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Initial mechanical efficiency of isolated cardiac muscle
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Summary

The aim of this study was to determine whether the separated mathematically. Experiments were performed
initial mechanical efficiency (ratio of work output to initial in vitro (30°C) using preparations dissected from rat left
metabolic cost) of isolated cardiac muscle is over 60%, ventricular papillary muscles (N=13). Muscle work output
as has been reported previously, or whether it is and heat production were measured during a series of 40
approximately 30%, as suggested by an estimate based on contractions using a contraction protocol designed to
the well-established net mechanical efficiency (ratio of mimic in vivo papillary muscle activity. Net mechanical
work output to total, suprabasal energy cost) of 15%. efficiency was 13.3+0.7%. The total enthalpy output was
Determination of initial efficiency required separation of  2.16 times greater than the initial enthalpy output, so that
the enthalpy output (i.e. heat + work) into initial and initial mechanical efficiency was 28.1+1.2%.
recovery components. The former corresponds to energy
produced by reactions that use high-energy phosphates
and the latter to energy produced in the regeneration of Key words: muscle energetics, heat production, efficiency, cardiac
high-energy phosphates. The two components were muscle.

Introduction

Two groups of biochemical reactions underlie muscle-15% (Gibbs et al., 1967; Syme, 1994; Mellors et al., 2001;
contraction: those that consume high-energy phosphatedlellors and Barclay, 2001). The magnitude of the net
called initial reactions, and those that regenerate high-energgetabolic cost of a series of contractions is typically twice that
phosphates, called recovery reactions. Muscular efficiency ©f initial metabolism (e.g. Mast et al., 1990) gcshould be
the ratio of mechanical work produced to the metabolic energy2-fold greater thaen; that is, about 30%.
consumed in the production of that work. The energy Both the approaches described above for determiaing
consumption term can either incorporate just the initial energgontain elements of uncertainty. For example, Peterson and
costs, giving the initial mechanical efficiencg)( or can  Alpert (1991) implicitly assumed that the energy output
encompass the net energy cost (the energetic equivalent of thssociated with shortening was synchronous with shortening,
oxygen consumed), giving the net mechanical efficiencyout, at least in isometric contractions, a substantial fraction of
(en). & is of interest because it provides insights into thehe initial energy output associated with a single twitch appears
fundamental mechanism of energy conversion by myosifate in the contraction, during force relaxation (Mast and
cross-bridges. Elzinga, 1990). To estimagefrom ey, it must be assumed that

The efficiency of mechanical work generation by crossthe ratio of energy output from recovery procesd®st¢
bridges in cardiac muscle is poorly established because it &ergy output from initial processe}ié the same in isometric
difficult to experimentally separate the initial and recoverycontractions and contractions with shortening becausB:the
energy costs. The kinetics of recovery metabolism in cardia@tio in cardiac muscle has only been measured using isometric
muscle are so rapid that even the energy used within the tintentractions (Mast et al., 1990). Although it seems reasonable
course of a single twitch includes a significant recoveryo assume that the ratio is independent of contraction type,
metabolism component (Gibbs et al., 1967; Mast and Elzingahe only published comparison of tRe ratio in isometric and
1990). Peterson and Alpert (1991) subtracted the presumebrking contractions, which was made using mouse skeletal
recovery heat component from the energy output recordenuscle (Woledge and Yin, 1989), revealed that the ratio was
during isotonic shortening of rabbit papillary muscles andyreater in shortening contractions (1.25) than in isometric
concluded that the maximuenin rabbit papillary muscles was contractions (1.0). It seems unlikely that such an effect could
65%. This value is high compared with an estimate based amderlie the combination af=65% anden=15% in cardiac
reported values a. ey of isolated cardiac muscle is typically muscle, because this would require i ratio in working
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contractions to be an improbable 2.5. This emphasises tiiRats were first rendered unconscious by inhalation of
uncertainty attached to the highvalue reported by Peterson chloroform and then killed by cervical dislocation. All animal
and Alpert (1991). handling procedures complied with the requirements of the

It is important to establish whether initial efficiency is overMonash University Animal Ethics Committee. Muscles were
60% or just 30% because, although the latter can be easiythed in oxygenated (95%26% CQ) Krebs—Henseleit
accommodated within a cross-bridge model using knowsolution of the following composition: 1¥8moll-1 NaCl;
mechanical properties of cardiac cross-bridges, the former.75mmoll-! KCI; 1.18mmoll-1 KH2PQy; 1.18mmoll-1
cannot. For example, ag of 30% is consistent with each MgSQu; 24.8mmoll-1 NaHCGQ;; 1.6mmoll-1 CaCh;
cross-bridge converting ~20% of the free energy fronlOmmoll-! glucose. During dissection, 3@moll-1
hydrolysis of one ATP molecule into work (for details of thisbutanedione monoxime (BDM) was added to the solution to
calculation, see Discussion). This is quantitatively consisterdptimise the recovery of mechanical function after dissection.
with a cardiac cross-bridge model in which each cross-bridg€ollowing dissection of the muscle, further dissection was
cycle is associated with splitting of one ATP and in which theoerformed to give a thin preparation of uniform cross-section.
mean cross-bridge force and power stroke are approximatelhe preparation characteristics (mears.etm., N=13) were:
2pN and 10hm, respectively. These values for cross-bridgemass, 2.63+0.81g; length, 4.53+0.81m; cross-sectional area,
force output and displacement correspond to those measur@d5+0.04mn¥; radius (assuming circular cross-section),
in experiments using isolated contractile proteins from cardia@.41+0.02mm. During experiments, solution temperature was
muscle (Van Buren et al., 1995; Sugiura et al., 1998). If thesmaintained at 30°C.
cross-bridge forces and displacements are correcebist Small, platinum loops were tied to either end of the
>60% then there must be approximately two cross-bridgpreparation and placed over hooks on two tungsten connecting
cycles performed using the energy from each ATP moleculeods, one attached to a strain gauge force transducer (SensoNor
Alternatively, if there is a one-to-one coupling between ATP-801, Horten, Norway) and the other to the lever arm of an
splitting cycles and cross-bridge cycles, theneawnf 60%  ergometer (Cambridge 300H, Cambridge Instruments, MA,
could only come about if the product of cross-bridge force antISA). The preparation lay along a thermopile that wesm
power stroke were twice that calculated from vitro  long, contained 16 antimony—bismuth thermocouples and had
measurements from cardiac cross-bridges (Sugiura et ahpn output of 0.8V deg:! (Barclay et al., 1995; Mellors et
1998). al., 2001). The muscles were stimulated using rectangular

The purpose of the present study was to determine both tle¢ectrical pulses delivered to the musdbefine platinum wires
net and initial mechanical efficiencies of cardiac muscle duringhat contacted the platinum loops attached to either end of the
steady contractile activity. To do this, the enthalpy producedhuscle.
by rat papillary muscles during and after a series of
contractions was partitioned into initial and recovery Measurements of energy output
components using a mathematical analysis described Enthalpy output was used as an index of muscle energy use.
previously (Mast et al., 1990). This overcomes the problem afontracting muscles produce energy as both mechanical work
assuming that work output and the associated energy outpamd heat; enthalpy output is the sum of the work and heat
are synchronous because all the energy produced by tpeoduced. Work output was calculated from records of muscle
muscles during and after the series of contractions wdsrce output and change in muscle length. Heat output,
measured. The analytical method also calculatedRtheatio  excluding basal heat production, was calculated from the
using the energetic data recorded during the protocol in whicthanges in muscle temperature, measured using the
the muscles were performing work, thus avoiding the need tivermopile, during and after a series of contractions.
extrapolate from reported values obtained using isometri€emperature records were corrected for heat lost from the
contraction protocols. Furthermore, a contraction protocomuscle during recording and then multiplied by muscle heat
designed to simulati& vivo strain patterns was used (Mellors capacity to determine the heat output. Rate of heat loss and
and Barclay, 2001). Most previous studies of cardiac efficiencgffective heat capacity (i.e. the combined heat capacity of the
using isolated preparations have used less realistic protocatauscle, any adhering solution and the thermopile under the
(e.g. Gibbs et al., 1967; Peterson and Alpert, 1991). muscle) were determined from the time course of cooling of

the preparation after the muscle had been heated using the
Peltier effect (Kretzschmar and Wilkie, 1972).
Materials and methods

The rat left ventricular papillary muscle preparation and the Contraction protocol
techniques for recording energy output from them have been At the start of each experiment, the stimulus strength
described in detail previously (Baxi et al., 2000; Mellors et al.required to elicit maximum twitch force and the length at
2001; Mellors and Barclay, 2001) and will be only brieflywhich twitch force was maximalLfaxy were determined.
described here. During the remainder of the experiment, a contraction protocol

Papillary muscles were dissected from the left ventricle othat was designed to closely match ith@ivo strain dynamics
hearts removed from adult, male ra®aftus norvegicus.). of papillary muscles was used (Mellors and Barclay, 2001). It
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consisted of 40 twitches delivered at a frequency oiH2.2 01, A
During each contraction cycle (total duration 45%), muscle

length was held constant for the firstmS§ after the stimulus 0
was applied, then was allowed to decrease at a conste E
velocity for ~160ms through an amplitude of ~10%ax and 3 01
finally was stretched back tanax at constant velocity for the =X
remainder of the cycle (FigA). The timing of these length .‘cg -0.2
changes allowed force relaxation to be complete just pric S

to the start of the stretching phase of each cycle. The n 2 03
efficiency measured using this protocol (Mellors and Barclay g
2001) is the same as the maximum net efficiency measure -0.4
using either isotonic contractions or contractions with

sinusoidal length changes (Mellors et al., 2001). -05

0 100 200 300 400 500
Analysis of initial and recovery energy output

Cumulative work output (Fi®2A) was calculated by 151 B
summing the net work produced in each contraction. Net wor
was calculated by determining the area enclosed by a plot
force output as a function of change in muscle length and wz
thus the difference between the work done during shortenir
and the work done on the (relaxed) muscle to stretch it bac
to Lmax This method excludes contributions to the work
performed during shortening by both parallel and series elast
elements (Mellors et al., 2001).

Enthalpy output was partitioned into initial and recovery
components using the procedure described by Mast et ¢
(1990). This method uses thate of enthalpy output and,
in the present study, this was calculated by numerice 0 100 200 300 400 500
differentiation of the cumulative enthalpy output (F2@).

Although this creates a noisy signal, the analysis it

sufficiently robust that the noise had little quantitative effeci 251 C

on the energy partitioning. Full details of the energy
partitioning procedure and its underlying assumptions hav
been presented by Mast et al. (1990). Note that these autht
demonstrated that this procedure gives the same result f
partitioning energy output whether applied to data obtaine
during an energetic steady state or to data obtained during t
transition from rest to a steady state, the case used in t
present study.

The partitioning method (Mast et al., 1990) determines th 0.5 /
amount of recovery heat produced per unit of initial hea /
produced Rl ratio). It requires calculation of the time constant 0
(1) of the decline in rate of heat output after the contraction 0 100 200 300 400 500
have ended. This was done by fitting, using the Time dter stimulus (ms)
Levenberg—Marquardt method, a single exponential functio
through 50s of rate of heat output data recorded after the fineFig. 1. An example of records, averaged over the last 10 cycles
contraction (Fig2B). Usingt, theR:I ratio and the time course (4.54s) of the contraction protocol, from one papillary muscle (mass,
of changes in rate of enthalpy output, the time course 3-1Mg;Lmax 5.9mm). Stimulus was applied angs. (A) Change in
changes in rate of recovery heat output can be calculated. /muscle length. The muscle was |n!t|ally held |sometrlp, was then
iterative procedure was used to find the value ofRtheatio allowed to shorten at constant velocity through an amplitude of 10%

- . Lmax and was then lengthened at constant velocity. (B) Absolute
that provided the closest match between the calculated tlnforce output. The horizontal broken line indicates the passive force at
course of recovery heat output and the measured, pos

. =Y : . Lmax The force was lower after shortening because the passive force
contraction decline in heat rate (i.e. when it can be assumyyas jower at the short length. The muscle was relaxed during most of
that all the heat produced is recovery heat; Z®). ThisRl  the lengthening phase. (C) Time course of work output and total
ratio was then used to divide the heat rate data during ttenthalpy output (work + heat). The vertical broken line indicates the
contraction series into initial and recovery components. Thtime at which shortening ended.
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calculated rates of initial energy output and recovery energmechanical efficiencye() was defined as the ratio of the net
output were then integrated (FRC), and the cumulative total mechanical work output during the series of contractions
of each variable was used to calculate the initial and ngiWy) to the total, suprabasal enthalpy produced during and

mechanical efficiencies. after the series of contractions. Enthalpy output was the sum
of the total heat outputQXr) and the net work performed
Calculation of mechanical efficiency (Wn):
Efficiency was defined as the ratio of work output to N
metabolic energy cost, expressed as a percentage. N a\l:mxloo- (1)
150 ¢ A Initial mechanical efficiencyg) was defined as the ratio\df
to the total initial enthalpy output. The total initial enthalpy
125 Enthalpy output output was the sum oMy and the cumulative total of the

calculated initial heat outpu€():

100 Heat output

W 100 2
= x .

~
(&)

In the Discussion, consideration is given to thermodynamic
efficiency, which is the ratio of work output to free energy
change and is given the symizol
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Cumulative energy output (mJ%y

Preparation oxygenation

20 40 60 80 The adequacy of oxygenation was assessed by calculating
the change in partial pressure of (Po,) through the cross-
section of a cylindrical muscle. The analysis, which has been
described in detail previously (Loiselle, 1985a; Baxi et al.,
2000), was based on Hill's analysis of diffusion into a
cylinder (Hill, 1928) but incorporated a realistic relationship
between the rate of mitochondrial oxygen consumption and
Po, (Loiselle, 1985a). The analysis assumes that muscles
are uniform cylinders, that metabolic rate is constant and
that diffusion of Q into the ends of the cylinder is
negligible. Steady-state rate of , Oconsumption was
calculated from the rate of enthalpy output measured during
the last three steady-state contraction cycles, when the
mww HH” H o M” A muscles were close to an energetic steady state (i.e. muscle

M“M "' mtll Ly M, M.n M m M..n” Nl, temperature was the same at the start of successive cycles;
20 40 60 30 Paul, 1983). An energetic equivalent of B0pl-1 Oz was

used to convert enthalpy measurements into equivalent O

consumption.
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Rate d energy output (W g3)

1001 C

80 Fig. 2. Records of muscle energy output and illustration of steps in
analysis. (A) Cumulative outputs of work, heat and enthalpy (i.e.
Recoveryheat heat + work) from a rat papillary muscle preparation (mass,
/”‘_’_ 2.97mg; length, 5.0nm) during and after a series of 40 twitches
- delivered at 2.Hz. (B) The time course of rate of enthalpy output,
Initial enhalpy calculated by differentiation of the cumulative enthalpy record in A.
A single exponential was fitted through the signal recorded after the
contractions had ended, indicated by the declining white line from
18.8s onwards, to determine the time constant for the decline in rate
mmm__Work of recovery heat outputr£8.4s). The calculated rate of recovery
heat output during the contractions is also shown (white line
between G and 18.8). The R:l ratio for this preparation was 1.16.
(C) The calculated cumulative initial enthalpy output (i.e. initial
_ heat output + work output) for all 40 contractions and recovery heat
Time () output. Work output is also shown (broken line).

Cumulative energy output (m3%y

40 60 80
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Results The mean net mechanical efficiency was 13.3+0.7% (mean *

An example of the time courses of change in muscle lengti$;E-M.; N=13 muscles).
force output and energy output within each contraction cycle Each enthalpy output record was partitioned into initial and
was obtained by averaging the data for each variable in eatgcovery components. The calculated initial enthalpy was
contraction cycle across the last 10 cycles (EjgDuring this ~ Produced, like the work, only during the contraction series
time, the mechanical and energetic variations were similar ifFig. 2C). At the start of the contraction series, the rate of
successive cycles; that is, the muscle was close to being in &gfovery enthalpy output increased slowly compared with the
energetic steady state (Paul, 1983). The muscle produced wdfmediate onset of initial enthalpy output. The rate of recovery
while shortening during the first half of the cycle and then ha##éat output became constant only near the end of the
work done on it (by the ergometer) to lengthen it during th&ontraction series (FigB). Once the contraction series was
second half of the cycle. The net work output is the differencéomplete, the rate of recovery enthalpy output decreased
between the work performed by the muscle and that performeé@xponentially with a mean time constant of 10.9sl.1
on the muscle and is the cumulative value of the work outpyfig. 2B).
at the end of the cycle. The maximum work output during the Within each steady-state cycle, the calculated initial
cycle was reached at the end of shortening. Maximum worgnthalpy was produced largely while the muscle was
can include contributions from elastic elements in parallel anghortening, and little was produced during the lengthening
in series with the contractile apparatus but, because the forg8ase of the cycle (Fig). Across all the muscles tested,
output was the same at the start and end of each cycle, elaffs0+2.4% of the initial enthalpy had been produced by the end
elements made no contribution to net work. Enthalpy wa8f the shortening phase during the last 10 cycles. The rate of
produced throughout the cycle but was produced more rapidlgcovery heat output was constant during the steady-state
while the muscle was shortening than during the lengtheningycles (Fig=3).
phase of the cycle. The mean value of the ratio of recovery enthalpy output to

The denominator of the definition ef incorporated all the initial enthalpy output that provided the best match to the
suprabasal enthalpy output associated with generating work€corded data was 1.16+0.03. That is, the total amount of
Mechanical work was produced only during the contractiorfecovery heat produced was slightly greater, on average, than
series, but the associated enthalpy output was produced bdf¢ total initial enthalpy produced. The net enthalpy output is
during, and for 40-56 after, the contraction series (Fa\).  the sum of the initial and recovery components and was thus
1+1.16=2.16-fold greater than the cumulative total of the initial
enthalpy produced. This difference was reflected in the initial

25 mechanical efficiency; the mean valueepfwas 28.1+1.2%
(N=13).
20
%’ Total enthalpy Discussion
= 15 The purpose of this study was to estimate the initial
g Initial enthalpy mechanical efficiency using a method that avoided
§ 10 | /‘,,_._-—"".'- g;gumptions about the relative'time courses of work output and
g /‘|/‘ F"écovery heat initial enthalpy.outputZ that did _not depend & va!ues
i L, calculated for isometric contractions and that required that
0.5 e J muscles contract in a manner similar to that which ocieurs
‘/",/ < vivo. & was calculated to be ~28%, less than half the value
0 4 l reported by Peterson and Alpert (1991) but consistent with
0 100 200 300 400 500 estimates based on published values and theR:l ratio

Time after stimulus (ms) determined from isometric contractions.

Fig.3. The calculated time courses of production of initial and ~Comparison of results with those from previous studies

recovery enthalpies. The total enthalpy record is the same as that inThe R:| ratio determined in the present study (mean value,
Fig. 2C. Records are the averages of those for the last 10 cycles ?.‘(16) was similar to both that reported previously for rabbit
the contraction protocol. The vertical broken line indicates the tim?)apillary muscles (1.10; Mast et al., 1990) and the theoretical

at which sljo_rt_enlng ended. Initial enthalpy is the sum of the wor alue (1.13; Woledge et al., 1985, p. 219). Mast et al. (1990)
output and initial heat output. All the energy from recovery processes

appeared as heat. In this example, ~75% of the initial enthalpy we‘ésed_ Isometric F:ontractlons, whereas |n. the pregent study
produced by the end of shortening. Note that, although there wi¥0rking contractions were used. A comparisofrbfratio for
slightly more initial enthalpy than recovery enthalpy produced in thdSometric and working contractions of mouse soleus muscle (a
cycle, recovery enthalpy output continued after the contractions we@ow-twitch muscle) found the ratio to be significantly greater
finished so that the total recovery enthalpy output was greater th&luring a working contraction (1.25) than during isometric
the total initial enthalpy output. contractions (1.0; Woledge and Yin, 1989). Although the
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present study did not explicitly examine this phenomenor 10, A

comparison with the work of Mast et al. (1990) provides nc _ N
evidence to support the idea that, in cardiac muscle, the ty)
of contraction performed has a substantial effect onRthe
ratio.

The rate of decline in recovery metabolism of papillary
muscles in the present study (time constant,s}14 consistent
with values reported previously for cardiac muscle. Fol
example, Van Beek et al. (1999) measured time constan
between & and 1% for changes in rate of2@onsumption of
isolated rabbit hearts (28°C) subjected to abrupt changes
work load.

To account for the difference betweencalculated in the
present study and that reported by Peterson and Alpert (199 0
the work output in the earlier study was substantially greate 0 0.2 0.4 0.6
than that in the present study and/or the initial energy outpt
was substantially less. Peterson and Alpert (1991) calculate
the work done by the muscle during the shortening phase
the isotonic contraction (active isotonic force outpdistance
shortened). We have previously shown that, as long as ¢
appropriate correction is made for work performed by paralle
elastic elements, the work output during an isotonic contractio
is equal to the net work as calculated in the present stuc
(Mellors et al., 2001). Although Peterson and Alpert (1991) dic
not correct for parallel elastic work, their estimate of work
output was conservative because they used the passive force
Lmax as the active force baseline and thus they most likel
underestimated contractile element work output.

The most likely possibility is that Peterson and Alpert (1991
underestimated the initial heat production associated wit
shortening. They measured only the heat produced between 1
start of contraction and the end of shortening. The basis of th 0.3 0.4 05
method was the assumption that all the energy associated w Muscle raius (mm)
the shortening is produced within the time course or
shortening. It is possible that this assumption does not hold fFig- 4. Analysis of Q supply to isolated papillary muscles.
cardiac muscle. For instance, during an isometric twitch, ovel) Partial pressure of XPo,) progle through the cross-section of a
half the initial enthalpy output arising from Cross-bridgecy“ndncal muscle. \atm=1013x10° Pa. The thickest line shows the

i duri f | i Mast and Elzi Po, profile for a preparation with a radius equal to the mean value
cycling appears during force relaxation (Mast an Zlnga(O.41mm) of those used in the study. The results for the smallest and

1990). _Thus, measuring the enthalpy output only durm‘largest preparations used (upper and lower lines, respectively) are
shortening probably led Peterson and Alpert (1991) ts0 shown. Analysis was performed using the following parameters:
underestimate initial energy consumption. In the present studpg, at muscle surface, 0.26m (horizontal broken line); diffusivity
shortening continued until force relaxation was complete, anof Oy, 2.3%10°cn? atnrlmin-! at 27°C, adjusted to 30°C using
the majority of the initial enthalpy was produced within thisa Qio of 1.04 (Mahler et al., 1985); steady-state rate of active
time (Fig.3). metabolism, 9. MW g (present study; equivalent rate ofz O
consumption, 2@l min-1g-1); basal metabolic rate, 4MW g1 at
Oxygenation of papillary muscles 27°C (Baxi et al.,, 2000)Q10=1.31 (Loiselle, 1985b). (B) The

; ; ; ; ; relationship between net efficiency and the muscle radius for all
th eS zﬂfrlgu?]fd%gtc; cI)TStI?otr?_deilrleg_%rgg)o ?nstrlc?dgz e%lfit:zl?Seg(),[?aprepgratiops. .'I.'he slope of a straight line fitted through the data did
L . not differ significantly from zero.

the centre of a muscle may become anoxic if diffusige O
supply cannot match metabolic demands. An analysis of tF
adequacy of @supply was performed to check: (1) whetherof even the largest muscles used would be in excess of the
anoxia was likely to have occurred in the present study and (Bvels required to impair mitochondrial oxidative
whether the radius of the preparations had any effect gophosphorylation (1kPa; for a review, see Loiselle, 1982). For
efficiency. 11 of the 13 preparations used, the estimBtgdn the centre

The analysis of @diffusion into papillary muscles (FigA) of the muscles was 10kPa. Note that the analysis was made
indicated that during steady-state activity Bag in the centre  assuming the muscles were in a steady state whereas during

0.8 Smallest
radius

0.6

0.4

Partial pressure oD, (atm)

0.2

Distance from centre of muscle (mm)

0251 B

0.20

0.15

0.10

Net metanical efficieng
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experiments muscles progressed from rest to close to a steazlydence has been interpreted as indicating that the cross-
state, so the calculated centfdb, values would tend to bridge stroke in cardiac muscle may be as great as 20m30
underestimate the actuBb,. The results of the analysis are (see De Winkel et al., 1995 and references therein). For
consistent with the idea that anoxia was unlikely to havénstance, De Winkel et al. (1995) calculated cross-bridge
occurred in the preparations used in this study. working stroke from the dynamic stiffness of skinned rat
As a further check, and one that does not depend dmabelculae (22°C) and concluded that it was at least®20t
assumptions concerning@iffusion through muscle, rates of has been suggested (Gibbs and Barclay, 1995) that these values
metabolism or muscle geometry, an analysis was performed &we consistent with high efficiency values, such as those
see whether there was any relationship between the radiusreported by Peterson and Alpert (1991). If, howegeg is
the preparations and net efficiency (). There was no only 20%, then such large working strokes would imply that
significant correlation between these variable3=Q.2, maximum cross-bridge force output must bepill which is
P>0.05), indicating that muscle size did not affect netmuch smaller than values determined using isolated contractile
efficiency. Therefore, the results of both the analysis of @roteins (Van Buren et al., 1995; Sugiura et al., 1998). Thus,
model for oxygen diffusion into isolated muscles and thdarge cross-bridge working strokes seem unlikely but it is
analysis relating muscle size to measured efficiency supparnportant to clarify the amplitude of the working stroke of
the idea that anoxia had no effect on efficiency. cardiac cross-bridges in intact muscle.

Cross-bridge thermodynamic efficiency Efficiency of oxidative recovery

It is possible, knowings, to estimate the thermodynamic  The magnitude of the difference in estimateg dietween
efficiency of cross-bridge energy conversiegg); that is, the the present study and that of Peterson and Alpert (1991)
fraction of the energy produced by hydrolysis of one ATPalso has significant implications for the thermodynamics of
molecule that is converted into work during one cross-bridgexidative recovery processes. It is well established ghas
ATP-splitting event. Ifg is 28%, the enthalpy of PCr splitting <20% in cardiac muscle of both mammals (Gibbs et al., 1967;
is 35kIJmot® (Woledge and Reilly, 1988), the free energyMellors et al., 2001; Mellors and Barclay, 2001) and
change of ATP hydrolysis in cardiac cells is Kdinoll  amphibians (Syme, 1994 is approximately the product of
(Kammermeir et al., 1982) and it is assumed that 80% of thime initial thermodynamic efficiencye|( the ratio of work
initial energy cost can be attributed to cross-bridge cyclingutput to initial free energy change, including both that
(reported values range from 70% to 85%; Gibbs et al., 198&ssociated with cross-bridge cycling and ion pumping) and the
Alpert et al., 1989; Schramm et al., 1994), then the cross-bridgdficiency with which mitochondria convert the free energy
thermodynamic efficiency is (28/0885/60%x20%. The from metabolic substrate into free energy in ATP. This is
fraction of energy output assumed to be related to cross-brid@pecause the free energy change and the enthalpy change for the
activity has only a small influence on this value: if cross-bridgeecovery processes have almost the same value (for a detailed
cycling accounted for 70% of the energy use thghwould  discussion, see Gibbs and Barclay, 199b)s the product of
be 23%, and if cross-bridge cycling accounted for 85% ofhe initial mechanical efficiency and the ratio &iflpcr and
initial energy use theacg would be 19%. If one ATP were AGatp (=35/6G=0.6). If & were 60% (Peterson and Alpert,
used in each cross-bridge cycle, providingxB21J of free  1991) therg; would be 36%ey is 13% (present study), so the
energy, then ascg of 20% would correspond to 20021)  efficiency of mitochondrial energy conversion would be
work per cross-bridge cycle. 13/36=35%. However, the efficiency of the recovery processes

The maximum work that could potentially be performed pemppears likely to be much higher than this, probably between
cross-bridge cycle can be determined from the cross-bridgé0% and 80% (Gibbs and Barclay, 1995; Lou et al., 2000). This
force-extension relationship (or 2Tcurve; Huxley and further supports the idea that it would be difficult to reconcile
Simmons, 1971) determined from quick-release experimentane as high as 60% with the well-established valuesfor
Colomo et al. (1994) determined @urves for frog atrial cells The data from the present study can be used to estimate the
(10°C). Their data indicated that the maximum work per crosefficiency of the recovery processesglis 28% therg;=16.8%
bridge cycle would be ~8Bp nm, wherePg is the maximum and the efficiency of the recovery processes would be
isometric cross-bridge force. If, as estimated above, maximuif13.3/16.8%100=80%. This is similar to the value of 84%
work per cross-bridge is 200-21J, and this corresponds to calculated from measurements of the @Gonsumed and
the maximum cross-bridge work estimated from thelrve  heat produced by skeletal muscle fibres from the dogfish
for amphibian atrial cells, then maximum cross-bridge forcgScyliorhinus caniculaLou et al., 2000).
would be 261021J/8.5x109m=2.4<10"12N. This force
output is consistent with that determined for myosin from
cardiac muscle (Sugiura et al., 1998) Conclusions

The data presented by Colomo et al. (1994) are also The initial efficiency of isolated cardiac muscle is ~30%,
consistent with cross-bridges having a working stroke (i.e. thehich is consistent with cross-bridges converting about 20%
filament movement generated by one cross-bridge in ongf the free energy change of ATP hydrolysis into work. These
attachment cycle) of ~1@m. However, other experimental values are similar to those of other striated muscles (for a
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its specialised function, the mechanism for convertin%?ov 627-634. . .
. . . . . ibbs, C. L. and Barclay, C. J.(1998). Efficiency of skeletal and cardiac
chemical energy into mechanical energy in cardiac muscle ,scie Adv. Exp. Med. Biok53 527-535.

does not differ fundamentally from that in other striatedHil, A. v. (1928). The diffusion of oxygen and lactic acid through tissue.

muscles. However, there are a number of reportsetf  Proc. R.Soc. Lond. B04 39-96. .
fici | fh hearts of ~30% (f . Huxley, A. F. and Simmons, R. M.(1971). Proposed mechanism of force
efnciency values or human hearts o 0 ( or a review, see generation in striated musciature233 533-538.
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