fig. 6, which illustrates the effect
of 200 J.LM tetracaine on contraction and associated
sarcolemmal currents and calcium fluxes. Changes in
contraction amplitude during exposure to 200 J.LMtetracaine
follow a similar, although somewhat exaggerated, pattern as
observed with lower concentrations of the drug. Exposure to
200 J.LM tetracaine (indicated by the bar) eventually produces
a new steady-state level of contraction, which is below the
control level. In this case, recO\-ery time is also considerably
prolonged. The associated fell. (Fig. 6B, top panel) is inhibited
to a greater extent by tetracaine, thereby reducing calcium

entry into the celI more significantly, In this case, the
calcium current integral was reduced to 62-1 % of the mean
control value by exposure to 200 J.LMtetracaine. In the same
cell a reduction in the magnitude of lea to 82'6 % of the
mean control value was observed during exposure to 100 J.L),J
tetracaine, The decrease in the Ca2+ current integral during
exposure to 200 J.LMtetracaine was reflected by a reduction
in the steady-state amplitude of contraction to 54-8 % of the
control level, in comparison with 85-5 % during exposure to
100 J.LM tetracaine.

Direct measurements of SR Ca2+ content
It is likely that the extra calcium gained by the cell during
exposure to tetracaine is accommodated in the SR. "Ve took
this type of analysis one step further by comparing the
effect of tetracaine on the SR calcium content more directly,
by measuring the caffeine-induced Na+-Ca2+ exchange
currents in stimulated myocytes under control conditions
and during tetracaine superfusion. Figure iA illustrates
typical caffeine traces and their associated integrals. It is
clear that exposure to tetracaine increases the size of the
integral and therefore of the SR Ca2+ content. The
histogram of Fig. iB shows that, in six celIs, the increase of
SR Ca2+ content measured directly with this technique
(32-6 ± 2-9 J.Lmoll-L) is very similar to (although statistically
different from, P < 0-05) that estimated from the integrated
current records (30-3 ± 2'4 J.Lmoll-1).
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Figure 5_Net accumulation of calcium during exposure to and removal of tetracaine
The traces show (from top to bottom): calculated CaN- entry via the L-type Ca2+ current, Ca2+ efflux on
repolarization (calculated as shown in Fig. 4). cumulative change of cell Ca2+ content. Calcium content
(presumably SR) is expressed per unit total cell volume.
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DISCUSSION
The most striking feature of the results obtained in this
study is the transient nature of the inotropic effects of
tetracaine. Tetracaine transiently suppresses electrically
stimulated contraction and systolic [Ca2+]I' and its removal
is associated with a transient elevation of contraction and
[Ca2+]1 amplitude above the control level. These experiments
were designed to investigate the mechanism by which tetra-
caine achieves these inotropic effects in rat ventricular
myocytes. We have shown that the transient effects of tetra-
caine addition and removal cannot be accounted for by
changes of IC&' but are likely to be due to a combination of
inhibition of CICR and increased SR Ca2+ content.

During normal excitation-contraction coupling, calcium
ions are released from the SR by calcium-induced release,
triggered by calcium entry through voltage-gated
sarcolemmal Ca2+ channels. The concentrations of tetracaine
used here decrease calcium entry slightly, by direct inhibition
of the L-type calcium current (Chapman & Leoty, 1981;
Carmeliet et al. 1986). However, we have shown that this
effect cannot account for the transient nature of the

A

depression of contraction, and the effects of tetracaine are
therefore likely to reflect, predominantly, a decrease in the
ability of IC& to stimulate calcium release from the SR.
Qualitatively, the biphasic nature of the effects of tetracaine
is similar (but in the opposite direction) to that found for low
concentrations of caffeine (O'Neill & Eisner, 1990; Gyorke &
Palade, 1992). Caffeine produces a transient increase of
systolic contraction and [Ca2+]1 followed by a decay back to
control levels. On removal of caffeine, there is an undershoot
of the magnitude, before recovery back to control levels. The
transient increase on application of caffeine was explained
as resulting from a stimulation of CICR (O'Neill & Eisner,
1990). It is only transient because the increased release
decreases the SR Ca2+ content. This hypothesis has recently
received quantitative support (Trafford et al. 1998). -

Measurement of sarcolemmal fluxes and SR Ca.2+
content during tetracaine application
In this paper we have examined the balance of fluxes across
the membrane during the application of tetracaine. This was
done by comparing the magnitude of Ca2+ entry during the
depolarizing pulse via the L-type Ca2+ current with the Ca2+
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Figure 6. The effect of 200 pM tetracaine on oontraction and current
A. time course of cell shortening in response to electrical stimulation elicited by 200 ms depolarizing steps
to 0 mV from a holding potential of -40 mV. Tetracaine (200 pM) was applied as indicated by the bar.
B, specimen records of membrane current (top) and cumulative integral (bottom). The records were
obtain~ at t~e times (a-d) shown in A. The records in a and b are the means of 10 and 5 pulses,
respectively, Single pulses are shown in c and d.
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efflux on repolarization. The initial effect of applying tetra-
caine on sarcolemmal fluxes is to decrease the Ca2+ efflux (as
a result of the decreased ci+ transient) and to increase the
Ca2+ entry into the cell. The latter effect is due to decreased
inactivation of the Ca2+ current (presumably due to decreased
calcium-induced inactivation) overcoming the small direct
inhibitory effect of tetracaine on the Ca2+ current. This
results in a net predicted increase of cell calcium on each
stimulus in contrast to the balance under control conditions.
The increase of SR Ca2+ content can be calculated from the
net integral. The results (Fig. 5) show that there is a gradual
increase of cell Ca2+ content on each beat in tetracaine until
a new balance is achieved, when efflux again equals influx.
This results from the increase of Ca2+ efflux due to the
gradual increase of the systolic Ca2+ transient. On removal

A Control

100 I'moll-'

of tetracaine, the inhibitorv effect on CICR is removed and
the larger SR Ca2+ content produces a larger systolic Ca2+
release than in the control. Therefore the Ca2+ efflux from
the cell is increased above control levels. This results in a
decrease of SR Ca2+ content until the final steady state is
reached.

The changes of SR Ca2+ content referred to above were
calculated from the integrated current records. This method
has the advantage that an estimate of change of SR content
can be obtained after each pulse. The method is, however,
rather indirect and, in particular, makes no allowance for
changes of fluxes between pulses. That this is a valid
method is shown by the fact that (i) under control conditions
and in the steady state in tetracaine, influx and efflux
balance and (ii) the estimate of SR Ca2+ gain from this

100 Jl.M tetracaine Recontrol
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Figure 7. The gain of measured SR Ca2+ content matches that calculated from the sarcolemmal
fluxes
A, measurement of SR Ca2+ content. Caffeine (20 rnxr) was applied for the period indicated by the bars.
Traces show current (top) and integrated current (bottom). From left to right: control; after 1·5 min
exposure to tetracaine (100 1nl); recontrol (1·5 min after removing tetracaine). E, histogram comparing the
measured changes of SR Ca2+(left) with those calculated as in Fig. 5 from the cumulative integrals (right).
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method agrees quantitatively with that measured directly
by applying :WmM caffeine to release all the SR Ca2+
content. The measurement of increased SR Ca2+ content is
also in agreement with qualitative results showing that the
cooling contracture was increased by the related local
anaesthetic procaine (Komai et al. 1995).

Changes of the gain of CICR
The present data show that tetracaine decreases the amount
of Ca2+ release from the SR in response to a given size of
Ca2+ current. In other words tetracaine decreases the gain of
CICR. This effect is then overcome bv an increase of SR
Ca2+ content. The increase of SR Ca2+ ;elease bv an increase
of SR Ca2+ content is in agreement with p;evious work
(Bassani, Yuan & Bers, 1995; Lukyanenko, Gyi::irke &
Gyorke, 1996; Gyorke et al. 1997). It is interesting to note
that the fractional recovery of contraction is greater than
that of the SR Ca2+ content. This presumably reflects the
combination of (i) the steep relationship between [Ca2+]1 and
contraction and (ii) the fact that increasing SR Ca2+ content
produces a fractionally larger increase of Ca2+ release
(Bassani et al. 1995; Trafford et al. 1997 b).

Implica.tions for other work
The results of this paper have shown that tetracaine,
despite having a maintained depressant effect on CICR, has
only a transient effect on the magnitude of the systolic Ca2+
transient. This is consistent with the transient effects of
caffeine on systolic Ca2+ (O'Neill & Eisner, 1990; Trafford,
Diaz & Eisner, 1997 a). The argument put forward to explain
the effects of tetracaine should also apply to other
compounds that inhibit Ca2+ release; as long as inhibition of
Ca2+ release is not complete, the mechanism by which it
occurs (i.e. direct blockade of the pore vs. effects on gating)
should not influence the result. These observations have two
consequences. (i) If one is looking to see whether a
compound affects CICR, then the magnitude of the systolic
Ca2+ transient or contraction is an inappropriate measure (at
least in the steady state). Indeed if the compound acts more
slowly than the time course of changing SR Ca2+ content,
then no effect will be seen. To overcome this, it is necessary
to measure SR Ca2+ content at the same time. Alternatively,
one can make use of the fact that compounds which affect
CICR (like tetracaine), although having no steady-state
effect on the magnitude of the stimulated contraction,
produce a steady-state effect on the frequency of spontaneous
SR release (Gyorke et al. 1997; Overend et al. 1997). (ii) As
discussed elsewhere (Trafford, Diaz & Eisner, 1998),
maintained inotropic effects of substances such as cyclic
ADP-ribose (Rakovic et al. 1996) or phosphorylation of the
ryanodine receptor (duBeU et al. 1996) cannot simply be
attributed to effects on CICR.
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