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ABSTITACT

A thin cardiac muscle preparation of rat (ventricular trabeculae) was used in

the two studies described in this Thesis. First, I investigated the mechanisms ry
which volatile anaesthetics decrease cardiac contractility using trabeculae

loaded with a fluorescent Ca2* indicator. Second, I employed confocal laser

scanning microscopy to determine the three-dimensional microstructure of

perimysial collagen fibres over the range of sarcomere lengths (1.9 - 2.3 pm) in

which passive force increases steeply.

The volatile anaesthetics halothane (A.23 - 3 "/') and isoflurane (0.48 - 4%)

produced dose-dependent decreases in the amplitudes of the intracellular Ca2*

transients and twitch force. They also produced changes in cellular

autofluorescence, consistent with an increase in the concentration of the

reduced forms of nicotinamide adenine nucleotides and flavoproteins. When

the fluorescent Ca2* indicator signals were corrected for changes in cellular

autofluorescence, the volatile anaesthetics did not significantly change diastolic

[Ca2*]. In the presence of halothane or isoflurane, restoration of Ca2* transients

to control levels, achieved by elevation of external [Cat*], did not restore peak

force. Moreover, maximal Ca2+-activated force, elicited using ryanodine tetani,

was reduced by halothane and isoflurane. Thus, the negative inotropic actions

of halothane and isoflurane in cardiac muscle reflect both reduced availability

of Caz* and decreased responsiveness of the contractile system to Ca2*.

Reconstructed three-dimensional images showed that perimysial collagen

fibres are wavy (as distinct from coiled) cords which straighten considerably *
sarcomere length is increased from -1.85 pm (near-resting length) to -2.3 pm.

These observations are consistent with the notion that the straightening of

these fibres is responsible for limiting cardiac sarcomere length to -2.3 pm.
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CHAPTER 1

Aims and Background
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1.1 AIMS OF THIS STUDY

The aims of this study were to:

(1) Establish the methods (described in detail in Chapter 2) to measure

sarcomere length, force and intracellular tca'-] in an isolated, right

ventricular trabecula of rat (a commonly used muscle preparation).

(2) Use rat ventricular trabeculae loaded with a fluorescent Ca2* indicator

to elucidate the mechanisms by which volatile anaesthetics depress

contractility in intact cardiac muscle.

(3) Examine the ultrastructure of rat ventricular trabeculae using

conventional light- and transmission electron-microscopy.

(4) Use confocal laser scanning microscopy to reveal the three-

dimensional microstructure of fibrillar collagen fibres in rat cardiac

trabeculae fixed at either near-resting or extended sarcomere lengths

(i.e., over the sarcomere length range in which passive force increases

steeply).



1.2 BACKGROT,JND

The cardiac myocyte is the functional unit of the heart. It is a highly

complex living cell. It is continually exchanging energy and matter between

itself and its environment in order to maintain its structure and function.

Its primary function is to contract and/or produce force. Given this primary

function, it is not surprising that around 50 % of the volume of the cell is

occupied by molecular motors, the contractile proteins (see Fig 1.1). The

level of activation of these molecular motors is controlled by the calcium

concentration in the cytosol. It is therefore of paramount importance for

the myocyte to control the movement of Ca2* across its various membranes.

There are three major factors which determine the force of contraction of

the cardiac myocytes: the amount of Ca2* released into the rytosol, the

sensitivity of the contractile proteins to Ca2* and the sarcomere length at

which the contractile proteins are activated. The rate of relaxation of the

myocytes, on the other hand, depends on both the rate at which Ca2* is

released from the regulatory proteins of the contractile system and the rate

at which the rytosol is cleared of Ca2*. In this Chapter, I discuss (i) the

control of the release of Ca2* into the cytosol and its removal, (ii) the

activation of the contractile system by Ca2*, (iii) the sensitivity of the

contractile proteins to Ca2* and (iv) the (sarcomere) length dependence of

both passive and active force. Finally, I shall briefly discuss cardiac energy

metabolism and elaborate on the muscle preparation and measurement

techniques used in this Thesis.

Membrane depolarisation and intracellular Caz* release

Action potentials, generated by sinoatrial nodal cells, initiate contraction by
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Figure 1.1. Electron micrograph of the cross-section of a myocyte in a rat cardiac

trabecula. A, cross-section of a cardiac myocyte. Note that this cell is connected to

a neighbouring cell. Scale bar, 2 pm. B shows this intercellular iunction at higher

magnification (final magnification, x 24 300). Note the high density of
mitodrondria (discrete dark structures) amongpt the myofilaments, which appear

as fine speckles in cross-section. (P.I.Hu.t"y)
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depolarising the sarcolemma. Depolarisation is mediated by voltage-gated

Na* channels (the structure and function of which have been recently

reviewed; Marban, Yamagishi & Tomaselli, 1998) and its cell-to-cell spread

is facilitated by the presence of numerous gap junctions that span the

membranes of adjacent myorytes (Fig. 1.1). This membrane depolarisation

promotes the influx of the important regulatory cation Ca2* via voltage-

gated L-type (dihydropyridine-sensitive) Ca2* channels.

Typically, ion channels (such as those for Na* and Ca2*) are allosteric

proteins made up of between four and six subunits. In the case of the L-type

Ca2* channel, it is composed of five subunits: o,r, ez, F, T and 6 (Chang &

Hosey, L988; Mikami et aL 1989; see Fig. 1.2). The cr1 subunit is the central

component and consists of four transmembrane domains which form the

ion-selective pore. It is considerably larger than the skeletal equivalent.

This subunit contains the dihydropyridine receptor and various

phosphorylation sites.

Figure 1.2. Schematic diagram of a cardiac L-type Ca2* charmel embedded in the

lipid bilayer of the sarcolemma. Note that the channel is composed of five
associated subunits (reproduced from Bers, 1.99L).
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The influx of Ca2* via L-type Ca2* channels induces Ca2* release from the

sarcoplasmic reticulum, a process commonly referred to as Ca2*-induced

Ca2* release (CICR). Transient reversal of Na*-Caz* exchange current has

also been suggested as another source of trigger Ca2* for CICR (Ieblanc &

Flume, 1990; Levi, Brooksby & Hancox, L993). That is, the combination of

membrane depolarisation and increase in subsarcolemmal [Na*] may

promote reverse activity of the electrogenic Na*-Ca2* exchange mechanism.

However, whether this occurs under normal circumstances is doubtful

(Evans & Cannell, L997).

Recently, there have been new insights into the mechanisms underlying

this Ca2*-induced Ca2* release process. The dihydropyridine receptors

(L-fpe Ca2* channels) and ryanodine receptors (Cut* release channels of the

sarcoplasmic reticulum) have been found to be co-localised (Sun, Protasi,

Takahashi, Takeshima, Ferguson & Franzini-Armstrong, L995). More

specifically, the dihydropyridine receptors are located in the transverse

tubular membrane (an invagination of the sarcolemma), which opposes the

junctional (end) part of the sarcoplasmic reticulum. This close opposition

of the dihydropyridine (Cat* influx) and ryanodine (Ca2* release) receptors

enables local control of Ca2* release into the cytosol. That is, the Ca2* influx

via a dihydropyridine receptor causes a local submembrane increase in [Ca2*]

which activates a single ryanodine channel or, more likely, a cluster of

these. The term 'spark'has been adopted to describe the quantum of Ca2*

released (Cheng, Lederer & Cannell, 1993). It follows that a coordinated

activation of multiple release units will produce a mass of sparks and a

global increase in rytosolic [Ca2*].

The increase in intracellular Ca2* concentration and accompanying force

development are transient since Caz* is rapidly removed from the cytosol.
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There are four main Caz* transport systems which remove Ca2* from the

cytosol. These are: the sarcoplasmic reticular Ca2* pump 1Ca2*-ATPase), the

sarcolemmal Caz*-ATPase, the Na*-Ca2* exchanger and the mitochondrial

Ca2* uniporter. Although the relative contributions of these systems is

species-dependent, the predominant systems are the sarcoplasmic reticular

Ca2* pump and the Na*-Ca2* exchanger (Bassani, Bassani & Bers, 1994).

Activation of the conhactile system

Activation of the contractile system by Ca2* is mediated by its binding to the

regulatory protein troponin C (Solaro & Rarick, L998). The contractile

proteins, which occupy around half the cell volume (Fig. 1.18), consist of

thick and thin filaments which are arranged between two Z-lines to form

sarcomeres. The thin filament consists of two chains of the globular protein

G-actin which are wrapped around each other to form a helical double

stranded F-actin polymer. These filaments are -L pm in length and stick

out from anchoring points on the the Z-line. Tropomyosin, a long double-

stranded protein (spanning seven G actin monomers), lies in the groove

between the two actin chains of the thin filament. A special regulatory

protein, the troponin complex, is bound to each tropomyosin molecule.

hrterdigitating with the thin filaments are the thick filaments, each of

which is mainly composed of myosin. A myosin molecule consists of two

heavy chains (each chain having a long alpha-helical tail and a globular

head) and four light chains. The globular heads of the heavy chain form the

cross-bridges which interact with the thin filament and contain actomyosin

ATPase.

The troponin complex is composed of three subunits: troponin C (TnC, the

Ca2* binding component), troponin T (TnT, the tropomyosin binding
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subunit) and troponin I (TnI, the inhibitory subunit). TnC has four Ca2*

binding sites (I-IV). Two of these sites (I and tr) specifically bind Ca2* while

the other two sites (Itr and fD bind both Ca2* and Mgl* (Palmer & Kentish,

1994). However, in cardiac muscle, the Ca2* affinity of site I is very low

(unlike the case for skeletal muscle) and, thus, only site II is thought to be

responsible for regulating the interaction of actin and myosin. The [Ca2*] in

a resting myocyte is low (around 0.15 pM) and the Ca2* specific sites of TnC

(with a dissociation constant (IQ) -500 pM) are largely unoccupied. In this

state, the tropomyosin lyit g in the groove of the thin filament prevents the

interaction of the myosin heads (cross-bridges) with this filament. When

the intracellular [Ca]l increases, Ca2* binds to TnC and a conformational

change occurs in tropomyosin causing it to move out of the groove, thereby

allowing myosin to interact with actin.

The mechanism by which myosin interacts with actin and uses the energy

from adenosine triphosphate (ATP) hydrolysis (actomyosin ATPase activity)

to produce mechanical work is known as the 'sliding filament theory' and

was first proposed by Huxley (L95n. It has recently been extensively

reviewed by Cooke (199n. When Ca2* is bound to TnC, the myosin head

can form a cross-bridge with a nearby binding site on the thin filament. The

generation of force or the relative sliding of the filaments is thought to be

brought about by rotation of the head (swinging cross-bridge model) (Huxley

& Simmons, t971,; Finer, Simmons & Spudich, 1994). The biochemical steps

that drive cross-bridge cycling (hydrolysis of ATP via actomyosin ATPase)

have been characterized (Lymn & Taylor,197t).

Recently, Ishijima et aI. (1998) have simultaneously measured the

mechanical events and actomysosin ATPase activity of a single-headed

myosin molecule interacting with an actin filament. These experiments
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showed that force generation does not always coincide with the release of

adenosine diphosphate (ADP) from the myosin head (as previously

thought) but, rather, can occur several hundreds of milliseconds after

release. Moreover, these authors suggested that the mechanical and

biochemical events of cross-bridge cycling are not tightly coupled in that a

myosin head can undergo several conformational changes during a single

actomyosin ATPase cycle.

The kinetic model of cross-bridge cycling proposed by Ishijima et al. (1998) is

shown in Fig. 1,.3. Initially, ATP binds to the myosin head (M) of an actin-

myosin complex (AM) which then detaches. The ATP is hydrolyzed

yielding a stable intermediate complex (M*-ADP-PJ in which the myosin

head is in a high free energy state (represented by M1. Ishijima et al. (1998)

propose that ADP and P1 are released before M* binds to actin. Now, M* can

bind actin and mechanically interact with it to produce force and/or

filament sliding.

Myosin (M) E
Y 

MYosinhead

AM't 
-s 

414

t Force and/or sliding

M*-ADP-Pi+\tJF"
lt

Pi ADP

Figure 1..3. Proposed mechanism by which force is produced by the

interaction of the globular head domain (S1 subunit) of myosin with the

actin filament (Ishijima et al. 1998). For an explanation of the

biochemical reactions involved in the hydrolysis of ATP by myosin and its

reversible binding to actin see Text.

Actin (A)

AM --s. AM-ATP

Detachment A 4f
M-ArP +
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Sensitivity of the contractile proteins

Although the intracellular [Ca]l is the major regulator of force, the

development of force is also dependent on the sensitivity of the contractile

proteins to Ca2*. For example, an increase in the concentration of H* or

inorganic phosphate (P) is known to reduce the sensitivity of the contractile

proteins to Ca2* and to reduce maximal Ca2*-activated force (Ebus, Stienen &

Elzinga, 1994; Palmer & Kentish, t994). The mechanisms by which

intracellular [H*] or [Pj affect the sensitivity of the contractile proteins is not

fully understood and may, in part, be due to a reduction in the affinity of

TnC for Caz* (Orchard & Kentish, 1990).

The relation between intracellular [Ca*] and force has been well

characterized using chemically or mechanically skinned muscle

preparations. This technique allows the intracellular environment to be

well controlled. However, Yue, Marban & Wier (1986) showed that the

relation between intracellular [Ca2*] and force is strikingly steeper in intact

cardiac muscle than that reported for skinned muscle preparations. This

apparent difference was re-examined by Gao, Backx, Azan-Backx & Marban

(1994), who determined the intracellular [Ca2*]-force relation before and after

skinning in the same muscle (rat cardiac trabecula) preparation. The [Cak]

required for half-maximal force was considerably higher after skinning,

suggesting that the skinning procedure may damage or remove components

involved in the regulation of actin-myosin interaction.

Length dependence of passive and Caz*-activated force

One of the major determinants of force is the sarcomere length at which the

contractile proteins are activated (ter Keurs, Rijnsburger, van Heuningen &
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Nagelsmit, 1980). As sarcomere length is increased from slack length

(-L.9 pm) to -2.3-2.41tm, active force increases due to the combination of

an increase in overlap of thick and thin myofilaments, a reduction in

interfilament lattice spacing (Fitzsimons & Moss, 1998; Solaro & Rarick,

1998) and, possibly, an increase in intracellular Ca2* release (Allen &

Kentish, 1985). The mechanism by which decreased interfilament spacing

increases force development likely resides in an increase in the probability

that myosin will form strong cross-bridges with actin (Fitzsimons & Moss,

1ee8).

In cardiac muscle, force increases steeply as a function of sarcomere length

(the Frank-Starling mechanism). This steep increase in force is due to a

length-dependent increase in the sensitivity of the contractile system to

Ca'*, mediated by increased affinity of Ca2* binding to TnC (Solaro & Rarick,

1998). Extension of cardiac muscle beyond a sarcomere length which

optimizes (particularly, the overlap of) actin-myosin interaction (that is, a

SL -2.3 - 2.4 pm) is prevented by the development of large parallel elastic

forces. The straightening of perimysial collagen fibres, which are thought to

be the predominant contributors to passive force at SL > 2.2 pm (Granzier &

Irving, 7995), is presumed to underly this end-stop effect and is discussed in

detail in Chapter 3.

At sarcomere lengths < 2.1 pm, the endo-sarcomeric protein titin (also

called connectin) greatly overshadows collagen as the main contributor

(> 90 %) to passive force (Granzier & Irving, 7995). This massive protein

(molecular mass, 2.5 MDa) spans from the Z-line to the centre of the

sarcomere (M-Line) and is closely associated with the thick filaments in the

A-band region (Kellermayer, Smith, Granzier & Bustamante, t997;

Tskhovrebova, Trinick, Sleep & Simmons, 1997). The elasticity of titin
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resides in its I-band portion, which spans from the Z-line to the end of the

myosin filament (Linke, Ivemeyer, Labeit, Hinssen, Rtiegg & Gautel, L99n.

Interestingly, the elastic (I-band) segment of titin is shorter in cardiac muscle

than skeletal muscle (Labeit & Kolmerer, 1995). This explains why titin-

based passive force is much greater in cardiac muscle than skeletal muscle at

a given sarcomere length (Granzier & Irving, 1995).

Anchoring segmmt Elastic (passive force) segmmt

Sarcomere lmgthening 
-/ \ Sarcsmere shortmingr'\

Figure 1.4. Proposed molecular medranism by which titin produces passive force in cardiac

sarcomeres. A, depicts half a sarcomere at resting satcomere length (-1.9 pm). The I-band

component of titin consists of a stiff anchoring segment and a highly folded elastic corrponerrt

(for clarity, the inelastic A-band region of titin is not shown). B, when the sarcomere length

is increased to -2.0 pm, passive force is generated by the unfolding (straightening) of the

elastic component of titin. Further increase in sarcomere length (> -2.0 pm), produces a steep

increase in force brought about by the unravelling of polypeptide domains in titin. D,

shortening of the sarcomere length below slack length produces a restoring force similarly by

unfolding the elastic component of titin (adapted from Granzier, Helmes & Trombitds,1996).

A

DB

I 
t,lrn* Irmcomere lengthening
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A proposed mechanism by which titin provides passive force is shown in

Fig. 1.4 and is discussed by Granzier, Helmes & Trombit6s (1995). When

cardiac muscle is at slack length (conesponding to a sarcomere length of

- L.9 pm), the elastic segment of titin is highly folded. As sarcomere length

is increased, the elastic segment of titin begins to unfold and produce a

restoring force. By a sarcomere length of -2.0pm, the elastic segment of

titin is straightened. Further sarcomere lengthening then leads to

unravelling of polypeptides and titin-based force begins to rise

exponentially. Similarly, when the sarcomere is shortened below slack

length, titin also unfolds (straightens) and produces a restoring force.

Hence, titin is responsible for holding the sarcomeres of quiescent cardiac

muscle in register at a length of -1.9 pm.

In addition to acting as a molecular spring, titin may also contribute to the

stiffness of the sarcomeres by interacting with the thin filament (Linke et al.

1997). Furthermore, Stuyvers, Miura & ter Keurs $99n have recently

proposed that the inverse relation between diastolic intracellular [Cah]

([Ca2*] < 200 nM) and sarcomere stiffness may be due to a Ca2*-dependent

interaction of titin with the thin filament (see also, Stuyvers, Miura, Iin &
ter Keurs, 1998).

Cardiac energy metabolism

Cardiac myocytes require a continual supply of free energy to perform

mechanical work, synthesize various molecules and to transport ions and

molecules across membranes. This free energy is obtained from the

oxidation of metabolic substrate such as fatty acids and glucose. Under

normal conditions, fatty acids are the preferential metabolic substrate of the

heart (Abdel-aleem et al. 1996). Mitochondria, intracellular organelles
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occupying around 30 % of the cell volume (see Fig. 1.1B), subserve a major

role in harvesting and packaging the free energy obtained from the

oxidation of this substrate (Fig. 1.5).

Oxygen is the ultimate acceptor of electrons when metabolic substrate is

oxidised. Steady supply of orygen is facilitated by the small size of the

cardiac myocyte (diameter, 15 - 25 pm) and the close proximity of capillaries

(see Fig. 3.1 in Chapter 3). That is, a short radial diffusion distance exists for

oxygen between the capillary lumen and the mitochondrial matrix.

Electrons are not directly transfened to oxygen but, rather, via carrier

molecules (nicotinamide adenine dinucleotides and flavoproteins) and the

electron transport chain (see Fig. L.6), located on the inner membrane of the

mitochondria (Fig. 1.5).

A proton gradient is established across the inner mitochondrial membrane

as electrons are transferred along the various complexes of the electron

transport chain. The energy stored in this electrochemical gradient is then

used to drive the synthesis of the energy-rich carrier molecule ATP

(adenosine triphosphate). Mitochondrial matrix AlT is then transported

via the ATP-ADP translocase where, via the creatine-creatine phosphate

(CrP) shuttle system (Bessman & Geiger, 1981.), it serves as a readily

accessible source of free energy for mechanical work, electrochemical work

and biosynthesis.
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Irurer mitochondrial membrane

ATP
Electron transport chainTranslocase 4ip 11+ SYnthase

Figure 1.5. Schematic diagram showing the major elements involved in cardiac

energy metabolism. The oxidation of metabolic substrate (shown on the right side

of this mitochondrion) is used to establish a hansmembrane proton (H+) gradient

which, in turn, sustains the ADP-ATP cycle depicted on the left. (P. J. Hanley)

CrP Creatine

J, .J",*"x
ATP ADPH-

Pyruvate Fatty acid- 
\ f }-oiidation

ATP ADP+ADPAATP

Acetyl CoA



NADH

I
NADH

dehydrogenase

FADH2

I

--*1.*l.I#i:ffl+cyt c+

L6

q

Complex I Complex trI Complex IV

Figure 1.5. Sequence of electron carriers in the electron transport chain of the mitochondrial

inner membrane. Electrons are transferred from nicotinamide adenine dinudeotide (NADH)

to oxygen via three proton-pumphg complexes: NADH dehydrogenase, cytochrome reductase

and cytochrome oxidase (also called, respectively, Complex I, ftr and IV). Ubiqpinone (Q)

and cytochrome c (Cyt. c) are mobile molecules which transfer electrons between complexes as

shown. Note that FADH2 is formed in the citric acid cyde whm sucrinate is oxidised to

fumarate by succinate dehydrogenase, an integral part of the succinate'Q reductase complex

(also called Complex tr) of the inner mitochondrial membrane (not shown). The ultimate

acceptor of electrons is molecular oxygen.

A large amount of free energy is unbound when ATP is hydrolyzed to

adenosine diphosphate (ADP) and inorganic phosphate (PJ in the following

reaction:

ATP + H2O -rs- ADP + P1 + H+ (1.1)

The Gibbs free energy change (named after fosiah Willard Gibbs and denoted

by AG) of this reaction is given by:

Cytocfuome
oxidase

(1.2)AG = AGo * RTI, tADPI'Pil
lArPl

where AGo is the standard free energy change (the AG under standard

conditions of pH 7 and all reactants present at a concentration of 1M; its
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value for ATP hydrolysis is approximately -30.6 kllmol), R is the gas

constant and T is absolute temperature. Under fypical cellular conditions,

the AG of ATP hydrolysis is around -50 kllmol.

Ultimately, all the energy used by the cell to maintain its structure and

function is degraded to heat. From studies in which the rate of heat

production of cardiac trabeculae of guinea-pig was measured under various

conditions, Schramm, Klieber & Daut (1994) deduced that actomyosin-

AT?ase, Ca2*-ATPase and Na*, K*-ATPase accounted for around 76,15 and

9 "/", rcspectively, of the overall rate of ATP turnover. Recently, Ebus &

Stienen (1996) measured the rate of ATP hydrolysis in saponin-skinned

trabeculae of rat and showed that around L5% of maximal Ca2*-activated

ATPase activity was membrane-bound, around two thirds of which was due

to the sarcoplasmic reticular Ca2* pump. These results compare favourably

with those of Schramm ef al. (1994).

The muscle preparation: rat cardiac trabecula

One of the major advantages of using trabeculae to study cardiac muscle

function is that the complex three dimensional structure of the heart is

collapsed into a linear model. Although rat cardiac trabeculae are

commonly used in physiological studies, there is little information on the

structure of these preparations in the Literature (but see fohnson & Sommer

$96n for a structural description of rabbit ventricular trabeculae). In

Chapter 3, I shed light on the ultrastructure of these muscle preparations

using light-, transmission electron- and fluorescence, confocal laser

scanning-microscopy.
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Force can be measured in the longitudinal direction of the cardiac myocytes

in trabeculae since these cells are axially aligned. Moreover, it is possible to

measure simultaneously the major determinants of this force, intracellular

[Ca*] and sarcomere length (for example, see Backx & ter Keurs, 1993). In

addition, it is possible to determine the sensitivity of the contractile system

to Ca2* in the intact (or skinned) preparation (for example, see Gao et al.

1ee4).

Thin trabeculae (< 200 pm diameter) are well suited for physiological

experiments since the short radial diffusion distance from the oxygenated

superfusing medium to the muscle core should prevent an hypoxic core

from developing during high rates of energy expendirure (Schouten & ter

Keurs, L986; Daut & Elzinga, 1988). Indeed, the classically described negative

force-frequency relation described for thicker cardiac muscle of rat (for

example, papillary muscles) may be largely due to development of an

hypoxic core in these preparations (Schouten & ter Keurs, 1986).

In addition to metabolic considerations, thin trabeculae have the advantage

over thicker preparations that sarcomere length can be readily measured.

At high magnification, such as x 400, striations are easily visible and can be

measured from video images (or digitized frames of these; see Chapter 3).

In the present study, I used this direct visualization technique to measure

and set the diastolic sarcomere length of trabeculae. Alternatively, the

diffraction pattern obtained by shining coherent (laser) light through the

preparation can be detected and used to measure sarcomere length with

high temporal resolution (de Tombe & ter Keurs, 1990). More specifically,

the sarcomeres act as an optical grating and split the incident laser light into

a zeto band and multiple higher order bands. The spatial separation of the
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first order band can be detected by a photodiode aftay and wed, after

calibration, to determine sarcomere length.

Measurement of intracellular [Ca2*] using fluorescent indicators

The concentration of free Ca2* in the cardiac myocyte, and other cell types,

can be measured using fluorescent indicators, such as fura-2 and fluo-3

(GnTnkiewicz, Poenie & Tsien,1985; Minta, Kao, & Tsien, 1989). In general

terms, a fluorescent molecule is one which absorbs a photon at a particular

(excitation) wavelength, undergoes transitional changes in energy state and

then re-emits that photon upon returning to its ground state (Cannell &

Soeller, 1997), Energy is lost in this encounter and the photon is emitted at a

longer wavelength (Stokes' law of fluorescence). It should be noted that the

fluorescence properties of the Ca2* indicators change markedly upon the

binding of Ca2* and it is this fluorescence change that is exploited to monitor

free [Ca]1.

The indicators fura-2 and fluo-3 are synthesized by combining the Ca2*

chelator BAPTA (1,2-bis (2-aminophenoxy ethane)-N, N, N', N'-tetraacetic

acid) with a stilbene and xanthine fluorophore, respectively. Note that

BAPTA is the double aromatic analogue of the widely used Ca2*-specffic

chelator EGTA (ethylene glycol bis(p-aminoethyl ether)-N, N, N', N'-

tetraacetic acid) (Tsien, 1980). Due to its ability specifically to bind Ca2* with

high affinity, BAPTA serves as the Ca2*-sensor of the indicator. It is the

binding of Ca2* to the BAPTA moiety of fura-2 or fluo-3 that induces the

detectable change in the fluorescence properties of these indicators.
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Figure 1.7. Fluorescence emission specba of hsa-? (A) and fluo-3 (B) in solutions of varying

free [Ca2*], as indicated. In A, fura-2 was excited by increasing wavelengths of (ultraviolet)

light from 250 to 450 nm (abscissa) while the intensity of fluorescence emifted at -510 nm was

detected (ordinate). Note that the excitation wavelength which produces maximr.un

fluorescstce emission is much lower for the Caz*$ound forrr of hxa-Z (dominating at high

[Caz*], than the Caz*-free form. Such a shift in the excitation spectrum is not seen in the case

of fluo-3 (adapted from Haughland, 1995). The molecular structures of the polyanionic (salt)

forms of fura-2 and fluo-3 are depicted on the right (modified from Kao, 1994).

In the case of fluo-3, the binding of Ca2+ produces a marked increase in the

intensity of fluorescence emission. This occurs without a shift in the peak

of its excitation (see Fig. 1.78) or emission spectra (Minta et al. 1989). In
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contrast, the Caz*-bound form of fura-2 exhibits a significant shift in its
excitation spectrum (in Fig L.7A, compare the peaks of the spectra in

Ca2*-free (0 pM [Cu*]) and Ca2*-saturating conditions (39.8 pM [Ca2.D. This

spectral shift of fura-2 fluorescence allows intracellular [Ca2*] to be measured

using dual-excitation ratios. That is, fura-Z can be rapidly and alternately

excited with two different excitation (ultraviolet) wavelengths of light

(optimally, 340 and 380 nm) and a ratio (R) of the emitted fluorescence

obtained. This ratio is independent of the concentration of fluorescent

indicator present whereas it varies with free intracellular [Cu*] in a

physiologically-relevant range (see Fig 1.8). In essence, the ratio reflects the

relative proportions of the Ca2+-free form (maximally excited at 380 nm) and

Ca2*-bound form (maximally excited at 340 nm) of fura-Z. Note that fura-2

has a L : L stoichiometry of binding to Ca2* and that the relative proportions

of the Ca2*-free to Ca2*-bound forms depend on the dissociation constant

GO of fura-2for Caz*, given by:

31 = [tura -Z}lCaz.] / [ tura-2-Ca2*] (1.3)

related to intracellular [Ca*] by theThe ratio of fura-2 fluorescence is

equation:

[Cut*] = K'(R - R",i,J/(R.a,. - R) (1.4)

where R is the observed Y0/380 fluorescence ratio, K' is the apparent

dissociation constant (the product of the K6 of fura-Z for Ca2* (see

equation 1.3) and B (the ratio of fluorescence of the Ca2*-free to Ca2*-bound

forms of fura-2 when excited at 380 nm)), R,,,i,. is R at zero tc"2*] and Ro.u* is

R at saturating [Ca*] (Grynkiewicz et al. L985; Uto, Arai & Ogawa, L99L).
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Note that the [Ca2*] which gives (R.n + R.*)/2 is Ka"F. Hence, the range of

[C"*] over which R increases steeply is dependent on both the Xfu of fura-2

for Ca2* and p (the value of which is influenced by the choice of excitation

wavelengths).

E

Pca

Figure 1.8. ln aitro cahbtation of fura-2 fluorescence ratio. The 340 nm : 380 nm

fura-2 fluorescence ratio (R) was determined in solutions of lmown [Ca2t]. These

calibration solutions were placed in small wells (volume, 100 Fl) and contained

2 pM fura-2 salt in the presence of various proportions of 10 mM EGTA and

10 mM CaEGTA. (P. l. Hanley)
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It should be noted that the value of the K6 for fura-Z is affected by many

factors, including: ionic strength, pH, intracellular [Md.], temperature and

the presence of proteins (Uto, Arai & Ogawa, L99L; Matsuda, Kusuoka,

Hashimoto, Tsujimura & Nishimura, L996). Flence, in order to quantitate

intracellular [Cah], the fluorescence behaviour of fura-2 needs to be

determined under the conditions in which it is being used. That is, an

in aiao calibration is required to determine R*in, R^"* and the dissociation

constant of fura-2. Alternatively, fura-2 fluorescence ratios can be used to

monitor intracellular [Ca2*] in a purely qualitative fashion. For example, I
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used fura-Z to measure intracellular [Caz.] in a qualitative manner in the

study described in Chapter 2. In relation to that study, I showed by means of

art in aitro experiment that the relation between the fura-2 fluorescence

ratio and [Cu*] was unaffected by the presence of volatile anaesthetics

(Fig. 1.e).

Figure 1.9. Effect of volatile anaesthetics on the relation between pCa and the

fura-2 fluorescence ratio. Note that the relation between [Ca2*] and the ratio

of 340nm : 380nm fura-2 fluorescence (open squares) is unaffected by the

presence of 2"/" halothane (filled squares) ot 4Yo isoflurane (open triangles).

Before intracellular [Ca2*] can be monitored, the fluorescent Ca2* indicator

must be loaded into the cytosol of the myocytes. Indicator dyes, such ils

fura-2 and fluo-3, can be loaded using one of two techniques. First, the

indicator can be loaded into cells using its cell permeant acetoxymethyl

(AM) ester form, a method introduced by Tsien (1981). Unlike the

polyanionic salt, the AM ester form is able to cross the sarcolemma and

enter the cytosol. Once in the rytosol, the acetoxymethyl ester linkages are

hydrolyzed by non-specific esterases to yield the polyanionic and cell-

impermeant form of the indicator. It should be noted that the hydrolysis of
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each ester linkage produces two hydrogen ions and a molecule each of

acetate and formaldehyde, products which may have deleterious effects on

cell function.

One of the major problems of using the AM ester form of indicators to load

the cytosol is that intracellular organelles (particularly, the mitochondria)

may also accumulate the indicator (Blatter & Wier, 1990). This

compartmentalization of the indicator makes it difficult to measure

accurately cytosolic [Ca2*l (Hayashi & Miyata, 1994). On the other hand, the

loading of mitochondria with fura-2 provides a useful means to estimate

mitochondrial matrix [Ca*] (Allen, Stone & McCormack, L992\, an

important metabolic signal in this organelle.

An alternative method for loading cardiac myocytes with fura-2 or fluo-3 is

by direct iontophoretic injection of the free salt (polyanionic) form of the

indicator (Backx & ter Keurs, 1993; Wier, ter Keurs, Marbary Gao & Balke,

Dgn. This loading technique avoids intracellular compartmentalization of

the indicator and, thereby, allows the Ca2*-dependent fluorescence signals to

be more accurately estimated. Using this approach, small multicellular

cardiac preparations, such as trabeculae, can be uniformly loaded with an

indicator via a single microelectrode impalement. That is, negative current

can be used to drive the polyanionic indicator into a single cell, from where

it diffuses into neighbouring cells and throughout the cytoplasm of the

preparation via gap junctions.

After fura-Z has been loaded into the cytosol, it is possible to calibrate the

fluorescence signals using a combination of metabolic inhibitors and a Ca2*

ionophore to clamp the intracellular [Ca*]. Metabolic inhibitors, W
disrupting the supply of ATP, prevent the cell from actively controlling the
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intracellular [Ca2*]. Introduction of an ionophore (an ion pore-containing

molecule which can span the lipid bilayer of the sarcolemma), for example,

4-bromo-A23l87 or ionomycin, then provides a passage through which Ca2*

can enter the rytosol and equilibrate with the external [Ca*] (Deber,

Tom-Kun, Mack & Grinstein, 1985; Erdahl, Chapman, Taylor & Pfeiffer,

1995). In this way, the intracellular [Cat*] can be graded by tightly controlling

the external [Ca2*] with a Ca2*-specific chelator (Bers, Patton & Nuccitelli,

19e4).

It should be noted that the use of metabolic inhibitors to calibrate fura-2

fluorescence signals may introduce undetected changes in autofluorescence

which render the calibration unreliable (Jiang & Julian, 1997). Rather than

use metabolic inhibitors, Iiang & |ulian (199n instead used caffeine (note,

however, that caffeine quenches indo-l (but not fura-2) fluorescence;

O'Neill, Donoso & Eisner, 1990) and blockers of various ion transporters.

Using this approach, these authors found marked differences between

in aitro and in aiao calibrations. For example, the dissociation constant

was 3.4 times higher and R.r* 2.6 times smaller in the in aiao calibration

than the values found in vitro.

In order to relate [Ca*] to dual-excitation ratios of fwa-Z in cardiac muscle

sensibly, the contribution of autofluorescence to the 340 and 380 nm signals

needs to be subtracted. This autofluorescence is largely attributable to the

reduced form of nicotinamide adenine dinucleotides (NAD(P)H) and is

relatively intense in cardiac muscle (Stephenson, Garzella, Wingrove,

Claflin & Julian, 1995; Iiang & ]ulian, 199n. Moreover, its excitation

spectrum overlaps that of fura-Z considerably and, therefore, significant

changes in autofluorescence need to be recognised when fura-2 is used to

monitor intracellular [Ca]]. It has previously been noted that
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autofluorescence remains virtually unchanged in cardiac muscle many

hours after fura-2 loading (Backx & ter Keurs, 1993). However, Brandes &

Bers (1996) have shown that cardiac autofluorescence can change markedly

in response to changes in mechanical work. Furthermore, fiang & fulian
(1997) recently reported that the addition of halothane, butanedione

monoxime or an uncoupler of oxidative phosphorylation produced

pronounced changes in the autofluorescence intensity of rat cardiac

trabeculae.

Free calcium concentration can also be measured in myocytes using

aequoriry a photoprotein produced by the luminous jellyfish Aequorea

forskrtIea (Blinks, Prendergast & Allen, 1976; Allen & Blinks, t978). This

photoprotein emits tight when Ca2* binds to it, the rate of emission of

which is dependent on the free calcium concentration. Compared with

fura-2 and fluo-3, aequorin has the disadvantages that it is less sensitive to

resting intracellular [Ca2*] (which is generally around 150 nM) and needs to

be loaded into cells by microinjection (it has no equivalent to the

acetoxymethyl ester forms of fura-2 and fluo-3) (Allen & Blinks, L978).

Intracellular [Ca*l can also be measured using Ca2*-selective

microelectrodes, however, the major limitation of this measuring

technique is that it has a much slower response rate compared to the

fluorescent Ca2* indicators (Marban, Rink, Tsien, & Tsien, 1980; Hayashi &

Miyata, 1994).

Confocal microscopy

hr conventional light microscopy, a considerable volume of the specimen is

illuminated above and below the plane of focus of the objective lens. This

leads to the detection of out-of-focus signals and compromised
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ultrastrucfural resolution. In contrast, using confocal microscopy, both the

illumination and detection (imaging) systems are focused on to a minute

volume within the specimen, thereby reducing out-of-focus information

(for a review, see Wright, Centonze, Stricker, DeVries, Paddock & Schatten,

1993; Cannell & Soeller, 1997). Fluorescence emitted from outside the

minute volume of excitation is reduced by placing an aperture (pinhole) in

front of the detector (see Fig. 1.10). Hence, in confocal microscopy the

illumination, specimen and detector are confocal.

The basic design of a confocal laser scanning microscope is schematically

shown in Fig. L.11. Laser illumination light is directed by * x-y scanner

onto the specimen via an objective lens. This scanner consists of two

oscillating mirrors which can sequentially and rapidly move the laser beam

in the x-y plane (the plane orthogonal to the excitation (and fluorescence)

light paths). As the small volume of excitation and detection is scanned

over the specimen, a fluorescence image can be constructed. Typically, a

512 x 512 pixel image takes around 2 s to acquire and, therefore, this

scanning system constrains the temporal resolution of the imaging system

(Wright et aI. 1993). Fluorescence induced by the laser light, as well as

reflected light, is collected by the objective lens and directed by the scanning

system to a dichroic mirror (beam splitter). This dichroic mirror reflects

selected wavelengths of light to the detector via a small pinhole, the role of

which is to block out-of-focus fluorescence (as shown in Fig. 1.11).
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Figure 1.10. Schematic diagram showing a simple optical arangement which

allows the illumination, specimen and detector to be confocil that is, to have

the same focus. The pinhole reduces the amount of out-of-focus light reaching

the detector.

When a krypton-argon ion laser is used as the illumination source in a

confocal microscope, emission lines of 488, 558 and 647 nm ar€ available to

excite the specimen. These emission lines are able to excite many of the

fluorescent probes available to study biological specimens. For example, the

488 nm emission line of an argon ion or krypton-argon ion laser is well

suited to excite the fluorescein-derived Ca2+ indicator fluo-3 (Cheng, Lederer

& Cannell, L993). Furthermore, it is possible to dual load a preparation with

fluo-3 and fura-red, in order to attain ratiometric confocal measurements of

lcat.l Gipp & Niggli, 1993). Ffowever, in order to use the fluo-3/fura-red

ratios to measure [Ca2.] in a semi-quantitative manner, the proportions of
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these dyes must be either assumed or shown to remain constant. That is, it

is necessary that these two dyes do not differ in their rates of loss (for

example, via extrusion from the cell or photobleaching).

Detector

t---
-_----

Pinhole
Scanner

Obiective lens

.- - - Out'of-focus plane

Specimen Confocal plane

Figure 1.11. Componenb and optical paths of a confocal laser scanning

microscope. lncident laser light passes through an x-y scanner and is focused onto

a small volunre of the specimen via an objective lens. The ranner consisb of

curved mirrors which allow the focused excitation light to be sequentially moved

in the x-y plane. Induced fluorescence passes back along the path of the

excitation light and is then directed to a detector (photomultiplier tube) by a

dichroic mirror. Note that a small pinhole prevents fluorescence arising frorn

locations outside of the plane of focus (dashed lines) from reaching the detector

(modified from Wright, Centonze, Stricker, DeVries, Paddock & Schaftery 1993).

Laser

+
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Although the use of ultraviolet light excitation in a laser scanning confocal

microscope introduces optical problems (for example, chromatic

aberrations), it remains possible to use the ratioable (and UV-excited) Ca2*

indicator indo-L (Niggli et al. 1994). Indo-1 exhibits a spectral shift in its
emission (as distinct from excitation) spectra upon the binding of Ca2*.

Hence, this indicator can be excited by a single UV wavelength (341 nm)

from a UV laser and Caz*-dependent dual-emission ratios attained.

In addition to measuring intracellular Ca2* concentration, it is possible to

use a confocal microscope to resolve the three-dimensional microstructure

of various cellular components labelled with a fluorophore. For example,

Dobler & Spach (7993r, found that the extracellular collagen matrix of cardiac

muscle could be stained with the fluorophore sirius red F3BA and

examined using confocal laser scanning microscopy. Recently, Young,

LeGrice, Young & Smaill (1998) have modified the technique described by

Dobler & Spach (1993) to elucidate the three-dimensional (3-D) arrangement

of myocytes and collagen in the left ventricular wall of a rat heart. In
Chapter 3, I describe the use of a confocal laser scanning microscope to attain

3-D reconstructions of perimysial collagen fibres in rat cardiac trabeculae

fixed at different sarcomere lengths. Like Young et al. (1.998), I stained the

collagen fibres with sirius red F3BA and excited this fluorophore with the

568 nm emission line of an argon-krypton laser.
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OUTLINE OF THE FOTLOWING CHAPTERS

For clarity and conciseness, each of the following two chapters is presented

in the format of a manuscript. That is, each chapter has a title pag9,

summary, introduction, methods, results and discussion. ln Chapter 2, rat

cardiac trabeculae loaded with a fluorescent Ca2* indicator were used to

investigate the mechanisms by which the volatile anaesthetics halothane

and isoflurane depress force development. ln Chapter 3, a relatively new

technique, employing fluorescence confocal microscopy, to reconstruct the

3-dimensional configuration of collagen in rat cardiac trabeculae fixed at

different sarcomere lengths is described. In Chapter 4, a sunmary of

findings is presented and major conclusions stated.



CHAPTER2

Mechanisms of force inhibition by
halothane and isoflurane in intact rat

cardiac muscle

Peter f. Hanley and Denis S. Loiselle

A slightly amended versiorr of this chapter was published in the

Iournal of Plnlsiolo.Ey 506: 231-244 (199S)
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SUMMARY

L. I investigated the mechanisms underlyittg the negative inotropic effect of

the volatile anaesthetics halothane and isoflurane using ?2 intact, right

ventricular trabeculae of rat. [Ca2*]; was measured qualitatively using either

fluo-3 or fura-Z,loaded into the cytosol via its respective acetoxymethyl ester

(AM) form. Retention of rytosolic fluo-3 was prolonged using probenecid

(1 mM), an inhibitor of organic anion transport. Diastolic sarcomere length

was adjusted to 2.'I..-2.2 pm and experiments were performed at27-23"C.

2. At an external [Ca*] of 2 mM and an electrical stimulation rate of. l-Hz,

halothane (0.25-3 %) and isoflurane (0.48-4 %) produced dose-dependent

decreases in the amplitudes of the intracellular Ca2* transients and twitch

force. When the fluorescent Caz* indicator signals were corrected for

changes in autofluorescence, the volatile anaesthetics did not significantly

change diastolic [Cat*]t.

3. The ability of halothane and isoflurane to induce Ca2* release from the

sarcoplasmic reticulum of quiescent trabeculae was examined. When the

superfusate was Ca2*- and Na*-free (so that Na*-Ca2* exchange and Ca2*

influx were prevented), the introduction of 2o/"halothane, but not

4 % isoflurane, evoked a transient increase in [Ca2*]1.

4. Halothane and isoflurane produced dose-dependent and reversible

changes in cellular autofluorescence intensity, the pattern of which was

consistent with an increase in the concentration of the reduced forms of

nicotinamide adenine nucleotides and flavoproteins. This observation

supports the putative inhibitory action of volatile anaesthetics at the site of

Complex I of the mitochondrial electron transport chain.
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5. Addition of the short-chain fatty acid hexanoate (1. mM), a metabolic

substrate that can be utilised in the face of Complex I inhibition, did not

appreciably attenuate the anaesthetic-induced negative inotropy. Flowever,

anaesthetic-induced changes in autofluorescence were Seatly diminished

when sodium hexanoate was supplied as a metabolic substrate.

6. hr order to ascertain whether direct actions of the volatile anaesthetics on

the contractile system contributed to the negative inotropy, the external

[Ca2*] was varied to allow modulation of the amplitude of the Ca2* transient.

In the presence of 2% halothane or 4Yo isoflurane, restoration of the peak

Ca2* transient to control levels (or a little above) did not restore peak force.

This behaviour was further explored by using ryanodine (5 pM) tetani in

the presence of a high external [Ca*] (> 10 mM) to attain maximal activated

force. Halothane (L%) and isoflurane (1.6%) each reduced maximal

Ca2*-activated force by around LS %.

7. In conclusion, a combination of reduced Ca2* availability and decreased

responsiveness of the contractile system to Ca2* underlie the negative

inotropic actions of halothane and isoflurane in intact cardiac muscle.

Halothane, but not isoflurane, is capable of readily inducing Ca2* release

from the sarcoplasmic reticulum, an action which would lead to a reduction

of its Ca2* content. The inhibitory action of the volatile anaesthetics on

mitochondrial function does not contribute significantly to the negative

inotropy but the consequences of this action may lead to changes in cellular

autofluorescence and misinterpretation of fluorescent Ca2* indicator signals.
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INTRODUCTION

Volatile anaesthetics, such as halothane and isoflurane, reduce the force of

contraction of cardiac muscle at clinically relevant doses. Mechanisms of

anaesthetic action at various steps in excitation-contraction coupling have

been put forward to explain this observation (for a review, see Rusy &

Komai, t987). For example, halothane and isoflurane have been reported to

decrease L-type Ca2* channel current (Terrar & Victory, 7988a,b; Pancrazio,

1996), the magnitude and duration of which controls the activation of

sarcoplasmic reticular (SR) Ca2* release (ryanodine receptor) units (Cannell,

Cheng & Ledereq 1995). hr addition to diminishing the trigger for Ca2*

release, volatile anaesthetics have also been shown to reduce the Ca2*

content of the SR (Katsuoka, Kobayashi & Ohnishi, 1989; Katsuoka &

Ohnishi, 1989). This action is reputed to be brought about by both a non-

specific increase in the permeability characteristics of the SR membrane

(Frazer & Lynch, L992; Herland, fulian & Stephenson, 1996) and increased

Ca2* efflux via a ruthenium red-sensitive pathway (Herland, Julian &

Stephenson, L990), i.e. the Ca2* release channel. Whether isoflurane is

capable of inducing Ca2* release by the latter means is open to doubt since

Connelly & Coronado (1994) found that this agent, unlike halothane, had

no effect on the gating (or conductance) properties of isolated release

channels incorporated into lipid bilayers.

Although no indices of contractility were reported, studies of isolated

cardiac myorytes loaded with a fluorescent Ca2* indicator have shown that

one of the consequences of the actions of volatile anaesthetics on

transmembrane Ca?* movements is a decrease in the amplitude of

electrically- or caffeine-evoked Ca2* transients (Wheeler, Rice, Hansford &

Lakatta, L988; Wilde, Knight, Sheth & Williams, 1991.; Wilde, Davidson,
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Smith & Knight, 19931. At variance with the results of Wilde et al. (1993),

however, Wheeler, Katz, Rice & Hansford (1994) reported that isoflurane

did not affect the amplitude of caffeine-induced Ca2* transients, a

measurement which is often used to assay the Ca2* content of the SR.

In addition to reducing the amount of Ca2* released into the cytosol, the

volatile anaesthetics have also been reported to alter the response of the

contractile system to activator CaZ*. Various sfudies using chemically-

(Murat, Ventura-Clapier & Vassort, 1988) or mechanically- (Su & Kerrick,

1978; Su & Bell, 1986) skinned cardiac muscle preparations have consistently

shown that halothane and isoflurane decrease maximal Ca2*-activated force

and the Ca2* sensitivity of the contractile system. In contrast, in an elaborate

study employing a range of chemical- and mechanical-skinning techniques,

Herland, fulian & Stephenson (1993) found that the magnitude and, even,

direction of the effect of volatile anaesthetics on maximal Ca2*-activated

force and Ca2* sensitivity was dependent on the particular technique

employed.

The above situation is complicated by previously noted effects of volatile

anaesthetics on cardiac energy metabolism. It has previously been deduced

that volatile anaesthetics inhibit the re-oxidation of NADH by blocking the

electron transport chain at the site of Complex I (see Fig. 1.6 in Chapter 1;

Harris, Munroe, Farmer, Kim & Jenkins, t97l; Biebuyck, 7973; Berman,

Kewley & Kench, L974; Kissin, Aultman & Smith, 1933). Recently,

Stephenson, Garzella, Wingrove, Claflin & fulian (1995) reported that

halothane reversibly increased the autofluorescence of rat cardiac muscle

excited with ultraviolet (UV) wavelengths of light, presumably secondary to

an increase in [NADH] (in accord with the work of Kissin et al. L983), and
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pointed out that this could lead to misinterpretation of fura-2 fluorescence

signals if it were not realised.

The object of the present study was to shed light on the mechanisms W

which volatile anaesthetics depress contractile function in an intact

multicellular cardiac muscle preparation. As far as I am aware this is the

first study to use a fluorescent Caz* indicator to examine the effects of

halothane and isoflurane, two commonly used volatile anaesthetics, on

intracellular Ca2* handling in a multicellular cardiac muscle preparation.

As alluded above, one of the potential problems with using fluorescent Ca2*

indicators to measure intracellular [Cu*] is that various experimental

conditions may change cellular autofluorescence and thereby corrupt the

signals. In light of this potential problem, I characterised the nature of the

effects of volatile anaesthetics on autofluorescence elicited by exciting the

muscle with ultraviolet and visible wavelengths of light. I found that the

effects of volatile anaesthetics on autofluorescence were minimal when a

fatty acid was supplied as a metabolic substrate and the fluorescent Ca2*

indicator fluo-3, which is excited by visible wavelengths of light, was used.

In addition to shedding light on the effects of halothane and isoflurane on

autofluorescence (and therefore mitochondrial function), I have studied the

effects of these volatile anaesthetics on sarcoplasmic reticular function, Ca'*

availability and the responsiveness of the contractile system to Ca2*.
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MEfi{ODS

Anaesthesia and isolation of the heart

Methods were approved by the Animal Ethics Committee of the University

of Auckland. Male Wistar rats, weighing 200-300 g, were anaesthetised by

intraperitoneal injection of 3.5-4.5 ml kg'r of a warmed (37-38 "C) mixture

containing (mg ml-t): 0.079 fentanyl citrate, 2.5 fluanisone and 7.25

midazolam hydrochloride (a gift from Roche, NZ). This mixture provides a

balanced anaesthetic in that, in addition to producing hypnosis and reduced

skeletal muscle tone, it provides very good analgesia. Following induction

of anaesthesia, venous access was established by inserting a 22-G teflon

cannula into a tail vein and an intravenous load of 2-3 ml of warmed

plasma volume expander (Haemaccel, Behringwerke AG, Germany) slowly

infused. A tracheal cannula was inserted via a tracheostomy and

intermittent positive pressure ventilation with 100 To 02 provided. End-

tidal CO2 was maintained in the range 4.5-5%, After the thorax was opened,

the heart was rapidly excised and briefly immersed in chilled (4 "C)

dissection solution to induce arrest. Within 30 s of excising the heart,

coronary perfusion was recommenced via a rotatable and horizontal aortic

cannula which protruded into the dissection chamber. The isolated heart

was perfused with dissection solution A (see below for composition), which

passed through an in-line membrane filter (pore diameter, 0.8 pm), for at

least 5 min before part of the right ventricular free wall was cut free from

the septum and the atrium excised from the atrioventricular (AV) ring.
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Figure 2.1. lsolation of trabecula from the right ventricle of a rat heart and

typical fluo-3 fluorescence and force recordings. A, schematic diagram showing

the typical location of a suitable trabecula in the right ventriclar free wall of a

heart (atria and valves are not depicted) and its appearance after isolation. At

ore md of the isolated preparation, a small block of ventricular wall has been

retained and, at the other, a small flap of tricuspid valve tissue remains

attached to the remnant of the atrioventricular ring. Note the preformed

perforation in the flap of valve. B, typical intracellular Caz* transient

(measured using the fluorescent Ca2+ indicator fluo'3) and force transient

simultaneously recorded without filtering or averaging.

Dissection and mounting of trabeculae

The criteria for the selection of suitable trabeculae from the right ventricle

was similar to that described by de Tombe & ter Keurs (1990). That is, only

thin (LL2 + 39 pm) and long (2.6t0.5 mm) (means t S. D., n =22) trabeculae

which were unbranched, uniform and freely ran from the free wall to the

AV ring were selected. Unfortunately, these criteria were met only about

once in every 3 hearts. In all cases, the isolated trabeculae had a valvular

end (consisting of the AV ring portion, in which the trabecula inserted, and

a small flap of tricuspid valve) and a free wall end which included a small
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block of ventricular wall from which the muscle arose (see Fig.2.1A). The

isolated trabecula was transferred to the mechanical stage of an inverted

microscope (Nikon Diaphot 300, fapan), which was located on a vibration

isolation table (Newport, CA, USA). It was then mounted between a force

transducer and fixed support, both of which were connected to 3-axis

micromanipulators. The free wall end of the muscle was attached to the

force transducer by means of a wire cradle. The other end was held by either

a 100 pm-diameter stainless-steel hook (which was inserted into a

preformed perforation in the flap of valve; see Fig.2.1A) or a nylon snare

(loop of 30 pm-diameter nylon monofilament threaded through a

miniature stainless-steel tube (length, 25 mm, i.d. 100 pm and 50 pm wall

thickness; Goodfellow, Cambridge, UK).

After mounting, the muscle was superfused with dissection solution B for

about 45 min and then with standard solution containing low tcu'?.l

(0'25 mM) for a further 10 min or so before electrical stimulation was

commenced. Electrical stimulating pulses of 4 ms duration were provided

by a Digitimer D100 (Digitimer, Welwyn Garden City, Hertfordshire, UK)

and the muscle was field stimulated via parallel platinum wire electrodes.

A stabilisation period of at least L hour was provided, during which time

the muscle was stimulated at a rate of 0.5 Hz. A central portion of the

muscle was imaged by a charge.coupled device (ccD) camera after being

magnified 400 x fty use of a 40 x long working distance Nikon objective) and

displayed on a video monitor. A rotatable and variable rectangular aperture

connected to the side port of the microscope enabled selected portions of the

muscle to be viewed by both the CCD crunera and a photomultiplier tube

(PMT). Muscle striations were clearly visible at 400 x magnification and the

sarcomere length was adjusted to 2.L-2.21tm.
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Muscle bath and solution delivery system

The muscle bath (volume, 450 pl) was milled from Perspex and featured a

45 mm2 front window so that the trabecula could be viewed from the side

after removing the eyepiece tube of the microscope. Solutions were

supplied to the bath at a moderately high flow rate (8-9 mt min-r) using a &

channel roller pump (Minipuls 2, Gilson, France). The total oxygen content

of the bath superfusate was measured using an oxygen content analyser

(TasCon, University of Tasmania, Tasmania, Australia) and was found to be

-5 o/o less than the content measured in the 100 ml glass supply cylinders

which were equilibrated with 95 % Oz and 5 % COz. The pulsatility of the

solution caused by the roller pump was dampened before it entered the bath

by feeding it into an open, miniature, stainless-steel cylinder, from the

bottom of which emerged the bath inlet tube. At the bath outflow end,

meniscus perturbations, which inevitably occur when an aqueous medium

is being sucked from a small surface area, were abolished by placing the

suction nozzle in a side channel just distal to a thin and low barrier. In

consequence, the bath meniscus did not oscillate and the low baseline noise

of the force transducer system (observed in air) was virtually unaffected

when its stainless-steel wire extension was immersed into the superfused

bath and a trabecula attached (see Fig.2.lB). Miniature 3-way solenoid

valves (LFAA1201610H, The Lee Company, Westbrook, CT, USA) were used

to switch solutions. Solution exchange, assessed by the rate of washout of

fura-2 fluorescence, was 50 % and 90 Yo complete in 1.5 s and 7.5 s,

respectively, when the flow rate was 8 ml min-l.
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Solutions

The dissection and superfusing media were modified Krebs-Henseleit

solutions which contained (mM): 1L8 NaCl, 3.82 KCl, 1.L8 MgSO4,

1.18 KH2PO* 24.8 NaHCO3 and L0 D-glucose. All solutions were equilibrated

with 95%Oz-s%CO2and the pHwas7.4. One of the dissection solutions

(dissection solution A) contained an additional 10 mM KCI (final K*1,

L5 mM) and 20 mM 2, 3-butanedione monoxime (BDM). The other one

(dissection solution B) contained only an additional 20 mM BDM. BDM was

added to prevent contracture of the muscle in response to cutting (Mulieri,

Hasenfuss, Ittleman, Blanchard & Alpert, 1989).

In order to provide fatty acid as a metabolic substrate in selected

experiments, the appropriate amount of the sodium salt of the short-chain

fatty acid hexanoic acid was added directly to give a concentration of 1 mM.

The advantages of using sodium hexanoate as a fatty acid substrate and at

this concentration are outlined by Vuorinen, Ala-Rimi, Yan, Ingman &

Hassinen (1995). CaCl2 was added from a L M stock solution; under control

conditions [Cut*]o was 2 mM (unless stated otherwise). In experiments

requiring external Ca2* concentrations above 10 mM (ryanodine tetani

series), MgSOo and KH2POa wer€ substituted by MgCl2 and KCl, respectively,

to prevent the formation and precipitation of poorly soluble calcium salts.

Ca2*-free solutions. tn the preparation of Ca2*- and Na*-free solutions, CaCl2

and KCI were omitted, L mM EGTA was added and the salts NaCl and

NaHCO3 were replaced with LiCl and KHCO3 respectively. Note that in

order to prepare a bicarbonate-buffered and Na*-free solutiory KHCO3 had to

be substituted for NaHCo3, resulting in an increase in [K.] from 5 to 25 mM.

Preliminary experiments showed that the direct introduction of Ca2*- and
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Na*-free solution containing 26 mM K* to a trabecula may lead to a

transient increase in [Ca2*]1. This is most likely due to Ca2* influx via the

Na*-Ca2* exchange mechanism as a consequence of K*-induced

depolarisation of the membrane and/or differential rates of washout of its

carrier substrates (Na*

superfusing the muscle with a Ca2*-free solution (containing t mM EGTA)

for at least 10 s prior to switching to the Ca2*- and Na*-free (elevated [K*]o)

solution. The main reason for using a Ca2*- and Na*-free solution was to

inhibit the Na*-Ca2* exchanger, so that it could not rapidly extrude Ca2* and

thereby mask the detection of Ca2* release from the sarcoplasmic reticulum

(cf. Kitazawa, 1988; Bassani, Bassani & Bers, 1994).

Addition of volatile anaesthetics. Halothane (a grft from ICI

Pharmaceuticals, Auckland, NZ) and isoflurane (a gift from Abbott,

Wellington, NZ) were added to solutions by passing the 95 % O2-5 % CO2 gas

mixture through agent-specific vaporizers (at a constant flow rate of

L'3 I min-l) and bubbling part of the outflow into the solution via a fine-

porosity gas distribution tube. Solutions were allowed at least L0 min to
equilibrate at each partial pressure of anaesthetic. An anaesthetic vapour

analyser (Datex Ai/3, Helsinki, Finland) was used to calibrate the output of

the vaporizers. In the present study volatile anaesthetic doses are expressed

as vol % (volume"/"). The partial pressure of the vaporized anaesthetic can

be calculated by multiplying vol 7'/LA0 by ambient pressure. Concentrations

of volatile anaesthetic are commonly expressed as multiples of the

anaesthetic potency index MAC (minimal alveolar concentration), where

L MAC is defined as the minimal alveolar (gas) concentration at one

atmosphere ambient pressure required to prevent movement in response to

a noxious stimulus in 50 % of animals (Eger, Saidman & Brandstater, 1965).

The MAC values for the adult rat (at around 37 "C body temperature) are
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L.03 and L.46 vol o/" f.or halothane and isoflurane, respectively (Mazze, Rice

& Baden, 1985). Since experiments were performed at room temperature

and a moderately high superfusate rate used, loss of volatile anaesthetic by

evaporation was minimised.

Force measurement

Force was measured using a silicon strain gauge (model AE801, SensoNor,

Horten, Norway). A short length of 250 pm-diameter stainless-steel wire

was glued to the silicon beam of the transducer using a sparing amount of

SupaGlue. This wire extended 10 mm beyond the tip of the beam before

making a 90 o turn and terminating in a configuration designed to hold the

free wall end of the trabecula. Model AE801 force transducers are both light-

and water-sensitive; however, the wire extension prevented salt solution

from coming into contact with the resistors implanted on the silicon beam

and the sensor element was recessed into a stainless-steel tube to provide

modest light shieldi.g. The resonant frequency of the transducer in air was

-0.6 kHz and the peak-to-peak noise was less than 0.1. mg (note, 0.1 mg is

equivalent to -1 pN). The gain of the force transducer amplifier was

arbitrarily set at 314 pN V-t and the 1.2-bit analog-to-digital converter

operated over t 10 V; thus, the digital resolution was 5 mV, which was

equivalent to 1.6 pN.

Force and fluo-3 fluorescence signals were each sampled at 0.4 or l kHz

whereas in earlier experiments using fura-Z, these signals were sampled at

0.L kHz. These digital data were acquired by a Macintosh computer via an

analog-to-digital converter (NB-MIO-16, National Instruments Corporation,

Austin, TX, USA) and software custom-written in LabVIEW@ (Version 3.1,

National Instruments Corporation). The force and fluorescence signals
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were also recorded on a chart recorder. All force and fluorescence signals

depicted in Figures are unfiltered and are not averaged. Force

measurements are presented as pN in the present study. At the end of

experiments, trabeculae were fixed, stained with a collagen-specific

fluorescent dye and embedded in resin. The cross-sectional area of

trabeculae could be readily measured after sectioning the trabecula-

containing resin blocks and are, where appropriate, presented in figure

legends.

Loading of trabeculae with fluorescent Ca2* indicators

Fura-2 or fluo-3 was loaded into trabeculae using its acetoxymethyl ester

(AM) form. The respective AM form was initially solubilised in freshly

prepared 70% w/v Pluronic F-127 n anhydrous dimethyl sulphoxide

(DMSO, Aldrich). It was then added to Krebs-Henseleit solution which

additionally contained 0'25 % bovine serum albumin, 1 mM CaCl2 and 2-

3 drops of antifoam A (Sigma), added to suppress foaming during bubbling.

The final incubation medium contained -10-12.5 pM fura-2 / ANI or -10 pM

fluo-3/AM and less than 0'4 % DMSO. Note that higher doses of DMSO

have previously been shown to reversibly depress cardiac contractility

(Ogura, Kasamaki & McDonald, T:996} Trabeculae were superfused with

fura-Z/ AM for '1,-2 hours so that, with an excitation wavelength of 360 nm,

the fluorescence signal increased to 3-5 times the autofluorescence level.

Trabeculae were readily loaded with fluo-3 after only 20-24 min exposure to

the AM form, by which time the fluorescence signal had increased to

-2-3 times the autofluorescence level. During loading trabeculae were

stimulated at a rate of 0.1 Hz.
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It should be noted that earlier attempts to load a fluorescein-derived Ca2*

indicator (fluo-3 or calcium green-L) were thwarted by its excessive rate of

leakage from the muscle, initially deduced by noting a monotonic rise in

background calcium green-1 fluorescence. To overcome this problem, I

employed the organic anion transport blocker probenecid (1 mM) to reduce

the rate of extrusion of the de-esterified (salt) form of fluo-3. I indirectly

examined the ability of probenecid to reduce the rate of fluo-3 extrusion as

follows. At the end of several experiments, I noted that the baseline fluo-3

fluorescence intensity decreased at a greatly enhanced rate when a trabecula

was superfused with a probenecid-free solution such that the amplitude of

electrically evoked Ca2* transients was reduced to less than 50 % after about

40 min.

Probenecid (0.35'2.63 mM) has previously been reported to produce a dose-

dependent negative inotropic effect in rat atrial muscle (Erttmann, 1978). In

contrast, when I studied the effect of 1mM probenecid on peak twitch force

in ventricular trabeculae I found that it was increased by 26t4.9o/" (n=8).

The mechanism underlying this positive inotropy is unclear. It is unlikely

to be due to intracellular alkalinisation secondary to the addition (and 1:100

dilution) of probenecid from its strongly alkaline 100 mM stock solution

(pH 9.5-10; see Di Virgilio, Steinberg & Silverstein, L990\ since, after it was

added, the pH of Krebs-Henseleit solution equilibrated with 95%O1-5%CO2

changed by < 0.02 pH units.

Fluorescence measurements

Fura-2 fluorescence, A spectrophotometric system (Cairn Research,

Faversham, Kent, UK) was attached to the inverted microscope to allow

rapidly alternating dual-excitation and ratiometric measurements of fura-2
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fluorescence. Excitation ultraviolet (W) wavelengths of light were selected

from the output of a 75W xenon arc lamp by optical interference (bandpass)

filters centred at 340,350 and 380 nm (bandwidth, 12.5 nm). These filters

were placed in a rotating wheel which contained 6 filters: 3 x 340, 2 x 380 and

L x 360 nm. The UV excitation light was focused onto the trabecula by a

Nikon CF Fluor 20 x objective (NA 0.75) after transit via a liquid light guide

and reflection by a dichroic mirror (400DPLC, Nikon). The fluorescent light

collected by the objective was transmitted to the side port of the microscope.

A 600 nm dichroic mirror directed this light to the PMT via a 480 nm long-

pass filter. Hence, the PMT was exposed to a wide window (480-600 nm) of

the fura-2 emittance spectrum. In order to improve the signal-to-noise ratio

of the ratiometric measurements, the signals of the 3 x 340 nm filters were

averaged before division by the average signal of the 2 x 380 nm filters. The

resultant fluorescence ratio (340/380) was used as a measure of intracellular

Ca2* concentration.

Irr preliminary in aitro experiments I found that the relation between the

fura-Z fluorescence ratio (340/380) and pCa was unaffected by either

2 % halothane or 47" isoflurane (see Fig 1.9). The free Ca2* concentrations

(0-39.8 pM) used in these experiments were provided by EGTA/CaEGTA

buffer solutions (calcium calibration buffer kit C-3722, Molecular Probes).

These solutions contained l00mM KCl, 1mM free M**,10mM MOPS and

the pH was 7.2. Orygen was used as the vaporizer carrier gas when the

volatile anaesthetics were equilibrated with these buffer solutions.

Fluo-3 fluorescence. Fluo-3 was excited with visible light at a wavelength of

485 t L1 nm and its fluoresence was measured at 530 * 15 nm using an

Omega Optical (Brattleboro, W, USA) XF22 filter set. Stray light was

prevented from reaching the PMT by focusing the continuous spectrum
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which emerged from the liquid light guide onto the dichroic mirror

(505DRLPO2, Ornega Optical) via the 485 nm excitation filter and by sealing

the gaps between the cube housing the filters and its holder. After

subtraction of autofluorescence, the fluo-3 fluorescence signal (F) was

normalised with respect to the resting fluorescence intensity (F") and

expressed as F,/Fo. It is worth noting that, unlike fura-2, there is no

significant spectral shift upon the binding of Ca2* to fluo-3 and therefore this

indicator is non-ratioable when used alone. Since motion artifacts may

distort fluo-3 fluorescence signals, care was taken to mount the trabecula so

that lateral movement was minimised.

Relation of fluorescence ratios to [Ca2*li. In this study, indices of [Ca2*]1 are

presented as fluorescence ratios (340/380 or F/F") since the problems

associated with chemical-loading (using the AM forms), as discussed by

Backx & ter Keurs (1993) (see also Chapter 1.), may render calibration

unreliable. Although the accurate quantification of [Cat*]r would have been

preferable, it is not a requisite for the interpretation of the present results.

Autofluoresence changes

The major contributors to mammalian cellular autofluorescence are the

reduced nicotinamide adenine nucleotides (NADH > NADPH) and

oxidised flavoproteins (Aubin, 7979; Vuorinen et aI. 1995). Like fura-2,

NAD(P)H is excited by UV light (excitation maximum -340 nm) and its

broad emittance spectrum (emission maximum -460 nm) considerably

overlaps that of fura-2 (Stephenson ef aI. 1995). In the present study, I have

made the reasonable assumption that the intensity of autofluorescence

detected at 480-500 nm, while exciting the trabecula with 340 or 380 nm UV

light, reflects the redox state of NAD(P)H/NAD(P). in the mitochondria.
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Specifically, it is assumed that an increase in autofluorescence intensity

elicited by 340 nm (or even 380 nm) W light indicates an increase in

mitochondrial [NAD(P)H] secondary to a rise of the NAD(P)H/NAD(P)+

ratio. Furthermore, since the spectral properties of the oxidised form of

flavoproteins (excitation/emission maxima at 450/515 run) are similar to

those of the fluorescein-derivative fluo-3 (excitation/emission maxima at

506/526 nm; Minta, Kao & Tsien, 1989),I have assumed that the intensity of

autofluorescence elicited by exciting the muscle with -485 nm while

measuring emission at -530 nm reflects the redox state of flavoproteins.

Statistical analyses

Pooled data are expressed as means + S. E. M. unless stated otherwise. br all

results, n denotes the number of preparations from which the data were

obtained. A total of 22 trabeculae was used for these experiments. An

analysis-of-variance for repeated measures was applied where appropriate

and statistical significance was determined at the 0.95 level of confidence.
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RESULTS

Effects of halothane and isoflurane on intracellular Ca2* hansients and

twitch force

The effects of halothane (0.25-3 %) and isoflurane (0.48-4 %) on normalised

fluo-3 fluorescence signals (F/F") and peak twitch force are shown in Fig.2.2.

It can be clearly seen that halothane and isoflurane each produced a dose-

dependent decrease in the amplitude of the intracellular Ca2* transient

(Fig.z.zA) and twitch force (Fig.2.2B), the former (halothane) exhibiting

greater potency. The concentrations of halothane and isoflurane which

produced half-maximal inhibition of force (ICso) were approximately 0.8 %

and 3 7o, respectively. Note, for comparison, that the MAC (minimum

alveolar (gas) concentration) values for halothane and isoflurane are 1.03

and 1.46 voloh respectively in the adult rat (Mazze et al. 1985). It should be

noted that during this series of experiments there was a gradual decrease in

the control twitch force over the 2 hours or so during which a trabecula was

alternately exposed to control solution and an anaesthetic dose, such that

the control twitch force was reduced to 78t 9.3 oh (n = 4) of the initial value

by the end of the series. In other experiments (data not shown), however, I

noted that if the force did not recover to its control value after exposure to

an anaesthetic (particularly a high dose of halothane) then an intervention

designed to reload the sarcoplasmic reticulum with Ca2*, such as a brief

increase in the stimulation frequency, would usually facilitate full and

sustained recovery. There was also a parallel decrease in the control

normalised fluo-3 fluoresence signals during this series of experiments

(indicated by the dashed lines in Fig. 2.2A). This may have been due partly

to a gradual loss of fluo-3 from the cytosol, a likely possibility given that

probenecid is generally reckoned to be a competitive inhibitor of the organic
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anion transport mechanism. Attenuation of fluo-3 fluorescence W

photobleaching was not evident, even when a preparation was illuminated

with excitation light continuously for up to 3 min.
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Figure 2.2. EfIecE of halothane and isoflurane m intracellular Ca2* transients

and twitch force. A, mean (t S.E.M., tr=4) effects of halothane (D and

isoflurane (B m the amptitude of nomralized fluo-3 fluore.scence (F/F")

hansients (a measure of intracellular [Ca2*]). In all four trabeculae, cumulative

dooes of isoflurane (0.48, "1.6, 2.9 and 4!o) were presented before those of

halothane (0.8, 1,2 and 3 %). The upper and lower dotted lines indicate the

decrease in the amplitude of control F/Fo signals observed during the isoflurane

and halothane dose-response series, respectively. B, effect of halothane (l) and

isoflurane (B *peak twitch force (means t S.E.M., n=4). Values at each

anaesthetic dose are expressed with respect to force produced in the immediately

preceding control (anaesthetic-free) condition. Where rr error bars are gtven,

S. E. M. was smaller than the symbol.
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Ability of volatile anaesthetics to induce sarcoplasmic reticular Caz* release

When halothane, at doses above '1. o/", was introduced to fluo-3 loaded

trabeculae a small and transient increase in the amplitude of both the

intracellular Ca2* transient and twitch force preceded the subsequently

maintained decreases. The transient increase in intracellular Ca2* signals

was not readily detectable in fura-2 loaded trabeculae (n = 4), possibly due to

the greater twitch-to-twitch variability in the peak amplitude of the signals.

In contrast to halothane, when isoflurane (up to 4o/") was introduced to

fluo-3 loaded trabeculae, the decrease in intracellular Ca2* transients and

twitch force which ensued was monophasic. The simplest explanation for

this difference in response is that halothane readily augments Ca2* release

from the SR whereas isoflurane does not (see Introduction). This

interpretation is supported by the observation that caffeine (L-2 mM), an

agent well known to induce Ca2* release from the sarcoplasmic reticulum,

produces a similar biphasic response to that evoked by halothane (Katsuoka

& Ohnishi, L989).
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Figure 2.3. Intracellular Ca2* transient evoked by the application of halothane

r.rnder Ca2*- and Na*-free conditions. After electrical stimulation was switched

off (indicated by the first arrow), the trabecula was superfusd with Ca2+-free

solution for 15 s followed by C6z+- and Na+ free solution for a further 50 s.

Subsequmtly, the preparation was exposed to 2o/" halothane (indicated by the

second arrow). Note that the baseline intracellular [Caz+1 had fallen between

switching off electrical stimulation and introducing 2 % halothane. These

recordings were taken more than 2.5 h after fluo-3 loading. Trabecula dimensions:

length. 2.7 mm; cross-sectional area, 0.0078 mm2.

The ability of halothane or isoflurane to induce Caz* release directly from

intracellular stores in quiescent trabeculae was tested. As a first step, trans-

sarcolemmal Caz* influx and Na*-Ca2* exchange were prevented W
superfusing the unstimulated preparation with a Na*- and Ca2+-free (1 mM

EGTA) medium (see Methods). As can be seen in Fig.2.3, the baseline of the

normalised fluo-3 fluorescence signal declined between switching off

electrical stimulation (indicated by the first arrow) and introducing the

anaesthetic (second arrow). This decrease in resting [Ca2*]i may be

attributable to an increased turnover rate of the sarcolemmal Caz*-ATPase
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under the Ca2*-free conditions that prevailed. When the trabecula was

subsequently challenged with 2 % halothane in the absence of external Ca2*

and Na*, a small and transient increase in [Cut*]t was observed which was

unaccompanied by contracture. ln order to determine whether isoflurane

similarly released Ca2* from the SR, this experimental protocol was repeated

in the same preparation (data not shown). In contrast to 2 % halothane, the

introduction of 4 % isoflurane did not increase [Ca2*]i. Similar results were

obtained in 3 other trabeculae using comparable protocols. On average, the

peak of the Ca2* transient evoked by application of 2 % halothane under

Na*- and Ca2*-free conditions was 20 tS % (n = 4) of the amplitude of Ca2*

transients elicited by electrical stimulation under control conditions.

Effects of halothane and isoflurane on cellular autofluorescence

NAD(P)H autofluorescence. Figure 2.4 illustrates the importance of

correcting for anaesthetic-induced changes in autofluorescence when using

the Ca2* indicator fura-Z. In this particular example, the increase in diastolic

340/380 ratio evoked by 4 % isoflurane or 2"/"halothane was inferred to be

due to an increase in the NAD(P)H/NAD(P). ratio rather than an increase

in the ratio of Ca2*-bound fura-2 to Ca2*-free fura-2. In four trabeculae I

found that halothane and isoflurane produced dose-dependent and

reversible increases in NAD(P)H autofluorescence. Moreover, when futa-2

fluorescence signals were corrected for volatile anaesthetic-induced changes

in NAD(P)H autofluorescence (determined before dye loading) no increase

in diastolic 340/380 ratio remained. Note that these autofluorescence

changes also lead to underestimation of the anaesthetic-induced reduction

in the peak (systolic) value of the Caz* transients.
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Figure 2.4. Effects of halothane and isoflurane m force and the fwa-Z

fluorescence ratio. A, continuous records of force and the fura-2 fluorescence ratio

(a measure of intracellular [Ca2*]), simultaneously measured in a trabecula

electrically stimulated at a rate of, L}lz. The bar indicates ocposue to

anaesthetic and the dotted line has been arbitrarily positioned to serve as a

reference. Around L.5 h elapsed between exposing the preparation to

4%isoflurane and to2o/o halothane. B, consecutive fura-2 signals recorded at

the points indicated by the ,urows in panel A. Trabecula dimensions: length,

2.7 rrl'n; cross-sectional area, 0.004 mm2.
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Recently, Brandes & Bers (L996) reported that an increase in NAD(P)H

autofluorescence was observed when the work of rat cardiac trabeculae was

decreased. In the present study, two lines of experimental evidence suggest

that the increase in NAD(P)H autofluorescence produced by volatile

anaesthetics is not simply secondary to the concomitant decrease in twitch

force (and presumably overall cellular ATPase activity): (i) in four

trabeculae, I found that when twitch force was reduced to levels comparable

to that produced by z%halothane or 4o/oisoflurane by decreasing the

external [Ca'*], there was no change in the diastolic 340/380 ratio and (ii) the

introduction of 2 % halothane to a quiescenf trabecula produced an increase

in NAD(P)H autofluorescence. It should be borne in mind that, typical of

cardiac muscle, the so-called quiescent trabecula has a high rate of energy

expenditure, amounting to over 20 % of the rate observed in an active

preparation (Daut & Elzinga, t988; Loiselle et al. 1996).
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Figure 2.5. Effect of isoflurane m flavoprotein autofluorescence. Flavoprotein

autofluorescence and force simultaneously measured in a trabecula of length 3mm

and cross-sectional area 0.012 mm2. After the trabecula had been loaded with

fluo-3, isoflurane (4 %) was reintroduced. The dotted line has been arbitrarily

located as a reference. Note the comparable decrement of diastolic fluorescence in

the presence of isoflurane before and after loading with the fluorescsrt Ca2+

indicator fluo-3.

Flavoprotein autofluorescence. I observed that halothane and isoflurane

consistently caused dose'dependent and reversible decreases in flavoprotein

autofluorescence, elicited by illuminating the trabecula with light at

-485 nm while detecting fluorescence emission at -530 nm. Figure 2.5

illustrates the importance of accounting for autofluorescence changes when

interpreting the effects of volatile anaesthetics on intracellular [Ca*l

measured using the Ca2* indicator fluo-3. In Fig.2.5 the effects of

4 % isoflurane on twitch force and flavoprotein autofluorescence were

recorded in an electrically stimulated trabecula before loading with fluo-3.

After loading, the isoflurane challenge was repeated and, as can be seen in
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this example, the apparent anaesthetic-induced reduction in diastolic [Ca2*]i

could be almost completely accounted for by the decrease in flavoprotein

autofluorescence. Furthermore, as in the case of NAD(P)H

autofluorescence, I was able to show that this reduction in autofluorescence

was peculiar to an action of the anaesthetic rather than a consequence of the

concomitant decrease in force. Figure 2.68 shows that reduction of twitch

force by lowering the external [Cu*] had virtually no effect on flavoprotein

autofluorescence whereas 4 % isoflurane decreased autofluorescence

(Fig.2.6.4'). Similar results were obtained in two other trabeculae.

Conhd(0 % isollunne)

MM
B

Flavoprotaln
aulotluoroscence

(%)

Force (pN)

Gontrcl(2 mM [Caz+lo) 0.8 mM [C82'L

7
Figure 2.6. Comparison of the effects of reduced [Ca2*]o and isoflurane m flavoprotein

autofluorescence. The effects of 4"/o isoflurane (A) and of reduced [Ca2*]o (B) m flavoprotein

autofluorescence and force in the same trabecula. Note the reduction of conhol

autofluorescmcebetween exposing the preparation to 4 % isoflurane and lowering the [Ca2*]

to 0.5 mM. ln B, the extemal [Caz+] of 0.5 mM was chosen so that the reduction in force would

be at least as great as that produced by 4"/o isoflurane. Trabecula dimensions: length,2.8 mm;

cross-sectional area, 0.016 mm2.
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Dependence of anaesthetic-induced changes in autofluorescence on

metabolic substrate

Taken together, the reciprocal effects of volatile anaesthetics on the intensity

of autofluorescence attributable to NAD(P)H and flavoproteins support the

notion that volatile anaesthetics inhibit the electron transport chain at the

site of Complex I. Lr order to blpass this block in the respiratory chain and

to restore oxidative phosphorylation, I supplied a fatty acid as a metabolic

substrate. Figures 2.7A and B show representative records of the effects of

volatile anaesthetics, in this case 2%halothane, on flavoprotein

autofluorescence in the absence (Fi9.2.7$ and presence (Fig.z.7B) of the

fatty acid hexanoate (1 mM). Fig.2.7A shows that when glucose was the sole

metabolic substrate, the introduction of.2% halothane caused a decrease in

autofluorescence intensity. It can also be seen in Fig.Z.7A that when

hexanoate was provided as a metabolic substrate there was a decrease of both

steady state twitch force (as has been observed in the isolated, perfused rat

hearf Flassinen, Ito, Nioka & Chance, 1990) and flavoprotein

autofluorescence. It is worth noting that fatty acids are preferentially

utilised as metabolic substrate by the heart in uivo (Abdel-aleem ef al. t996).

Interestingly, the reintroduction of 2% halothane had little further effect on

the redox state of flavoproteins while L mM hexanoate was present. In the

same preparation, I also examined the effects of 2% halothane on NAD(P)H

autofluorescence and, additionally, the effects of 4"/" isoflurane on both

flavoprotein and NAD(P)H autofluorescence. In each case, the anaesthetic-

induced changes in autofluorescence were greatly reduced when hexanoate

was Present as a metabolic substrate. Similar results were obtained in three

other trabeculae.
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Figure 2.7. The effect of halothane m flavoprotein autofluorescence in the absene and

Presence of the fatty acid hexanoate. A, typical records showing the effects of 2o/ohalothane

and 1 mM hexanoate cr flavoprotein autofluorescence, scaled as voltage output of the

photomultiplier hrbe (PMT), and force. The dotted line has been arbitrarily located for

reference. B, effect of. 2Yo halothane m flavoprotein autofluoresc€nce and force in the

Presence of hexanoate. Note that the halothane-induced decrease in autofluorescence is

greatly diminished when hexanoate is present. The records m the right show the typical

effects of fluo-3 loading cn baseline fluoresence intensity. Trabecula dinrensions: length,

2.4 mm; cross-sectional area, 0.006 mm2.

Afterfluo3loadng
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Direct effects of volatile anaesthetics on the contractile system

As a first step in investigating the effects of halothane and isoflurane on the

responsiveness of the contractile system to Ca2*, I tested whether force

would recover concomitant with restoration of the amplitude of the Ca2*

transient by elevation of the external [C"*J during exposure to the

anaesthetic. Hexanoate was supplied as a metabolic substrate in order to

minimise anaesthetic-induced autofluorescence changes. As can be seen in

Fig. 2.8, elevation of the external [Cut*] from 2 to 4mM while the trabecula

was exposed to 4 % isoflurane (Fig.2.8A) or 2 % halothane (Fig. 2.88)

restored the peak of the fluo-3 fluorescence transient (relative to control

conditions) but did not fully restore force. At these anaesthetic doses, I was

unable to restore force completely by further raising the [Ca2*]o and attempts

to do so typically induced failure of excitation-contraction coupling. Similar

results were obtained in two further experiments. The inability of restored

Ca2* transients to restore force in the presence of 4 % isoflurane or

2 % halothane is consistent with the interpretation that these anaesthetics

reduce the responsiveness of the contractile system to Ca2* in intact cardiac

muscle.
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Figure 2.8. Effect of restoring the ampltude of the intracellular Ca2* transient m

force in the presmce of halothane or isoflurane. While the flue'3 loaded

trabecula was exposed to 4 o/" isoflurane (A) or 2 % halothane (B) the external

[Caz*1 was increased from 2 to 4mM in order to restore the amplitude of the

intracellular Ca2* transient to above the level observed trnder control conditions

(indicated by the dotted line). Same preparation as in Fig.2.7.

A number of mechanisms can be invoked to explain the reduced

responsiveness of the contractile proteins to Ca2* in the presence of a

volatile anaesthetic. I tested whether a reduction in maximal Ca2*-activated

force contributed to the reduced response of the contractile system to Ca2*.

Maximal activation of the contractile system was achieved by tetanising

trabeculae (elicited by brief bursts of lzHz stimulation) in the presence of

5 pM ryanodine and high external Ca2* concentrations (> 10 mM). I found

that equivalent elevations of fluo-3 fluorescence (i.e., activator Cut*) were
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difficult to attain in the presence of 2% halothane or 4Y" isoflurane, even

when tetani were elicited with an external [Ca*] of 30 mM.

Thenceforwards, I used lower doses of these anaesthetics which would be

expected to impose less resistance to trans-sarcolemmal Ca2* influx.

Attainment of maximal Ca2*-activated force was assumed when force

reached a plateau while the [Ca2*]l continued to rise. In order to reduce the

likelihood of elevations in the concentrations of intracellular H* and Pi

(inorganic phosphate), which have inhibitory actions on Ca2*-regulated

force development (Ebw, Stienen & Elzinga, 1994), the duration of tetani

was kept to less than 6 s. Figure 2.9A shows the temporal relation between

Ca2* and force during a typical tetanus; note that the fine ripples on the

force plateau occur at the same frequency as the rate of stimulation, i.e.

12lfz. On average, when 1 % halothane or L.6% isoflurane were present,

maximal Ca2*-activated force was reduced by 15 t4-6% and 15t3.3To

respectively (Fig. 2.98, n = 3).

2s

Figure 2.9. Effects of halothane and isoflurane cn maximal Ca2*-activated force.

A, temporal relation between intracellular [Ca2*] and force during a typical

tetanus elicited by stimulating at a rate of 12Hz in the presence of

5 p.M ryanodine and 20 mM external [Caz*]. B, ilmmary of effects of

1 % halothane and L.6 7" isoflurane on maximal Ca2+-activated force.
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DISCUSSION

I have shed light on the mechanisms by which halothane and isoflurane

decrease force in intact cardiac muscle using rat ventricular trabeculae

loaded with a fluorescent Ca2* indicator. Care was taken to characterise the

effects of halothane and isoflurane on cellular autofluorescence intensity

(and, indirectly, mitochondrial function) in order

misinterpretation of the fluorescent Ca2* indicator signals.

Autofluorescence changes and mitochondrial function

Halothane has previously been deduced to inhibit the electron transport

chain at the level of Complex I (see Introduction). Consistent with this

reputed site of action, Kissin et aI. (1983) showed that halothane and other

volatile anaesthetics (e.9. isoflurane and diethyl ether) reversibly increased

NAD(P)H autofluorescence in isolated, perfused rat hearts. Inhibition of the

electron transport chain at the site of Complex I would be expected to

produce a reciprocal change in flavoprotein autofluorescence. For example,

in the isolated perfused rat liver, rotenone (an archetlpical inhibitor of

Complex I) has been shown to evoke an increase in NAD(P)H

autofluorescence while simultaneously decreasing flavoprotein

autofluorescence (Scholz, Thurman, Williamson, Chance & Bticher, L969).

Accordingly, my observation that halothane and isoflurane decrease

flavoprotein autofluorescence (Figs 2.5-2.7), while concomitantly increasing

NAD(P)H autofluorescence, is consistent with the interpretation that

volatile anaesthetics effect inhibition of the electron transport chain at the

site of Complex I.

to avoid
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The ability of volatile anaesthetics to inhibit the electron transport chain

and possibly to reduce the rate of ATP synthesis has been invoked as a

mechanism to explain, at least in part, the negative inotropic effect of these

agents (Berman et al. 7974). However, halothane has been shown not to

produce a change in steady state concentrations of high-energy phosphates

in 31P-NN4R studies employing either Langendorff-perfused rat (Dedrick &

Allen, 1983) or rabbit (Murray, Blanck, Rogers & facobus, L98n hearts. In the

latter study, the authors reported that intracellular pH was unchanged by

1..5 % halothane, suggesting that the negative inotropic action of this agent

is not mediated by intracellular lactic acidosis secondary to its inhibitory

effects on oxidative phosphorylation. In the present study, I provide

indirect evidence that the negative inotropic effect of volatile anaesthetics is

not due to a reduction in energy supply. When I supplied a fatty acid

(hexanoate) in order to restore oxidative phosphorylation in the face of

inhibition of Complex I by halothane or isoflurane (cf. Biebuyck, Lund &

Krebs, t972), the negative inotropic effect of these agents was unchanged.

However, the anaesthetic-induced changes in NAD(P)H and flavoprotein

autofluorescence were greatly reduced (Fi1.2.7). The most likely

explanation for this observation is that, whereas Complex I has a maior role

in the oxidation of carbohydrates, such as pyruvate, its function is much less

important in the oxidation of fatty acids.

Intracellular Ca2* availability

My results clearly show that the inhibition of force produced by halothane

or isoflurane in rat ventricular trabeculae is associated with a dose-

dependent decrease in the amplitude of the intracellular Ca2* transient

(Fi9.2.2). These volatile anaesthetics have similarly been shown to decrease

peak twitch [Ca2*] in guinea-pig papillary muscles which have been
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microinjected with aequorin (Bosnjak, Aggarwal, Turner, Kampine &

Kampine, t992). One of the limitations of aequorin, however, is that it is

not very sensitive to low Ca2* concentrations (Lee, Westerblad & Allen,

1991) and, accordingly, Bosnjak et aL (1992) were unable to determine the

effects of volatile anaesthetics on diastolic [Ca2*]t. Another potential

problem with using aequorin as a tool for studying the effects of anaesthetics

on Caz* handling is that the light-emitting properties of aequorin may be

altered by direct interaction of the anaesthetic with this photoprotein (Baker

& Schapira, 1980). The use of fura-2 or fluo-3 to measure Ca2* has a number

of advantages over aequorin such as the option of chemical loading (using

the AM form of the indicator) and the ability to measure the relatively low

concentrations of Ca2* associated with the resting myocyte. My study of

trabeculae loaded with either fura-2 or fluo-3 shows that, provided due

account is taken of anaesthetic-induced changes in autofluorescence, neither

halothane nor isoflurane produces significant changes of diastolic [Ca2*];.

One of the principal mechanisms by which volatile anaesthetics reduce the

intracellular Ca2* transient is probably via inhibition of L-t1pe Ca2* channel

current (Terrar & Victory, 1988a,b; Pancrazio, 1996). My observation that

halothane and isoflurane, particularly at high doses, decreased the

magnitude of the rise in [Cat.]i during tetani, when 5 pM ryanodine was

present to suppress sarcoplasmic reticular function (Coronado, Morrissette,

Sukhareva & Vaughan, 1994), is consistent with the interpretation that

these agents are inhibitors of Ca2* influx via voltage-activated Ca2* channels.

Ca2* release from the sarcoplasmic reticulum

Inhibition of L-type Ca2* channel current by halothane and isoflurane

would be expected to lead to a progressive twitch-to-twitch reduction of the
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calcium content of the sarcoplasmic reticulum (Levi & Issberner, L996).

However, volatile anaesthetics have also been reported to promote Ca2* loss

from the sarcoplasmic reticulum via direct actions on this organelle. In fact,

an abundance of evidence exists to show that halothane, in clinically

relevant doses, is capable of inducing Ca2* release from the cardiac

sarcoplasmic reticulum (Herland ef aI. 1990; Connelly & Coronado, 7994).

On the other hand, controversy exists as to whether isoflurane is likewise a

potent stimulator of sarcoplasmic reticular Ca2* release (Connelty &

Coronado, 1994; Wheeler et al. 1994). At least at high doses, isoflurane has

been reported to evoke a prominent Ca2* transient, followed by a sustained

increase in diastolic [Ca2*]y when applied to a suspension of resting rat

cardiac myocytes (Katsuoka et al.1989).

In the present study I provide two lines of evidence to suggest that

isoflurane, unlike halothane, does not readily induce Ca2* release from the

SR. First, the application of halothane, but not isoflurane, to electrically

stimulated trabeculae caused a transient increase in Ca2* transients and force

before the negative inotropy was manifest. Note that the transient

augmention of Ca2* transients and force is presumed to be secondary to

facilitated Ca2* release from the sarcoplasmic reticulum by halothane

(Robinson, Harrison, Winlow, Hopkins & Boyett, L993; Wheeler, Rice,

duBell & Spurgeon,7997). Second, when halothane, but not isoflurane, wES

introduced to quiescent trabeculae in which trans-sarcolemmal Ca2* influx

and Na*-Caz* exchange were inhibited, a transient increase in [Ca2*], was

observed (Fig.2.3). I infer that the source of Ca2* for the rise in [Cu'*I, under

these circumstances is the sarcoplasmic reticulum. Hence, I conclude that

halothane, but not isoflurane, is capable of readily inducing Ca2* release

from the sarcoplasmic reticulum. The most likely explanation for the

transient nature of the rise in [Ca2*]t induced by halothane is that Ca2+ is
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cleared from the cytosol via the sarcolemmal Ca2*-pump (Ca2*-AT?ase) and

possibly the mitochondrion. I cannot, of course, rule out that isoflurane

may induce a slow, and therefore not readily detectable, release of Ca2* from

the sarcoplasmic reticulum.

Response of the contractile system to Caz*

In addition to reducing cytosolic Ca2* delivery, volatile anaesthetics may

also alter the response of the contractile system to a given amount of Ca2*.

One approach to examine the effects of volatile anaesthetics on the

responsiveness of the contractile system to Ca2* is to use skinned

ventricular muscle preparations so that the composition of the intracellular

environment can be controlled. However, sfudies using skinned

preparations have yielded conflicting results regarding the effecb of

halothane and isoflurane on the force-[Ca2*], relation. Although Herland et

aI. (1993) used high doses of anaesthetic, these authors were able partially to

reconcile these conflicting reports by accounting for the different effects of

various skinning techniques on the subsequent behaviour of the contractile

system. For example, whereas halothane and isoflurane shifted the force-

[Ca'*], relation to lower Ca2* concentrations in mechanically-skinned rat

ventricular muscle, further disruption of the membrane by treatment with

a detergent (saponin or triton X-100) produced the opposite shift (decreased

Ca2* sensitisation). Hence, the effects of volatile anaesthetics on the force-

[Cut*], relation depend on the extent to which the native regulatory system

of the contractile machinery has been disturbed by the particular skinning

procedure employed.

There have been few studies of the effects of volatile anaesthetics on the

responsiveness of the contractile system to Ca2* in intact cardiac muscle. In



69

work with aequorin-loaded guinea-pig papillary muscle, Bosniak et al.

(L992) reported that 1.6 % isoflurane shifted the relation between peak Ca2*

and force to higher Ca2* concentrations whereas L.2% halothane had no

effect. In contrast, I found that when the external [Ca'?.l was elevated in the

presence of 2% halothane or 4o/o isoflurane so that the peak of the Ca2*

transient was restored to control levels (or a little above) force was not

restored (see Fig.2.8). These results indicate that part of the negative

inotropic effect of both isoflurane and halothane in intact rat ventricular

muscle reflects reduced responsiveness of the contractile system to Caz*.

I examined the effects of a single dose of halothane and isoflurane on

maximal Ca2*-activated force using ryanodine tetani in the presence of high

external Ca2* concentrations (> 10 mM). Halothane (1"/") and isoflurane

(1.6%) each reduced maximal Ca2*-activated force by about L5%. These

findings accord with previous results obtained using skinned rat (Murat et

aI. 1988) and human (Tavemier et al. L9941ventricular muscle preparations.

In further work with chemically-skinned rat cardiac muscle, Mura! Lechene

& Ventura-Clapier (1990) examined the effects of volatile anaesthetics on

force and stiffness during rapid length perturbations at controlled levels of

contractile activation. Halothane, enflurane and isoflurane each:

(i) decreased active stiffness, (ii) increased the stiffness/force ratio and

(iii) increased the time constant of force recovery. These findings indicate

that these volatile anaesthetics decrease: (i) the number of force-generating

cross-bridges, (ii) the force generated per cross-bridge and (iii) the rate of

actomyosin ATPase activity. The mechanisms by which volatile

anaesthetics alter the number and kinetics of myosin cross-bridge

attachments to actin may involve a direct interaction with the contractile

proteins. This notion is supported by the observations that volatile
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anaesthetics have been demonstrated to interact directly with, and to change

the properties of, various proteins (Baker & Schapira, L980).

Conclusions

Halothane and isoflurane reversibly increase NAD(P)H autofluorescence

while simultaneously decreasing flavoprotein autofluorescence, consistent

with an inhibitory effect of these volatile anaesthetics on the electron

transport chain at the site of Complex I. When a fatty acid is supplied as

metabolic substrate in order to bypass this block in the electron transport

chain, the effects of volatile anaesthetics on autofluorescence are greatly

reduced whereas the negative inotropy persists. The combined use of

hexanoate and a fluorescent Ca2* indicator excited by visible wavelengths of

light (fluo-3) minimises anaesthetic'induced changes of autofluorescence.

Halothane and isoflurane inhibit force development of intact cardiac

muscle by reducing intracellular C** availability and concomitantly

reducing the responsiveness of the contractile proteins to Ca2*.

Note added subsequent to publication

Since the publication of this paper, ]iang & Julian (1998a,b) have reported

studies in which they used rat cardiac trabeculae loaded with fura-2 to

examine the mechanisms by which halothane and isoflurane depress

contractility. These authors likewise found that halothane and isoflurane

decreased both the intracellular Ca2* transient and the responsiveness of the

contractile system to Ca2*. Moreover, experiments using rapid-cooling

responses and caffeine to assess the Ca2* content of the sarcoplasmic

reticulum suggested that halothane, but not isoflurane, causes loss of Ca2*

from the sarcoplasmic reticulum.
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SUMMARY

1. I have used fluorescence confocal laser scanning microscopy to attain the

three-dimensional (3-D) microstructure of perimysial collagen fibres over

the range of sarcomere lengths (1.9 - 2.3 pm) in which passive force of

cardiac muscle increases steeply.

2. A uniaxial muscle preparation (right ventricular trabecula of rat) was

used so that the 3-D collagen configuration could be readily related to

sarcomere length. Transmission electron microscopy showed that these

preparations were structurally homologous to ventricular wall muscle.

3. Trabeculae were mounted on the stage of an inverted microscope and

fixed at various sarcomere lengths. After a trabecula was stained with the

fluorophore sirius red F3BA and embedded in resin, sequential optical

sectioning enabled 3-D reconstruction of its perimysial collagen fibres. The

area fraction of these fibres, determined from the cross-sections of seven

trabeculae, was L0.5 t L.5% (means t S. E. M.).

4. The reconstructed 3-D images show that perimysial collagen fibres are

wavy (as distinct from coiled) cords which straighten considerably as the

sarcomere length is increased from 1.8510.03 pm (near-resting length) to

2.3+0.02pm (meanstS.E.M., n=4). These observations are consistent

with the notion that the straightening of these fibres is responsible for

limiting extension of the cardiac sarcomere to a length of -2.3 pm.
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INTRODUCTION

When cardiac muscle is stretched from its resting sarcomere length of

-1-.9 pm, passive force increases steeply such that extension beyond a

sarcomere length of. -2.3 pm is prevented (Pollack & Huntsman, L974; tet

Keurs, Rijnsburger, van Heuningen & Nagelsmit, 1980; Kentish, ter Keurs,

Ricciardi, Bucx & Noble, 1986; de Tombe & ter Keurs, 7992). This elastic

behaviour of passive cardiac muscle restricts the myocytes to operate over a

sarcomere length range in which Ca2*-activated force increases (ter Keurs ef

aL.1,980; Kentish et aI. 1986). The relative contributions of intra- and extra-

cellular structures to this elastic property has been deduced by comparing

the passive force-sarcomere length relations of rat ventricular muscle

preparations which are collagen-free (myocytes) and collagen-intact

(trabeculae) (Granzier & Irving, 1995). That work showed that, at sarcomere

lengths less than 2.1 pm, the large endo-sarcomeric protein titin (also called

connectin) is the major contributor to elasticity whereas, at longer lengths,

fibrillar collagen becomes the predominant source.

The mechanism by which fibrillar collagen provides its elastic function is

not well understood. In an elaborate study of rat papillary muscle,

Robinson, Geraci, Sonnenblick & Factor (1988) have shown that large

perimysial collagen fibres, up to 10 pm diameter, are arranged parallel to the

$arcomeres in relative abundance (1 fibre: several myocytes). On the basis

of scanning electron micrographs, these perimysial fibres appeared to be

configured as helical coils. It follows that stretching of cardiac muscle in the

direction of the myocytes would be expected to produce straightening of

these putatively coiled perimysial fibres. This would explain the

observation of Gay & fohnson (1967) that perimysial collagen fibres,

distinguishable in living and thin ventricular trabeculae of rabbit using
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Iight microscopy, appeared wavy at near slack l"t gth and could be reversibly

stretched to a straight configuration.

The object of the present study was to determine whether perimysial

collagen fibres are transformed from a coiled (or other) configuration to a

straightened structure ov€r the sarcomere length range in which passive

force of cardiac muscle increases steeply. I used fluorescence confocal

microscopy to reconstruct the three-dimensional configuration of

perimysial collagen fibres (stained with sirius red F3BA) in rat cardiac

trabeculae fixed at near-resting and stretched sarcomere lengths.
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METHODS

The methods (approved by the Animal Ethics Committee of the University

of Auckland) for anaesthetising rats and isolating trabeculae have been

previously described (Hanley & Loiselle,1998). In brief, Wistar rats (weight,

200 - 300 g) were anaesthetised, intubated via a tracheostomy and

mechanically ventilated. Induction of anaesthesia was achieved W

intraperitoneal injection of 3.5 - 4.5 ml kgl of a warmed (37 -35 "C) mixture

containing (mg ml-l): 0.079 fentanyl citrate, 2.5 fluanisone and l.?S

midazolam hydrochloride. The heart was rapidly excised and perfused via

the aorta with physiological salt (modified Krebs-Henseleit) solution

containing (mM): 118 NaCl, t3.82KC1, 0.25 CaCl2 1.18 MgSO4, 1.18 KH2PO4,

24.8 NaHCOs, 20 2,3-butanedione monoxime (BDM) and L0 D-glucose.

After equilibration with 95%O2-5%CO2, the pH of this solution wasT-4.

Thin trabeculae (width < 200 pm) were dissected from the right ventricle

and fransferred to a miniature bath (volume, 450 pl) located on the stage of

an inverted microscope (Nikon Diaphot 300, Iapun). The preparation was

then mounted between a force transducer (AE801, SensoNor, Horten,

Norway) and a micromanipulator. After mounting, the preparation was

superfused at a rate of 8 - 9 ml min-l with a BDM-free solution which

contained 5 mM K*.

Passive force-sarcomere length determination

The passive force-sarcomere length relation was determined in 5 trabeculae.

Sarcomere length (SL) was readily measurable after a central portion of the

trabecula was magnified x 400 (using a x 40 Nikon objective), viewed by a

charge-coupled device (cCD) camera and displayed on a video monitor. To
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ensure that no cross-bridges were activated during this series of

experiments, the preparation was superfused with Ca2*-free solution,

containing 1mM EGTA.

Staining and resin embedding

The sarcomere length of trabeculae was increased by -0.1pm before fixing,

dehydration and resin-embedding in order to account for the -5 %

shrinkage associated with this process. I obtained four resin-embedded

trabeculae at SL 1.85 t 0.03 pm and four at SL 2.3 + 0.02 pm

(means t S. E. M.). Trabeculae were fixed by rapidly exchanging

physiological salt solution for Bouin's (fixative) solution. This fixative was

used since it provides the acidic environment required for the staining of

collagen with sirius red F3BA (Young, LeGrice, Young & Smaill, 1998).

After 30 min, the ends of the fixed trabecula were carefully detached from

the force transducer assembly and fixed support and the preparation stored

in Bouin's solution. The preparation was stained with the collagen-specific

fluorophore sirius red F3BA byimmersing it in picrosirius red (0.1% w/v
sirius red F3BA in saturated picric acid) for at least 2 h. It was dehydrated by

sequential immersions in increasing concentrations of ethanol, followed loy

L}}%propylene oxide. Subsequently, the preparation was impregnated

with a freshly-prepared monomer (Agar 100 resin) which was polymerized

by incubation at 60 'C for 48 h. A Reichert-Jung ultramicrotome was used to

trim the resin block to within 10 pm of the specimen. The resin block

holder could be readily interchanged between the ultramicrotome and a

custom-made Perspex receptacle located on the stage of the confocal

microscope. The Perspex receptacle was specially designed so that the

specimen was positioned coplanar with the microscope stage.
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Confocal microscopy

Resin-embedded trabeculae were imaged using a confocal (argon-krypton)

laser scanning microscope (Leica TCS 4D, Heidelberg, Germany). Confocal

images of a trabecula were obtained via a x63 (L.4 NA) or x 100 (1.3 NA)

Leica oil immersion objective lens when the preparation was excited with

the 568 nm emission line of the laser and fluorescence detected at > 590 nm.

The refractive indices of the polymerized resin and immersion oil have

previously been measured and found to be well matched (Young et a\.1998).

The pinhole size was optimized for the particular objective lens used and

S line averages were performed.

When using the x 63 objective lens, a 5l2x5l2 pixel image matrix was

obtained for a 158.74x 158.74 pm field of view (giving 0.31 pm per pixel) and

optical sections were obtained at 0.31 pm intervals. This imaging protocol

provided isometric voxels (with 0.31. pm sides), which optimized the

execution of image processing by the volume-rendering software employed

(VoxelView, Vital Images, Fairfield, lA, USA). In selected experiments, a

x 100 objective lens was used to obtain images of single collagen fibres.

Area-fraction of collagen

Seven trabeculae were transversely sectioned so that the fractional area of

collagen fibres in the preparation could be determined. Confocal images of

the cross-sections were captured by the microscope host computer and

image analysis software NfH Image, version 1.61.) was used to measure

selected pixel areas. Specifically, the area-fraction of collagen was

determined by dividing the total pixel area of collagen by the pixel area of

the cross-section. It should be noted that the capillaries were collapsed in
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the (immersion-fixed) trabeculae used to measure area-fraction attributable

to collagen. For comparison, the mean area-fraction of collagen was

similarly determined from the mid-wall region of a 2.43 mm3 volume of rat

left ventricular free wall. This volume was reconstructed in 3-D (with a

resolution of 0.31- 1.55 pm per side of a cubic voxel) using extended

confocal microscopy (Young et aI. 7998). For calculation of mean area-

fraction, eleven optical slices with a resolution of 0.31 pm pixel-l were taken

transverse to the myocyte direction at 1.55 pm intervals. The area occupied

bv blood vessels was excluded.

Sarcomere length determination

Sarcomere striations were readily visible in trabeculae stained with sirius

red F3BA and resin-embedded. A Nikon Fluor x 40 (1.3 NA) or Leica x 100

(1.25 NA) oil immersion objective lens was used to image a central portion

of the trabecula. A Sony CCD/RGB camera (Tokyo, fapan) and Power

Macintosh computer with a video frame grabber were used to digitize the

image and mean sarcomere length was then determined using image

analysis software (NtrI Image, version 1.61). A calibration slide with 10 pm

spaced stripes was used to calibrate the measurement system, the resolution

of which was 4.88 pixels pm-l using the x 40 objective lens.

Transmission electron microscopy

The cellular composition of right ventricular trabeculae, dissected from

glutaraldehyde-fixed rat hearts, was examined using transmission electron

microscopy. Glutaraladehyde was used as the fixative since it provides

better preservation of cellular ultrastructure than Bouin's solution. Eight

hearts were attached to a vertically mounted cannula via the aorta and
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perfused with 2-5% glutaraldehyde (electron microscopy grade) in

phosphate buffer. After fixation, hearts were transferred to a dissection dish

and a suitable trabecula, if present, was excised from the right ventricle.

Four suitable trabeculae were obtained. After overnight storage in fixative,

trabeculae were post-fixed n | %osmium tetroxide and then dehydrated in

increasing concentrations of ethanol before being embedded in Agar 100

resin.

Ultrathin (-90 nm) cross-sections of a central portion of the resin-embedded

trabecula (see Fig.3.tA) were cut using a diamond knife. Before being

viewed in an electron microscope, the sections were stained with tannic acid

to enhance visualisation of collagen. Thicker sections (-10 pm) were cut for

light microscopic examination. The latter sections were mounted on a slide,

stained with Toluidine Blue and viewed on a video monitor via a Nikon

Fluor x a0 (1.3 NA) oil immersion objective lens and Sony CCD/RGB

camera. Video frames of these images were digitized for later analysis. An

image of a calibration slide was used to scale these images.

Statistical analyses

An analysis of variance (ANOVA) for repeated measures was used

determine statistical significance at the 0.95 level of confidence.
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RESULTS

Ultrastructure of right ventricular trabeculae

The ultrastructure of four trabeculae, dissected from glutaraldehyde-fixed rat

hearts, was examined. Figure 3.18 shows a low-power image, obtained by

light microscopy, of a transverse section of a typical trabecula. It can be seen

that the cross-sectional area of the preparation is chiefly occupied by cardiac

myocytes and, in this particular case, approximately 5 cells span its 100 pm

diameter. Note for comparison that a single cell of mammalian skeletal

muscle is -50 - 100 pm in diameter. The capillaries (seen as white holes) are

oPen since the heart from which this trabecula was dissected was fixed at

10 kPa perfusion pressure. An electron micrograph of the periphery of this

trabecula (Fig.3.1C) illustrates the multicellular nature of the preparation

and the diffusion barrier imposed between the outer rim of cardiac cells and

endocardial environment. Note the presence of a fibroblast, fibrillar

collagen, a bundle of nerve axons and endothelium.

Passive force-sarcomere length relation

In agreement with previous work, I found that the passive force-sarcomere

length relation of trabeculae increased steeply when the resting sarcomere

length was increased from 1.94t0.03pm to 2.3pm (n=5). The striking

feature of the relation shown in Fig.3.2 is the steepness with which passive

force increases as the muscle is stretched to a sarcomere length of 2.3 pm. I
used confocal microscopy to test whether this steep increase in passive force

was associated with the straightening of coiled (or wavy) perimysial collagen

fibres.
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Figure 3.1. Ultrastructure of rat cardiac trabeculae. A, sdrematic diagram

showing a suitable tiabecula before and after its isolation frur the right

ventricular free wall of a glutaraldehyde-fixed heart (only ventricles depicted).

The dashed line indicates where the trabecula was transversely sectiured after

resin-enrbedding. 4 low power image, obhined by light microocop/, of the crq$.

section of a trabecul,a. Scale bar, 10 Fm. C, electron micograph of the periphery

of the above trabecula. Note the presence of a fibroblast (0, a bundle of nenre

axons; (n) and fibrillar collagen (c) in the space between the endothelhun (e) and a

myocyte (m). Scale bar, 2 pm.
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Figure 3.2. Relation between passive force and sarcomerle length of ventricular

trabeculae. Preparations were progressively stretched so that sarcornere length

increased from its resting value (1'94 t 0.02 pm, mean t S. E. M., n = 5) to 2.0, 2.7,

2.2 and 2.3 pm.

Confocal microscopy

The area-fraction of collagen fibres was determined for seven transversely

sectioned trabeculae using fluorescence confocal microscopy. The diameter

of the fibres seen in cross-sections ranged from less than lpm to 1L pm.

Although I recognise that fluorescence confocal microscopy tends to

exaggerate linear dimensions of collagen Oy around 20 "/o when compared

to transmission electron microscopy (Young et aI. 1998)), the area-fraction

was nevertheless surprisingly high (10.5 t '1.5 o/", mean * S. E. M.; range 6.1 -

16.4o/";n=7 trabeculae). In the mid-wall of the left ventricle of the whole

heart, the estimate was only slightly lower: 7.8+0.3 (mean*S.E.M.;

n = l-1, optical slices). Whereas these values exceed the 3 - 6 % range reported

by Weber (1989) and MacKenna and colleagues (MacKenna, Omens,
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McCulloch & Covell, t994; MacKenna, Omens & Covell, 1996), they are

substantially less than the mean value of L8 % reported by Whittaker,

Kloner, Boughner & Pickering (L99q for the same tissues.

Serial optical sectioning and volume rendering software was used to obtain

three'dimensional images of perimysial collagen fibres in trabeculae fixed at

either near-resting or extended sarcomere lengths. The 3-D structure of

perimysial collagen fibres at near-resting sarcomere length was examined in

four trabeculae (SL, 1.85 * 0.03 Fffi, n = 4). Figure 3.3 shows a &D image of a

perimysial collagen fibre in a trabecula fixed at a sarcomere length of

L.81 pm. When the path of the centre of this fibre was followed in &D it

appeared to be wavy in a planar fashion, rather than coiled as proposed lry

Robinson et al. (1988). In order to test this further, I obtained global

coordinates (X, Y and Z) of the centre of this fibre at 0.78 pm intervals along

its length in order to display orthogonal views of its path. These are shown

on the right side of Fig.3.3 where the Z (upper plot) and Y (lower plot)

coordinates of the centreline of the fibre are plotted as a function of X. It can

be clearly seen that the fibre does not follow a helical path. Furthermore,

note that the sarcomere length would need to be extended to between

2.21tm and 2.3 pm in order for this particular fibre to be straightened.
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Figure 3.3. $D reconstruction of a typical perimysial collagen fibre in a

ventricular trabecula fixed at near resting sarromere lengttr- The trabecula was

fixed at a sarcomere length of 1.81Fm and stained with a collagen-specific

fluorophore (siriw rcd FSBA). Confocal laser scaruring mlaoscopy (via a x 100

objective lms) was used to obtain the 30 serial optical images (taken at 0.39 g,ur

intervals) usd in this reconstruction. 3-D analysis of this fibre showed that it

was wavy in a planar fashion rather than coiled. White scale bar, 10 pn. On

the right, the cenhe of the fibre has been plotted in orthogonal planes. Note

that the fibre is wavy in the X-Y plane (viewed from above) whereas it is not in

the orthogonalK-Z (or profile) view. The alces serve as scale bars artd are each

20 ttm.
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Iexamined the three-dimensional morpholory of at least three perimysial

collagen fibres in each of the four trabeculae fixed at near-resting sarcomere

length. As has previously been reported for rat ventricular muscle

(Robinson et aI.1988; MacKenna et aI.7995; LeGrice et al. 1998), the collagen

fibres I observed were typically branched (for example, this was the case for

the upper part of the fibre shown in Fig.3.3) and were parallel to the long

axis of the myocytes. In further accord with the observations of Robinson

et aL (1988), there was considerable variation in the morphology along the

length of a fibre and amongst fibres. However, on no occasion did I see any

coiled collagen fibres. Absence of coiling obtained whether the fibre

observed was on the surface of the trabecula or within it.

I tested whether perimysial collagen fibres were straightened in stretched

trabeculae. hrdeed, in trabeculae fixed at long earcomere lengths

(2.5 + 0.02 pm; n = 4) all perimysial collagen fibres were considerably

straightened in comparison with those fixed at short sarcomere lengths.

This is clearly illustrated in Fig.3.4 which shows a $D image of perimysial

collagen fibres in a trabecula fixed at a sarcomere length of 2.271tm. When

these fibres were followed in 3-D, no waviness was observed in either the

X-Z or X-Y planes. Note that small kinks (not breaks) are evident in Fig 3.4.

These kinks were observed in most of the straightened fibres I examined

and could reflect damage to the fibres as a consequence of overstretching the

preparation prior to fixation. Whereas similar kinks may be expected from

the straightening of a structure configured as a helical coil (Robinson et al.

L988), I think it more likely that these kinks reflect tethering of the

perimysial collagen fibres to other components of the extracellular

connective tissue matrix (see Robinson, Cohen-Gould & Factor, 1983;

Robinson et al. 1988\.
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Figule 3.4 &D recorrstructisr of perimysial collagwr fibres h a vendcular

frabecula fixed at an extended Earcornete length. The preparation waa fixed at a

sareoqr€!€ len'gBr of 2.27 1tm, Confocal laser scanning (via a x 53

obiective ens) was usd to obtain the llfty o,ptical secdons (taken at 0.31pur

ihtervals) uFBd in this reconstnrctiorr" Note that sqre of the fibres slrow surall

ldnks. Scalebar, 10 trsu
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DISCUSSION

The object of my present study was to determine how the three-

dimensional microstructure of perimysial collagen fibres changed over the

range of sarcomere lengths in which cardiac muscle exhibits a steep increase

in passive force. As a first step, I examined cross-sections of trabeculae using

light- and transmission electron-microscopy in order to characterize the

cellular composition of these commonly used preparations.

Ultrastructure of trabeculae

I found trabeculae to be structurally homologous to muscle dissected from

the ventricular wall of the heart (recently examined in detail by Young et al.

1998). That is, like ventricular wall muscle, the volume of these

preparations is chiefly occupied by myocytes which are accompanied by

parallel perimysial collagen fibres (Fig.3.1B). The arrangement of myocytes

is clearly much more complex in the ventricular wall where interconnected

sheets of thickness 4 - 6 cells give rise to a complex laminar structure

(LeGrice, Smaill, Chai, Edgar, Gavin & Hunter, 1995; Young et al. 1998).

Nevertheless, within a sheet, the perimysial collagen fibres are generally

parallel to the direction of the myocytes and are, therefore, in a position to

restrain sarcomere lengthening.

Passive force-sarcomere length relation

As expected from previous work, the passive force increased steeply as the

length of sarcomeres was increased from -1.9 pm (slack length) to 2.3 pm. I

found that when rat cardiac trabeculae are stretched to a sarcomere length of

2.3 pm, passive force increases to around 7 mN mm-2. This value is
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comparable to that observed by ter Keurs et al. (1980) whereas it is

considerably lower than the values reported by Granzier & Irving (1995).

That passive force of cardiac muscle rises steeply when sarcomeres are

extended to around 2.3 pm is functionally important. At this sarcomere

length, both interfilament lattice spacing and the overlap between actin and

myosin are optimal for force development (Fitzsimons & Moss, 1998;

Solaro & Rarick, 1998).

If the sarcomeres were to lengthen beyond -2.3 pm then the overlap

between actin and myosin would diminish, thereby reducing the number of

possible cross-bridges that could be formed. Hence, it is reasonable to infer

that one of the major functions of perimysial collagen fibres (and the

epimysium; see Robinson et aI. 1983) in the heart is to constrain the

myocytes to operate on the ascending limb of the force-sarcomere length

relation. In contrast, in skeletal muscle, the perimysial collagen fibres

generally nrn across the muscle cells (Borg & Caulfield, 1980; Purslow, t989)

and passive force is negligible until the sarcomere length is increased to

-3 pm (ter Keurs, Luff & Lufl 1984).

Microstructure of perimysial collagen fibres

At near-resting sarcomere lengths (-1.9 pm), I found that the perimysial

collagen fibres in rat cardiac trabeculae are tortuous ils has previously been

observed in various rat heart muscle preparations (MacKenna et aL 7996;

Robinson et al, 1988). In some two-dimensional views of the three-

dimensional data, the perimysial fibres appeared coiled (see Fig.3.3).

However, when these fibres were followed axially in three dimensions, the

fibres were seen to have a wavy rather than a coiled appearance. A similar

configuration of collagen to that which I observed in trabeculae has been
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observed in muscle from the rat left ventricular wall (I.I. LeGrice &

A. A. Young; unpublished observations). Although I did not see the coiled

perimysial fibres described by Robinson et al. (1988), perimysial collagen

fibres will exhibit elastic properties whether configured as a coil or as a

planar wave (sinusoid), as has been extensively discussed and modelled by

MacKenna, Vaplon & McCulloch (L997).

I provide two lines of evidence that perimysial collagen fibres are the

structural correlate of the parallel elastic element that constrains sarcomere

lengthening. (i)These fibres are present in relative abundance. Of the total

area-fraction of right ventricular trabeculae and left ventricular mid-wall,

perimysial collagen fibres account, respectively, for 70.5 % and 7.8 7o - values

which fall in the middle of the wide range (3 - 18 %) reported in the

Literature (Weber, L989; IA/hittaker et aL 1994; MacKenna et aI. L996). (ii)

Over the range of sarcomere lengths from -1.85 to -2.3 prn, perimysial

collagen fibres are transformed from a wavy structure to a straightened one.

In accord with my work, MacKenna, Omens & Covell (L996) have shown in

the whole heart that perimysial collagen fibres become less tortuous as the

left ventricle is passively distended above a mean sarcomere length of

-1.8 to -L.9 pm. It should be noted that once straightened, fibrillar collagen

is very resistant to stretch. For example, Sasaki & Odajima (1996) have

recently shown that type I collagen, the major component of fibrillar

collagen in the heart, has a modulus of elasticity of -2.9 GPa.
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Conclusion

I;ar,Ap (up to l1pur diameter) perimysial collagsn fibres are trensfoqrrred

from a wavlr (as dietirrct from coiled) to a suaightened configuration ov€r

the sareomere length range in whiclr cnr.diac muscle erhib'its a steep inareaee

in paseive force. I oonelude that the sfraightening of per,imyoial collagen

f,ibreo r,eseic,ts cardiac sareoiltere ler-rglh to an uppef limit of -2.3 !tm.



CHAPTER4

Summary and Conclusions
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The initial aim of the thesis was to establish the methods to measure force

and intracellular calcium concentration in thin, isolated cardiac trabeculae

of rat. Chapter 1 provides a general review of excitation-contraction

coupling in cardiac muscle and, in particular, highlights the important

regulatory role of intracellular Ca2* in force development.

Lr Chapter 2, the mechanisms underlying the negative inotropic effect of

halothane and isoflurane were eludicated using intact, rat cardiac trabeculae.

Intracellular tcat.] ([Caz.D was measured using either fluo-3 or fura-2,

loaded into the rytosol via its respective acetoxymethyl (AM) ester form.

Retention of fluo-3 required the presence of an organic anion transport

blocker (probenecid). Halothane and isoflurane evoked dose'dependent and

reversible changes in cellular autofluorescence, the patterns of which were

consistent with increased concentrations of the reduced forms of

nicotinamide adenine nucleotides and flavoproteins. These observations

are consistent with the reputed inhibitory action of volatile anaesthetics at

the site of Complex I of the mitochondrial electron transport chain. When a

short-chain fatty acid (hexanoate) was supplied as metabolic substrate, in

order to circumvent this block, anaesthetic-induced changes of

autofluorescence were markedly reduced, whereas the negative inotropy

persisted.

Halothane (0.25-3 %) and isoflurane (0.48-4 %) produced dose-dependent

decreases in the peak of the intracellular Ca2* transients and twitch force.

When the fluorescent Ca2* indicator signals were corrected for changes in

autofluorescence, the anaesthetics did not significantly change diastolic

[Cut*]r. In order to determine whether direct effects of the volatile

anaesthetics on the contractile system contributed to the negative inotropy,

the external [Ca2*] was varied to allow modulation of the Ca2* transient
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amplitudes. In the presence of 2 % halothane or 4 % isoflurane, restoration

of the peak Ca2* transient to control levels did not restore peak force.

Furthermore, 1% halothane and L.6% isoflurane reduced maximal Ca2*-

activated force (elicited using ryanodine tetani and elevated external [Ca2*])

by around 15%.

The ability of volatile anaesthetics to induce Ca2* release directly from the

sarcoplasmic reticulum was examined. When the superfusate was Ca2*- and

Na*-free, so that Na*-Ca2* exchange activity and trans-sarcolemmal Cah

influx were prevented, the introduction of 2 % halothane, but not 4 %

isoflurane caused a transient increase in [Ca2*]i.

I conclude that a combination of reduced Ca2* availability and decreased

responsiveness of the contractile system to Ca2* underly the negative

inotropic actions of halothane and isoflurane. Halothane readily induces

Ca2* release from the sarcoplasmic reticulum, an action which rl€rlr in part,

account for its more potent negative inotropic effect. I further conclude that

the inhibitory effect of volatile anaesthetics on oxidative phosphorylation

does not contribute significantly to the negative inotropy but may lead to

changes in cellular autofluorescence and corruption of fluorescent Ca2*

indicator signals.

In Chapter 3, fluorescence, confocal laser scanning microscopy was used to

reconstruct the 3-D microstructure of permysial collagen fibres in trabeculae

fixed at near-resting and extended sarcomere lengths. In accord with

previous wotk, I showed that passive force increased steeply over the

sarcomere length range of -1.85 to -2.3 pm. In trabeculae fixed at near-

resting sarcomere lengths (-1.85 pm), the perimysial collagen fibres had a

distinctly wavy appearance. However, in stretched trabeculae (sarcomere
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tengfhs; -2.3 pur), atl the perinryeial collagen fibree lferc considembly

strai8htened. Tlrece observatioru sup.port the notion that the,straighterring

of perimy,siatr collagen fihrs is responsible for the, sFep inerease i:n paseive

furce when eardiac rruecle ie s.tr€.tched to a sa@rere length ^,23 F,gr. Thie

steep tnsre,ase in paosive force eonstrains the muscle to,o.peraie ori,er ttre

aoeending I'imb of the sarc.oqlere ler,rgth-folcre relatioru
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