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4 Summary

The primary aim of this thesis was to improve the realism of protocols used to study the

energetics of isolated papillary muscles. Experiments were perfonned in vitro using left

ventricular papillary muscles from adult male rats. Measurements of force output, muscle

length change and muscle temperature change were used to calculate the work and heat

produced during and after each protocol. Net mechanical efficiency was defined as the

proportion of the energy (enthalpy) liberated by the muscle that appeared as work.

The first study was designed to determine whether the efficiency of rat papillary muscles

is protocol-dependent by comparing the efficiency measured using two established

contraction protocols. In the current study, the mean efficiency of preparations performing

low frequency afterloaded isotonic contractions (10 twitches at 0.2 Hz) was 21.1 ± 1.4 %,

13.2 ± 0.7 % when performing sinusoidal length change contractions (40 twitches at 2 Hz)

and 21.5 ± 1.0 % when performing high frequency afterloaded isotonic contractions (40

twitches at 2 Hz). Additional experiments designed to measure work output

unambiguously indicated that the method used to calculate work output in isotonic

contractions overestimated actual net work output due to the inclusion of the work done

by parallel elastic elements. When the true net work output was used to determine

efficiency in afterloaded isotonic contractions, efficiency was similar to that for sinusoidal

contractions. It was concluded that the maximum net mechanical efficiency of rat

papillary muscles was not protocol-dependent and was between 10 and 15 %.
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Net mechanical efficiency of the heart in vivo has been estimated to be 20-25 %. One

possible reason for the difference between the values calculated for the isolated muscles

and those for intact hearts is that the pattern of length changes used in isolated muscle

studies bear little resemblance to those observed /// vivo. The second study aimed to

develop a realistic strain protocol, based on published measurements of contracting

papillary muscles //; situ, for use with isolated preparations. A standard contraction

protocol (27°C; 40 twitches at 2 Hz) that followed the strain dynamics of papillary

muscles /// situ was developed. The realism of the protocol was enhanced further by

incorporating isometric relaxation and thus the model could simulate the main mechanical

features of ventricular function. The most notable result from these experiments was that

the enthalpy output per twitch was relatively constant despite the various alterations made

to the protocol including differences in shortening amplitude, isometric duration,

shortening-lengthening duty cycle and contraction frequency. Due to the relatively

constant enthalpy output, changes in mechanical efficiency reflected changes in work

output per twitch. The strain parameter that affected work output per twitch the most was

the amplitude of shortening. Using the realistic strain protocol, the maximum net

mechanical efficiency of rat papillary muscles was -15 %. This supports the idea that

efficiency is not protocol-dependent since the efficiency of muscles performing

afterloaded isotonic, sinusoidal and realistic contraction protocols was 10-15 %.

In the final study, the realistic strain protocol was used to study the effects of hypothermia

(15 or 8°C) on rat papillary muscles following rewarming to 30°C. Hypothermia is used

routinely during cardiac bypass surgery but the effects of the cold period on the muscle

have not been well-characterised. The contraction protocol consisted of 40 twitches at 2.2

Hz. The work output from the rewarmed muscles was depressed relative to the control

measurement throughout the post-rewarming recording period. Work output was more

depressed following 8°C hypothermia (-60-70 % of the pre-cooling value) than following

15°C hypothermia (-90-98 % of the pre-cooling value). Work output was depressed due

to a decreased ability of the muscle to generate force and altered force-velocity properties.

Following the 8°C hypothermia, enthalpy output was closely matched to work output and

so the net mechanical efficiency of the muscles remained reasonably close to the pre-

cooling values.
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Chapter 1: Introduction

Chapter 1: Introduction

The primary aim of this thesis was to characterise the energetics of isolated rat papillary

muscles using a contraction protocol that closely matched the //; vivo activity of these

muscles. The following introduction will briefly identify some important issues in the

measurement of cardiac energetics.

The basic function of almost all muscles is to convert the energy obtained from

carbohydrates and fats into mechanical energy. The processes involved in this energy

conversion are the focus of the field of study known as muscle energetics. In the heart, the

mechanical energy produced by the ventricular muscles powers the movement of blood

around the body. There have been many studies of various aspects of the energetics of the

heart and cardiac muscle. Studies of cardiac energetics using whole hearts, either in vivo

or //; vitro, have the advantage of investigating the heart functioning in, or close to, its

normal manner. However, due to the complexity of the heart's structure, it is difficult to

relate measurements of whole heart energy consumption and work output to, for example,

the energy consumption and work output of ventricular work per se. To obtain precise

measurements of energy consumption and work output of ventricular muscle, the use of

isolated cardiac muscle preparations is preferable. Both the energy consumption and

mechanical work output of such preparations can be measured very accurately, with

excellent time resolution and can be easily related to the mass of tissue actually

performing the work. However, in most studies to date, the contraction protocols used

with isolated cardiac muscles have been designed to facilitate the laboratory study of the
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muscles rather than to simulate the normal activity of the muscle. There are several

reasons for this: (1) to ensure that diffusive oxygen supply is adequate, most studies have

used low contraction frequencies, (2) the interpretation of energetic aspects of contraction

is more simple when force output or muscle length are held constant and (3) until

relatively recently, it was difficult to alter muscle length using the complicated patterns of

normal cardiac contraction.

The overall aim of this thesis was to develop a protocol for studying isolated papillary

muscles //; vitro that closely matched in vivo muscle activity and to characterise the

energetics of rat papillary muscles using the protocol. Specifically, this involved using

higher contraction frequencies than those used in previous studies of energetics and

matching the pattern of length changes to those observed in situ. To overcome the

difficulties outlined above, split papillary muscles of low cross-sectional area were used to

enhance diffusive oxygen supply and to allow high contraction frequencies to be used. To

reproduce the complicated patterns of length change that occur in vivo, a computer-

controlled motor was used to accurately control muscle length. Energy consumption was

calculated from measurements of muscle temperature change during a contraction

protocol. Temperature change was measured using a thermopile with excellent time

resolution characteristics. Detailed explanations of the materials and methods used in the

current study are given in Chapter 2.

The first step towards developing a new, realistic protocol for use with isolated papillary

muscle preparations was to compare two protocols that have been used previously to

measure cardiac mechanics and energetics. To this end, the conventional afterloaded

isotonic protocol was compared with the most recent attempt at a realistic protocol, a

sinusoidal length change protocol (Chapter 3). This study aimed to clarify reported

differences in the energetic characteristics of rat papillary muscles using the two protocols

and to determine whether mechanical efficiency was really protocol-dependent as

suggested by the results of earlier studies.

The measurements of papillary muscle energetics using these traditional protocols were

used as a background for characterising the energetics of these muscles during a much

more realistic contraction protocol (Chapter 4). The realistic strain (i.e. length change)

pattern was based on published measurements of papillary muscle dynamics in situ. The

strain pattern was varied to encompass the common in situ characteristics. The energetic
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profile of rat papillary muscles was determined with muscles contracting according to this

strain pattern.

This contraction protocol was then used to investigate the effects on the energetics of rat

papillary muscles resulting from spending 1-2 hr at a low temperature (Chapter 5). Low

temperatures are commonly used during cardiac bypass surgery but the consequent

alterations in the energetics of cardiac muscle directly resulting from the hypothermia

have been only poorly characterised. The realistic protocol not only allowed the effects of

hypothermia on the energetics of the muscle to be characterised but also provided insights

into the mechanisms underlying the observed changes in muscle function.
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Chapter 2: Materials and methods

This chapter provides details of the materials used and the general methodology followed

for the experiments presented in this thesis. Where a particular method or protocol specific

to a set of experiments has been used, details are presented in the relevant chapter.

2.1 Animals

Adult male Sprague-Dawley rats aged between 12 and 16 weeks were obtained from

Monash University Animal Services and housed in the Department of Physiology's

Animal House. Rats within this narrow age range were chosen since the mechanical

properties of the heart are consistent during this period (Capasso et al, 1982). Only male

rats were used to avoid potential interpretative complications due to gender differences.

Although Leblanc et al. (1998) reported that hearts of male and female rats aged 2-4

months exhibit similar contractile profiles, Wang et al (1998) reported that the force-Ca2+

relationships for papillary muscles from 3-4 month old male and female rats were

different.

All rats had free access to standard laboratory rat chow and water for the duration of the

study. The environmental surroundings of the rats were monitored from birth. The

temperature range was 20-22°C with a relative humidity of -50 %. The rats were exposed

to a 12 hr light/dark cycle.
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All procedures involved in the handling and care of animals were in accordance with the

Australian Code of Practice for the Care and Use of Animals for Scientific Purposes and

were approved by the Monash University Animal Welfare Committee.

2.2 Papillary muscle preparation and dissection

Rats were killed by cervical dislocation whilst under deep chloroform anaesthesia and the

chest cavity was opened to expose the beating heart. The heart was rapidly excised and

immersed in a series of beakers containing room temperature (~22-23°C), oxygenated

(95 % O2 - 5 % CO2) Krebs-Henseleit solution (see Section 2.3 for composition) and was

gently massaged to remove remaining blood. The aortic stump was cannulated to allow

back-perfusion through the coronary circulation with 10 ml oxygenated Krebs-Henseleit

solution (at room temperature) containing 30 mM 2,3-butanedione monoxime (BDM;

Sigma Chemical Co., St Louis, MO, USA). This rapidly caused the heart to cease

contractile activity and allowed viable, split papillary muscle preparations to be dissected

(see Section 2.3.1).

The outer wall of the right ventricle was separated from the remainder of the ventricle and

a straight cut was made along the length of the septum. The left ventricle was carefully

opened and pinned back taking care not to damage the papillary muscles situated on the

opposite wall of the ventricle. The heart was then allowed to rest in the BDM solution for

20 min before dissection of the papillary muscles commenced. This was found to have a

beneficial effect on the mechanical performance of the muscle once it was mounted in the

experimental chamber.

Suitable papillary muscles from the left ventricle were selected on the basis of their length

and overall appearance while viewed under a microscope (x20 magnification; Zeiss,

Germany). These muscles were trimmed and/or split longitudinally if necessary and the

underside separated from adhering tissue. Small platinum wire loops were tied to either

end of each preparation with braided, non-capillary silk thread (5/0, Dynek Pty. Ltd.,

Australia). Preparations were removed from the ventricle while maintaining a passive

tension of ~5 mN using a C-shaped spring clip.

Papillary muscles are convenient to use in isolated muscle experiments given their natural

shape. The muscles have myocytes arranged in parallel along the length of the muscle, can

be readily dissected and can have ties or clips attached to either end allowing attachment

to apparatus for measuring mechanical properties.
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2.3 Solutions

Preparations were bathed in Krebs-Henseleit solution with the following composition

(mM): HSNaCl; 4.75 KC1; 1.18 KH2PO4; 1.18 MgSO4; 24.8 NaHCO3; 1.6CaCl2; 10

glucose. Where mentioned in the text, 30 mM BDM was added to this solution. All

solutions were bubbled continuously with carbogen gas (95 % O2 - 5 % CO2) to ensure

that the muscle received a constant supply of oxygen and that the pH was maintained at

7.4.

2.3.1 Effects of BDM en cardiac muscle

The addition of BDM to dissecting solutions allowed papillary muscles to be split without

any impairment of function following wash-out (Kiriazis and Gibbs, 1995). The precise

mechanism of the protective effects of BDM is unknown but appears likely to be due to

inhibition of mechanical activity by BDM. The mechanisms of inhibition of force

production in cardiac muscle by BDM include: (1) inhibition of cross-bridge force

development which may be due to altered cross-bridge kinetics or a prevention of cross-

bridge attachment (Backx et al, 1994; Gwathmey et al, 1991; Hajjar et al, 1994;

Perreault et al, 1992; Watkins et al, 1992), (2) a reduction in the Ca2+-sensitivity of the

myofilaments (Backx et al, 1994; Gwathmey et al, 1991; Perreault et al, 1992; West and

Stephenson, 1989) and (3) a decrease in free [Ca2+]j as shown by a decrease in the

amplitude of the Ca2+ transient (Backx et al, 1994; Gwathmey et al, 1991; Perreault et

al, 1992). Whatever the mechanism of action, the use of BDM in dissecting solutions has

been shown to prevent contracture in cardiac muscle (Hajjar et al, 1994; Perreault et al,

1992). The effects of BDM on both cardiac and skeletal muscles have been summarised

by Sellin and McArdle (1994).

Several studies have reported that the effects of BDM on cardiac muscle are reversible

(Kotsanas et al, 1993; Muiieri et al, 1989; Watkins et al, 1992; West and Stephenson,

1989), even after long periods of storage in a BDM solution (Muiieri et al, 1992). Of

particular importance in the context of this thesis is the finding of Kiriazis and Gibbs

(1995) that the >'se of BDM during dissection affects neither the mechanical nor energetic

properties of rat papillary muscles once the BDM has been washed out. Inclusion of BDM

in the dissecting solution thus allowed functional preparations of small cross-sectional

area (CSA) to be obtained even when substantial trimming of the papillary muscle was

necessary (Muiieri et al, 1989). For the experiments reported in this thesis, the heart
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remained immersed in the oxygenated BDM-Krebs-Henseleit solution throughout the

dissection period.

2.4 Preparation oxygenation

The muscle preparations used in this study were continuously supplied with oxygen

throughout dissection and experiments. Papillary muscles were either immersed in

oxygenated Krebs-Henseleit solution or, during recordings of energy output, enclosed in a

humidified, oxygenated chamber (see Section 2.5).

A previous study from this laboratory used a mathematical model, based on work by

Loiselle (1982; 1985a), to assess the adequacy of diffusive O2 supply to isolated papillary

muscles (Eaxi et al, 2000). That analysis indicated that for the muscles used in that study

(CSA ~1 mm2) O2 diffusion would have only just been adequate to meet the metabolic

demands at contraction rates of 2-4 Hz. To improve O2 supply, smaller preparations were

used in the current study (range of mean CSA ~0.5-0.7 mm2) but in some experiments a

higher temperature was used (30°C versus 27°C used by Baxi et al, 2000). This latter

factor would not favour O2 supply since the active metabolic rate is more sensitive to

temperature (Qio=1.56, calculated from Buckberg et al, 1977) than the diffusivity of O2 in

muscle (Qio=l.O4, Mahler et al, 1985). Therefore, the analysis was repeated for the

conditions and muscles used in the current study.

Details of the analysis are given by Baxi et al. (2000) and Loiselle (1982, 1985a) and are

described only briefly here. The profile of the partial pressure of oxygen (P02) through the

cross-section of a cylindrical muscle was estimated by solving the differential diffusion

equation:

drPo, 1 dPo, m(Po,) n
r I A — \ j

dr r dr K

where ;• is the radius of the muscle (cm)

m{Poi) is a function describing the dependence of mitochondrial oxygen

consumption on P02

K is the diffusivity of O2 through muscle

The assumptions underlying this model are (Baxi et al, 2000; Loiselle, 1985a): (1) the

papillary muscle preparations were cylindrical and of uniform radius, (2) oxygen diffusion

through the ends of the preparation was negligible (CSA of the ends of a cylinder with
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muscle dimensions would be <10 % of the area of the sides of the cylinder) and (3) the

metabolic rate was constant over time and through the muscle. The boundary conditions

used in solving the equation were that P02 at the muscle surface was 0.95 atm,

corresponding to the fraction of O2 in the carbogen gas mixture (95 % O2 - 5 % CO2), and

that the rate of change of P02 with radial distance into the muscle was zero at the muscle's

centre. The values of the other variables used in the equation are shown in Table 2.1.

Table 2.1 Values used to solve O2 diffusivity equation

Basal heat rate
(mW g1)

Active heat rate
(mW g1)

Diffusivity of O2
(cm2 atm'1 min"1)

Published value

4.4°

12.06c

9.66 d

2.39 x Wic

Temperature of
reported value

(°Q

27

27

30

25

Qio

1.31 h

-

1 .()<•• °

Value
adjusted to

27°C

2.409 x 10'5

Value
adjusted to

30°C

4.644

2.437 x 10"5

" Baxi et al. (2000); b Loiselle (1985b); c value obtained from high frequency
afterloaded isotonic contractions at 2 Hz; d value obtained from realistic contractions
at 2.2 Hz;c Mahler et al. (1985). Note that the active V02 values were obtained using
different protocols and so a Qio value has not been calculated. The rate of oxygen
consumption was calculated from the heat rate using an energetic equivalent of
21 J m r ' O 2 .

The maximum rate of O2 consumption (active V02) in the protocols used was calculated

from the rate of enthalpy output averaged over 3 complete, steady-state cycles near the

end of the contraction protocol described in Chapter 3. When muscles are in an energetic

steady-state, an amount of phosphoceatine (PCr) equal to the amount split in each

contraction is resynthesised in each cycle so that there is no net breakdown of PCr over a

full cycle (Paul, 1983). In luis case, the average rate of enthalpy output can be assumed to

reflect the rate of mitochondrial O2 consumption. This method of calculation of the

maximum rate of O2 consumption differs from that used by Baxi et al. (2000). They

estimated the rate from the slope of the enthalpy versus time record after the last cycle of a

contraction series had finished. However, at that time there would be a net resynthesis of

PCr and that process absorbs energy. The rate of enthalpy output would, therefore,

underestimate the rate of mitochondrial heat production and thus the rate of oxygen

consumption. Consistent with this reasoning, data from the muscles used in the current
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analysis showed that the steady-state rate of enthalpy output was up to twice as great as

that recorded at the start of the recovery period. The analysis described here used the

steady-state rate of enthalpy output to estimate V02 and was performed using the

appropriate range of CSA of the muscles used in this study.

The rate of oxygen consumption was calculated from the enthalpy output assuming an

energetic equivalent of 21 J ml"1 O2. Basal metabolism is not affected by changes in

extracellular [Ca2+] (Chapman, 1976; Wendt and Loiselle, 1981), therefore, no correction

was made for the lower [Ca2+]0 used in the current study (1.6 mM compared with 2.54

mM in Baxi et ah, 2000). The results of these analyses are shown in Figure 2.1.

B

E

ri

o
O

o.

1.0 •

0.8 "

0.6

0.4

0.2

0.0

1.0 •

0.8 •

0.6

0.4

0.2

0.0

• r — 0.77 mm2

0.0 0.2 0.4 0.6 0.8

Radius/Maximum Radius

1.0 0.0 0.2 0.4 0.6 0.8 s 1.0

Radius/Maximum Radius

Figure 2.1 Results of diffusive O2 supply modelling

Predicted O2 profiles for a representative muscle at 27°C in an energetic steady-state
performing afterloaded isotonic contractions at 2 Hz (A) and another at 30°C
performing realistic contractions at 2.2 Hz (B). In each example, the solid black line
represents the actual CSA of the muscle used in the model, the dashed black line
represents the mean CSA of the group of muscles performing each contraction
protocol and the solid grey lines represent the outer limits of CSA used in the
respective protocols (see Chapters 3 and 5 for details).

This analysis suggests that the rate of diffusive O2 supply into papillary muscles would

have been just adequate to meet the metabolic requirements of the average papillary

muscle. However, it also indicates that the largest muscles used may have had a

compromised oxygen supply. Overall, the analysis indicates that the metabolic
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requirements of the muscles used in the current study most likely could be met by

diffusive O2 supply. However, the analysis also emphasises the importance of using small

diameter preparations when such high stimulation rates are used. This would be

particularly important if steady-state activity was to be studied over longer periods of time

than those used in the current study.

An assumption that has a considerable effect on the results of the analysis is that the rate

of oxygen consumption was equal to the steady-state value throughout the protocol. This

is clearly not the case in the protocols used in this study which encompass the transition

from rest to steady-state activity. If it is assumed that (1) the basal rate of oxygen

consumption is constant during the protocol and (2) the active V02 increases exponentially

towards the steady-state value with a time-constant of 5 s, then it can be estimated that the

average V02 during the contraction protocols would have been about 80 % of the steady-

state value. If this rate of oxygen consumption is used in the analysis, even the largest

preparations would have had adequate O2 supply.

Two factors that would have favoured O2 diffusion into muscles in the current

experiments compared with those of Baxi et al. (2000) were the smaller CSA of

preparations (~0.5-0.77 mm2 range of mean CSA used in the current experiments

compared to ~1 mm2 in Baxi et al., 2000) and the lower [Ca2+]0 (1.6 mM compared to

2.54 mM in Baxi et ah, 2000) which resulted in lower work and enthalpy outputs.

It is important to provide some comment on the validity of the assumptions used in this

analysis. Firstly, some O2 would be expected to diffuse through the ends of the muscle,

although the surface area of the ends is much smaller than that of the length of the muscle

and the ends are effectively clamped. Also, not all muscles were perfectly cylindrical in

shape. Some preparations were wider and flatter than others. In this case, the maximum

radius would be less which would favour O2 supply. Thus the assumptions are reasonable

and any errors resulting from them would be small relative to the estimated safety margin

(Figure 2.1).

2.5 Experimental apparatus

2.5.1 The horizontal thermopile

Muscle preparations were mounted between a semi-conductor force transducer (see

Section 2.6.1) and a servo-controlled lever (see Section 2.7.1). Rods constructed of fine

tungsten wire (140 u.m diameter) provided low compliance links between the preparation

1
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and the recording apparatus (Figure 2.2). The rods were made by hanging a 50 g weight

from one end of the rod and passing current (8 A) through the tungsten wire to heat it and

make it rigid. The ends of the tungsten rods closest to the preparation were bent into

hooks. The platinum loops attached to the ends of the muscle were placed over these

hooks to allow attachment of the muscle to the recording apparatus. The use of platinum

loops in preference to silk thread loops further reduced compliance of the force recording

system (see Section 2.6.4). The thermopile was positioned between the force transducer

and the lever so that the mounted papillary muscle rested along the central region of the

thermopile (see Section 2.8.1).

thermopile

muscle

force
transducer

platinum
loop

platinum wire

tungsten
wire rod" motor

Figure 2.2 Diagram of arrangement of a muscle on the recording
apparatus

The preparation lay along the central region of the thermopile, over the active
thermocouples. Tungsten wire rods provided low compliance links between the
preparation and the recording apparatus. At each end of the preparation, one end of a
platinum wire loop was bound to the muscle and the other end of the loop was placed
over a hook in the end of the tungsten rod. The muscle was stimulated via two fine
platinum wire electrodes soldered to the tungsten rods.

The experiments reported in this thesis were performed using a horizontal thermopile

arrangement. The horizontal thermopile holds several advantages over the traditional,

vertical arrangement. (1) It was easier to position preparations accurately along the active

thermocouples. (2) It was also easier to reduce the total heat capacity by removing excess

solution from around the muscle prior to recording heat output. This was important for

enabling the small temperature changes that occurred in the small papillary muscle

preparations used in this study, particularly in protocols using low twitch frequencies, to
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be recorded. In fact, the preparations used in the present experiments are amongst the

smallest papillary muscles used for heat recordings (-0.5 mm2; compared with Kiriazis

and Gibbs, 1995; Mast and Elzinga, 1988; Mulieri et a!., 1989). (3) The thermal stability

of this arrangement was also found to be superior to the vertical arrangements used

previously in this laboratory, presumably due to the greater thermal sink for the reference

junctions. There must also have been less thermal fluctuation around the active junctions,

although the reasons for this are unclear. (4) The output of the thermopile equilibrated

more quickly following removal of the solution from the thermopile chamber prior to

recording heat output. Muscle preparations were immersed in oxygenated Krebs-Henseleit

solution during non-recording periods and when recordings were made, the lid of the

thermopile box was closed which kept the preparation in a humidified, oxygen-saturated

environment. It was found that the temperature stabilised more quickly (-2-8 min)

following the lid being opened and closed than an equivalent disturbance in the vertical

arrangement where stabilisation could take as long as 20 min.

The thermopile was mounted in an aluminium frame (Figure 2.3). The thermopile frame

was a large (-12 x 10.5 x 4 cm; 504 cm3) aluminium block and as such had a large heat

capacity. Heat transferred to the frame along the thermocouples was therefore quickly

dispersed minimising temperature changes at the reference junctions (Woledge et ah,

1985). The temperature of the frame was controlled by pumping water, from a 401

reservoir, through channels in the frame. The temperature of the water in the reservoir was

maintained at the required temperature by a thermostatically-controlled heater (F10-HC,

Haake Circulators, Karlsruhe, Germany) connected in series with a cooler (Kll, Julabo

Circulators, Schwarzwald, Germany). This arrangement was designed to minimise

temperature oscillations inherent in thermostatically-controlled systems.

The aluminium frame was held in a custom-made box (designed by C. J. Barclay and

P. D. Arnold, manufactured by P. D. Arnold; Figure 2.4). A cavity accessible from the

side of the box allowed small containers (-20 ml) of solution to be positioned below the

muscle chamber. Solution was forced out of the container and into the chamber by

partially depressing a plunger into a syringe. Partially withdrawing the plunger drained the

solution from the chamber back into the container. Solution was removed from and

returned to the chamber as appropriate over the course of the experiments. A photograph

of the experimental apparatus is shown in Figure 2.5.
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i'igure 2.4 Photograph of exterior of insulated thermopile box

This photograph shows the main features of the horizontal thermopile box. All
connecting tubes and cables have been disconnected to allow better visualisation. The
black knob visible on the right-hand side of the thermopile box is the point at which
containers of solution were inserted into the box.
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Figure 2.5 Photograph of experimental apparatus

I This photograph shows the main features of the experimental apparatus including the
oscilloscope (A), the power supply (B) for the thermopile amplifier (C), the force
transducer amplifier (D), the Peltier current unit (E), the stimulator (F), the servo-
controller for the motor (G), the A-D converter interface panel (H), the stimulus
reverser (I), the thermopile interface panel with facility to vary the number of
thermocouples recorded from (J), the syringe for removing and returning solution
(K), the thermopile box (L), the themiopile frame (M) and the entry point for the
containers of solution (N). The heating and cooling units (not shown) were located
below the thermopile box arrangement.
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2.5.2 Stimulation of muscle preparations

The method used for stimulating muscle preparations was constantly modified and

improved over the course of the experiments reported in this thesis. Muscles were

stimulated via two platinum wire electrodes attached to the tungsten connecting rods at

either end of the muscle, as depicted in Figure 2.2. In the experiments reported in Chapters

3 and 4, the electrodes were attached to the tungsten rods using a silver-loaded epoxy resin

(CircuitWorks, Chemtronics, USA). A fine coating of the epoxy resin was continued along

the tungsten wire to the tip of the hook (Figure 2.6A). The platinum loops, attached to the

ends of the muscle, were placed over the hooks at the ends of the tungsten rods, forming

an electrical circuit. The apparatus was further modified for the experiments reported in

Chapter 5 as a result of an apparent reaction between the epoxy resin and the surrounding

solution that resulted in increased electrical resistance across the stimulation path. For the

experiments reported in Chapter 5, the fine platinum wire was wound around the tungsten

rods up to the tip of the hook (Figure 2.6B), removing the need to use the epoxy resin

along the tungsten rod. Standard hot soldering techniques were used for this arrangement.

A B

epoxy resin solder

Figure 2.6 Arrangement of stimulating electrodes

Diagram of the stimulating arrangements used in Chapters 3-4 (A) and Chapter 5 (B).
In A, conductive epoxy resin was used to attach the stimulating electrode to the
tungsten rod. A fine coating of the resin was continued to the hook so that the
platinum loop (not shown) was in contact with the resin. In B, the platinum wire was
wound around the tungsten rod up to the hook so that the platinum loop (not shown)
was in direct contact with the platinum wire.

The diameter of the platinum wire electrode at the force transducer end was 15 urn. This

very fine wire did not provide resistance to movement of the connecting rod. The same

(Chapter 3) or slightly thicker platinum wire (25 um; Chapters 4-5) was used at the lever

end, where the air inlet was situated. Air bubbles frequently collected around the wire at

the air-solution interface and it was found that the thicker wire resisted force from the air
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Figure 2.3 Photograph of thermopile arrangement

This photograph shows the horizontal thermopile arrangement (compare with Figure
2.2). The thermopile (A) was mounted in an aluminium frame (B). Tungsten rods (C)
connected the muscle (not shown) to the recording apparatus. The motor (D) for
controlling and measuring muscle length was positioned on the right-hand side of the
thermopile and the force transducer (E) was positioned on the left. Platinum wire
stimulating electrodes (F) protruded from the frame and were soldered to the tungsten
wire connecting rods. The thermopile frame was insulated with polystyrene foam (G).
Figure is ~50 % of actual size.
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bubbles more effectively than the finer wire. The wire was still fine enough that

movement of the connecting rod at the lever end was not affected by the electrode.

Stimulating muscles via the connecting rods was an improvement to the pre-existing

cantilevered electrode arrangement used in this laboratory. That arrangement involved the

electrodes being in direct contact with the sides or upper surface of the muscle and it was

difficult to position the electrodes so that they didn't interfere with the movement of the

muscle when it shortened. This was particularly important for the current study in which

complex patterns of length changes and relatively high contraction frequencies were used.

Papillary muscles were stimulated using rectangular, electrical pulses of alternating

polarity. At the beginning of each experiment, pulse width and amplitude were adjusted to

elicit a twitch response with the solution drained from the chamber. Stimulus pulses were

typically of 1-2 ms duration wiih an amplitude of 5-7 V. Stimulus pulse amplitude and/or

duration were necessarily varied in some preparations. Stimulus heat was always less than

2 % of the total heat recorded (see Section 2.9.3).

2.6 Measurement of force production

2.6.1 Force transducer

Force produced by muscle preparations was measured using a semi-conductor force

transducer (AE801, SensoNor, Norway). A stainless steel pin was glued to the face of the

transducer using a fast-setting adhesive (Prism 406, Loctite, Welwyn Garden City, UK)

and the connecting rod to which the muscle was attached was placed over the pin and held

in place with a small drop of wax. The force transducer chamber was covered with

reflective foil as it was found to be quite sensitive to light.

This type of force transducer provided a stable, low noise signal and operated over a range

of 0-120 mN. The greatest forces measured in this study were the passive forces produced

when muscles were exposed to low temperatures (Chapter 5). Under these conditions the

passive force reached -70 mN. Typical twitch forces at 27-30°C were 10-20 mN.

2.6.2 Calibration of force transducer

The force transducer was calib^ed using a seii^s of accurately weighed masses, spanning

the range of expected muscle force outputs. The transducer was removed from its

Iiorizontal cavity and positioned vertically. Each mass was hung from the connecting pin

of the force transducer so that force was exerted on the transducer in the same direction as
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the generation of force by muscle preparations during experiments. The change in force

transducer output for each load was displayed on an oscilloscope (HM 205-3, Hameg

Instruments, Frankfurt, Germany) and measured. The relation between force transducer

output and force exerted by the calibration masses is shown in Figure 2.7. The data were

fitted with a straight line using least squares regression. For the transducer used in this

thesis, the slope of the line was 0.59 mV mN'1.

25 n
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Figure 2.7 Calibration of force transducer

Relation between force exerted on the force transducer pin (mN) and force transducer
output (mV). Force exerted on the pin was calculated as the product of the added
mass (mg) and the acceleration due to gravity (9.8 m s'2). Each data point represents
the mean value of 3-6 measurements. The output of the force transducer used in this
study was 0.59 mV mN'1.

Transducer output was amplified by a factor of 100-500 (amplifier designed and

constructed by W. Brenton, Department of Physiology, Monash University). Force output

was calculated as follows:

Force output (mN) =
signal amplitude (V)

calibration factor (V mN" )x amplifier gain

The frequency response of the transducer/amplifier system was limited by the amplifier

bandwidth. The amplifier's cut-off frequency was ~150 Hz. In comparison, the quoted

resonant frequency of the transducer was 12 kHz.

sI



Chapter 2: Materials and methods 19

2.6.3 Frequency spectrum of force signals

An example of the frequency spectrum of a force record is shown in Figure 2.8A. The

force signal, taken from a sinusoidal protocol, was separated into its frequency

components (Figure 2.8A) using a fast Fourier transform. This transformation was

performed using a programme designed by C. J. Barclay using Testpoint (Capital

Equipment Corporation, Burlington, MA, USA).
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Figure 2.8 Example of frequency spectrum of a force signal

The spectra used in this example are taken from the fast Fourier transform of a 2 s
section of a record of sinusoidal contractions at 2 Hz. The spectrum shown in A
includes both signal and noise components while B shows just the noise component.
The noise spectrum was subtracted from the signal + noise spectrum (i.e. A-B) to give
the spectrum of just the signal (C). The power spectral density for the lower range of
frequencies (1-iO Hz) is shown on an expanded scale in D. (Sampling rate, 110 Hz).

The majority of the signal spectrum was below 10 Hz. Of note is the peak at 2 Hz (Figure

2.8C), which corresponds to the stimulus frequency used in this example.
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2.6.4 Compliance of force recording system

The compliance of the force recording system was the sum of the compliances of the force

transducer and the tungsten rod arrangement including the wax drop. This latter

compliance was determined by gluing a pin to the underside of a metal bench and

attaching a connecting rod with a drop of wax. A 500 mN load was hung from the hook of

the connecting rod and the change in length of the pin and rod arrangement measured.

Using this method, the length of the rod increased by 29 jim per 1 mm unit length. Thus,

the compliance of the tungsten rod arrangement was -0.06 \xm mN"1 and the compliance

of the entire force recording system including the force transducer was -0.64 u.m mN"1.

In an isometric twitch producing forces in the higher range, the transducer strain amounted

to -13 (im (0.64 jam mN'1 x 20mN) or -0.26 % of the preparation length. This is small not

only relative to preparation length but also in relation to the change in length of the series

elastic elements in these muscles (see Chapter 4).

2.7 Measurement of muscle length changes

2.7.1 Servo-controlled lever

Changes in muscle length were controlled and measured simultaneously by a servo-

controlled lever (300H, Cambridge Technology, Inc., Watertown, MA, USA). The motor

was positioned -5 cm from the thermopile and was insulated with foam so that heat

produced by the motor was not detected by the thermopile (Woledge, 1998).

2.7.2 Calibration of lever

The characteristics of the lever's feedback circuit were adjusted according to the

manufacturer's instructions except, rather than optimising the lever's response to a square

wave input, the best match between a sinusoidal input signal generated by a function

generator (3310A, Hewlett Packard, CA, USA) and lever movement was obtained. The

reason for this was that sinusoidal and ramp changes in length were used during the

experiments and the initial calibration of the lever in which the lever's response was

optimised to square wave signals resulted in a poor match between input and output

signals for the waveforms used in the current experiments.
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2.7.3 Frequency spectrum of length signals

Using the same data and method as that used in Section 2.6.3, the length change signal

from the realistic protocol was separated into its frequency components (Figure 2.9) using

a fast Fourier transform. The spectrum of the length signal spanned ~0-30 Hz and again

there is a peak at 2 Hz corresponding to the stimulus frequency (Figure 2.9D).
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Figure 2.9 Example of frequency spectrum for a length change record

The spectra used in this example are taken from the fast Fourier transform of a 2 s
section of a record of sinusoidal contractions at 2 Hz. The spectrum shown in A
includes both signal and noise components while B shows just the noise component.
The noise spectrum was subtracted from the signal + noise spectrum (i.e. A-B) to give
the spectrum of just the signal (C). The power spectral density for the lower range of
frequencies (1-10 Hz) is shown on an expanded scale in D. The sampling rate for the
length record was 110 Hz. Note the peak at 50 Hz in B corresponding to mains
frequency.
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2.7.4 Frequency response of the lever

The frequency response of the servo-controlled lever system was determined by driving

the lever with sinusoidal signals of known amplitude and frequency. These input signals

were compared to the measured time-course of the position of the lever. The amplitude

ratio (output voltage/input voltage) and the phase lag were determined over a frequency

range of 10-300 Hz. Examples of the recordings are displayed in Figure 2.10.
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Figure 2.10 Input and output signals of the lever

An example of the input to the lever (black) and output from the lever (grey) for input
signal frequencies of 10 Hz (A) and 300 Hz (B). The amplitude ratio decreases and
the phase lag increases as frequency increases. Sampling rate was 25000 Hz for the
10 Hz input signal frequency and 45000 Hz for the 300 Hz input signal frequency.

it

The phase lag was measured from the records and converted to degrees using the

following equation (Geddes and Baker, 1968):

^=360°//

where' o is phase Jag (°)

/ is phase lag (s)

/ i s frequency (Hz)

I
Over this entire range of frequencies, the measured frequency of the lever was the same as

the input frequency. The amplitude ratio was constant for frequencies below 30 Hz and
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then decreased over the remaining range of frequencies investigated (Figure 2.11). The

phase lag varied linearly over the 0-30 Hz range of frequencies. These characteristics meet

the requirements of the current experiments in which the length cycle frequencies were

only 2-2.5 Hz in both the cyclic contractions and in the afterloaded isotonic contractions.
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Figure 2.11 Determination of frequency response of lever

Amplitude ratio (A) and phase lag (B) in response to a range of input signal
frequencies of 10-300 Hz. The amplitude ratio decreased as signal frequency was
increased. The phase lag increased with increasing signal frequencies. The sampling
rate was 25000-45000 Hz

2.8 Measurement of muscle heat production

The method used to determine the heat produced by papillary muscles took advantage of

the relationship between the heat produced by the muscle and the change in muscle

temperature:

AQ=ATmC

where AQ is the heat produced by the muscle (pJ)

AT is the change in muscle temperature (mK)

m is the mass of the preparation (mg)

C is the specific heat capacity of the muscle (JLIJ mK'1 mg"1)
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2.8.1 Measurement of temperature change using a thermopile

For the experiments reported in this thesis, changes in muscle temperature were measured

using a thermopile. The basic unit of a thermopile is a thermocouple, which is formed by a

junction between two metals. Figure 2.12 is a diagram of a thermopile for measuring

temperature changes in isolated muscle preparations. A series of thermocouples is

arranged so that every second thermocouple lies along the centre of the thermopile (active

thermocouples) and the alternate thermocouples are on the edges (reference

thermocouples). The edges of the thermopile are clamped under the aluminium frame so

that the reference thermocouples are maintained at the same temperature as the aluminium

frame. The muscle preparation lies along the active thermocouples and so the temperature

of the active region is regulated by muscle temperature.

Protecting region Protecting region

Recording region

Active thermocouples

Reference thermocouples

Edge of frame

Connecting tabs

2 mm

Figure 2.12 Schematic diagram of a vacuum deposited thermopile

This diagram illustrates the alternate arrangement of thermocouples made from
antimony (dark grey) and bismuth (light grey) metals to form a thermopile. This
arrangement results in every second thermocouple being kept at a reference
temperature due to close thermal contact with the frame. The alternate thermocouples
are in the centre of the thermopile (active thermocouples) and the temperature of
these junctions reflects the muscle temperature. The thermopiles used in these
experiments consisted of 4 thermocouples per mm. In this example, there are 8
thermocouples between successive tab positions, resulting in a total recording region
of 6 mm. The positions of the connecting tabs allowed muscle temperature change to
be measured along different regions of the thermopile.
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During and after a contraction protocol, muscle temperature increases which causes the

temperature of the active thermocouples to increase. The difference in temperature

between the active and reference thermocouples results in a difference in potential

(thermoelectric electromotive force, V) between the two sets of junctions. The magnitude

of this potential difference is proportional to the difference between vhe temperatures of

the frame and the muscle.

2.8.2 Procedures involved in the construction of antimony-bismuth
thermopiles

The thermopiles used in the experiments reported in this thesis were constructed by Mr

Peter Arnold according to well-established procedures developed in our laboratory

(Barclay et al, 1995), based on those pioneered by Mulieri et al. (1977). Each thermopile

was constructed by vacuum depositing thin films of antimony and bismuth metals onto a

polyethylene terephthalate film (Melinex; DuPont, Wilmington, DE, USA). These metals

have high Seebeck coefficients and are suitable for evaporation. The underside of a second

layer of Melinex was coated with adhesive (Prism 406, Loctite, Welwyn Garden City,

UK) and placed over the metals. The thermopile was clamped until the adhesive had set

resulting in a durable, watertight thermopile.

Some materials used previously to insulate thermopiles have been brittle (e.g. Mica),

rendering the thermopiles extremely fragile (Woledge et al, 1985). Melinex was found to

be the ideal insulating material for the thermopile due to its strength, durability and

flexibility. Melinex is very thin (~8 jam) so when combined with the small quantity of

deposited metals, the total thickness of the thermopile was -30 \im. Further, the plastic has

a reasonable thermal conductivity (0.13-0.15 W m"1 K"1) and is impermeable to water.

The thermopiles used in this study differed slightly from those described previously

(Barclay et al, 1995) in that the tabs connecting the thermopile to the recording circuitry

were constructed of antimony rather than copper. Antimony evaporates at a lower

temperature than copper which allowed the tabs to be vacuum deposited onto ihe Melinex

substrate with less likelihood of thermal damage to the polymer. Leads were attached to

the antimony tabs with conductive epoxy resin.

2.8.3 Additional features of the thermopile

During a contraction protocol, the heat produced by the muscle is shared with adhering

solution, the insulating materials and the metals of the thermocouples (Woledge, 1998;

Woledge et al, 1985). To maximise the temperature change, the amount of solution

wmm
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adhering to the muscle must be minimised and the heat capacity of the materials used to

construct the thermopile must be small relative to the heat capacity of the muscle itself to

allow rapid transfer of heat from the muscle to the active junctions of the thermopile. The

small heat capacity of the thermopiles used in the present studies made them suitable for

use with the small papillary muscle preparations. In the current experiments, the heat

capacity of the muscles was -7-15 mJ 0C"' and the heat capacity of the thermopile used in

Chapters 2 and 3 was 0.409 mJ K"1 (see Table 2.2). The temporal resolution of these

thermopiles was very fast as shown in Figures 2.15 and 3.3.

It was important that the muscle completely covered the recording region of the

thermopile with the ends of the muscle protruding into the protective regions. The

protective regions are thermocouples that are not connected to the recording circuit. The

rate of heat loss from the muscle to the frame is therefore uniform along the length of the

muscle. Most of the protocols used in the current experiments involved reducing muscle

length which resulted in parts of the muscle moving onto the recording thermocouples that

were not previously in contact with this region. Since the portion of the muscle that moves

from the protective to the recording region has the same rate of heat loss, a temperature

gradient is not generated along the length of the muscle (Hill, 1937). Temperature change

was typically measured across 16 thermocouples (4 mm) and muscle length was typically

~5 mm. The maximum shortening was ~15 % of muscle length so it was of critical

importance to position the muscle carefully.

2.8.4 Calibration of thermopiles using the Peltier effect

During an experiment, the thermopile senses temperature changes resulting from heat

produced by the muscle and generates a corresponding voltage (see Section 2.8.1). To

relate the output of the thermopile to actual muscle temperature changes, it was first

necessary to calibrate the thermopile. This was performed according to the methods

described by Kretzschmar and Wilkie (1972, 1975) and Woledge et al (1985). The

procedure determined the Seebeck coefficient (a; fiV °C"1 thermocouple"1) which allowed

thermopile output to be converted to temperature units.

The calibration procedure involved placing a series of silver blocks of known mass (12-

61 mg; heat capacity = 0.234 mJ K"' mg"1) on the thermopile. A small, known mass of

glycerol (<0.4 mg; 89 % glycerol, 11 % water; heat capacity = 2.59 mJ K"1 mg'1) was

placed on the underside of the silver block prior to placement on the thermopile. This

provided good thermal contact between the silver block and the thermopile by preventing
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air gaps between the two. A constant current (either 100 or 116 uA) was passed through

the thennopile, generating heat at the active junctions (Peltier heating) and heating the

silver block until a steady temperature was attained. The current was then switched off and

the time-course of cooling of the silver block recorded (Figure 2.13).

A B

4 1

3 "

o.

1 2
'5.
o
o
H 1 1 •

o i
20 40

Time (s)
60 20 40

Time (s)
60

Figure 2.13 Time-course oif cooling of silver blocks

Time-course of cooling of a 12 mg silver block (A) and a 61 mg silver block (B)
following 20 and 50 s periods of Peltier heating, respectively. The cool-off data after
the first 1 s were fitted with exponential curves. These had rate-constants of 0.309 s"'
(A) and 0.096 s'1 (B). The initial ~1 s of the measured cool-off is due to the rapid
temperature change ofttw reference junctions. The sampling rates were 100 Hz in A
and 50 Hz in B.
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The majority of the time-course of cooling was well described by a single exponential

function from which a time-constant for heat loss could be obtained. Note that the first 1 s

of cooling was not included in the fitting as it was not well described by the exponential.

The rapid drop during this time most likely reflects the relatively quick change in

temperature of the reference junctions. Consistent with this idea was the observation that

the initial, rapid drop in temperature was independent of the heat capacity added to the

active junctions. The relation between the rate of cooling and the added thermal capacity

of each silver block and glycerol is described by the following formula:

dVo = 77)? V
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where dVJdt is the rate of cooling

/ is the current passed though the thermocouples (A)

T is the absolute temperature (K)

n is the number of thermocouples that the current was passed through

a\s the Seebeck coefficient (uY K'1 couple'1)

Ctpiie is the heat capacity of the thermopile under the silver block (J K"1)

Culver is the heat capacity of the silver (J K"1)

The equation was transformed into linear form:

(dVJdt) ITjfa2 "*" ^silver )

and represented graphically (Figure 2.14). The heat capacity of the thermopile was

determined from the intercept of the extrapolated line of best fit and the abscissa. The

Seebeck coefficient, a, was determined by the gradient of the line. Values for the Seebeck

coefficient and the heat capacity were determined for each thermopile used in this study

and are presented in Table 2.2.
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Figure 2.14 Determination of thermopile characteristics

The Seebeck coefficient (a) and the heat capacity of the thermopile were determined
for each thermopile using the method described above. Data points represent mean
values of the three measurements made for each silver block. Details of the
characteristics of each thermopile are shown in Table 2.2. The data shown in this
figure were measured using Thermopile 1 in the table.



I Chapter 2: Materials and methods 29
i

I

Thermocouples constructed of antimony and bismuth have a theoretical a value of

122 \iV°C] couple'1 at 0°C (Kaye and Laby, 1973). However, the very thin

thermocouples used in thermopiles typically have a values -60 % of the maximum

theoretical value (Mulieri et al., 1977).

The method used to determine the heat capacity of the thermopile and of the muscle and

thermopile made use of the Peltier effect. When small currents are used for Peltier heating,

the Joule effect is negligible (Woledge et al, 1985). To ensure that the measurements

reflected the Peltier effect rather than an effect of Joule heating, the rates of heating due to

both effects were calculated. Power dissipated as a result of Peltier effect is given by:

Power (W)-JTna

and for the Joule effect:

where R is the resistance across the thermopile (Q).

The Peltier effect and the Joule effect calculated for each thermopile used in the current

experiments are shown in Table 2.2. The Peltier effect was ~10x greater than the Joule

effect in all thermopiles.

What effect would Joule heating have on measured muscle heat output? If Joule heating

contributed an additional 10 % heating during calibration of the thermopile, dVJdt would

have been 10 % higher than that due to Peltier heating alone and thus a2 would have had

the same relative error, a would then have been ~2 % greater than the true value. This

relative error would have been reproduced in the calculated temperature changes (they

would be underestimated by -2 %) but would have had a negligible effect on calculated

muscle heat capacities as, although the numerator in the heat capacity formula would be

2 % too great, the measured rate of cooling (denominator) would have also been

overestimated. Thus, the Joule heating would have had only a very small influence

(-1.8 % at maximum efficiency) on calculated enthalpy outputs.

The heat capacities calculated for two of the thermopiles have negative values (Table 2.2).

While a negative heat capacity is nonsensical, these values give an indication of just how

small the heat capacities of these thermopiles were. The heat capacity is determined by the

intercept of the extrapolated line of best fit and the abscissa. A value that does not lie on

the line of best fit may not significantly alter the gradient and, therefore, the Seebeck
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coefficient '. -^ver, since the heat capacity of the thermopile is close to zero, even a

small alteration to the gradient of the line caused by an outlier may affect the intercept of

the extrapolated line of best fit.

Table 2.2 Thermopile characteristics

Thermopile

Active region (mm)

I (A)

n

T(K)

a (uV K'1 couple"1)

R(Q)

Gpuc (mi K'1)

Output (mV °C')

Peltier effect (W)

Joule effect (W)

1

5

116 x lO"6

20

300.4

61.862

*

-0.219

1.237

4.31 x 10"5

*

2

4

116 x 10'6

16

300.4

67.896

287

0.409

1.086

3.78 x 10"5

3.8 x 1Q-6

3

4

100 x 10-6

16

300.4

50.736

220

-1.479

0.812

2.43 x 10'5

2.2 x 10"6

* Resistance was not recorded for Thermopile 1, therefore the Joule effect could not
be calculated. Thermopiles 1 and 2 were used for the experiments reported in Chapter
3, Thermopile 2 was used for those reported in Chapter 4 and Thermopile 3 was used
for the experiments reported in Chapter 5. Note that the number of thermocouples (n)
used to record muscle temperature change was sometimes less than the total active
region. This simply reflects recording from different regions of the thermopile by
recording from leads attached to different tab positions.

2.8.5 Determination of the impulse response of the thermopile

During experiments, heat produced by the muscle preparation must first diffuse through

the insulating layer of the thermopile (Melinex) before it reaches the active junctions. A

difference in temperature between the active and reference junctions develops and a

potential difference between the ends of the thermopile can be measured. This process

distorts the recorded signal. Every effort was made to minimise this delay. Firstly, thin

layers of metal were used to minimise the heat capacity of the thermopile. Secondly,

Melinex was selected as the insulating material because it is very thin (~8 um). Finally,

thin muscle preparations were used to minimise heat conduction distances (Woledge et al,

1985).
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The temporal characteristics of the thermopile can be summarised by its response to a

brief burst of heating - its impulse response. The thermopile was heated using an infra red

diode (2-3235 gallium aluminium arsenide infra red diode, Dick Smith Electronics,

Australia; radiant power 28 mW cm'2; output rise time 200 ns). The application of the

1 ms trigger pulse and the resulting thermopile output are plotted against time in Figure

2.15.
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Figure 2.15 Determination of thermopile lag

The thermopile was heated for 1 ms using an infra red diode. The short pulse shown
in grey indicates the duration that current flowed through the diode. The thermopile
response is shown by the solid black line (average of 4 trials). The response of the
amplifier alone to a step input is also shown (dashed line). The dotted line illustrates
the method used to determine the time at which the thermopile first responded to the
applied heating (Close, 1981). It represents the standard error of the estimate of a
straight line fitted through progressively more points of the thermopile output. The
standard error of the estimate decreases in magnitude as more points on a straight line
are included but increases when the signal deviates from a straight line. The delay
between the start of heating and the first response of the thermopile was ~3 ms and
the peak response occurred in -25 ms. The response then decayed back to pre-heating
values with an exponential time-course of 700 ms.

The thermopile response consisted of a brief delay of ~3 ms, an increase in output that

reached its peak value in 24 ms (half peak reached in ~14.2 ms) followed by an

exponential decline back to its pre-heating value with a time-constant of 700 ms. The

thermopile amplifier did not significantly contribute to this lag (Figure 2.15), thus the

measured lag between the application of the current and the generation of a thermopile

signal could be attributed to the thermopile itself. These characteristics can be interpreted

i t
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as follows: (1) the initial delay reflects the time taken for heat to diffuse through the

Melinex to the active junctions; (2) the rise in temperature reflects the increase in

temperature of the thermocouples and the cooling reflects the rate of transfer of heat from

the active junctions to the thermopile frame and (3) the heat loss correction used in this

study compensates for the latter process (along with heat diffusion out of the muscle) but

makes no correction for the short delay in response. This was appropriate as this study was

not concerned with the fine detail of the time-course of heat output.

2.8.6 Determination of muscle heat capacity

Muscle heat capacity (C; mJ °CA) was determined from the time-course of cooling

following a period of Peltier heating (Kretzschmar and Wilkie, 1972; 1975). This involved

passing a small constant current through the active junctions of the thermopile to heat the

muscle. The following relation was used to calculate heat capacity:

r
nmscle {dToldt)

where /, T, n and a are as defined previously

dT0/ dt is the initial rate of temperature change following removal of the current.

This thermopile output (nV) was converted to units of temperature change (°C) using:

na

Finally, the change in temperature was converted to units of heat (mJ) using:

It should be noted that some of the heat that the muscle produces goes to heating the

thermopile under the preparation and any solution surrounding the muscle. The Peltier

calibration method takes account of this, giving the effective heat capacity of all

contributing factors.

2.8.7 Frequency response of the thermopile amplifier

The thermopile amplifier used in this study (ANCOM CM 1251; described in Dijkema et

al, 1985) possessed filter cut-off settings ranging from 1 to 100 Hz. The effects of setting

the cut-off frequency to 10, 33 or 100 Hz were tested to determine whether signals were

reproduced accurately. At each filter setting, input signals of known amplitude and
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frequency were fed to the amplifier and the output was measured using an oscilloscope.

Both the amplitude ratio and the phase lag (°) were determined. The relations between

signal frequency and phase lag at the different filter settings are displayed in Figure 2.16.

In light of these results, the filter cut-off was set to either 33 or 100 Hz to ensure that

signals were reproduced accurately prior to amplification.
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Figure 2.16 Frequency analysis of thermopile amplifier

The thermopile amplifier used in these experiments possessed filter cut-off settings in
the range 1-100 Hz. The effects of setting the cut-off to 10 (•), 33 (•) and 100 (•) Hz
on the amplitude ratio and phase lag are displayed in this figure. The amplitude ratio
is the amplitude of the output signal expressed as a proportion of the amplitude of the
input signal.

2.8.8 Frequency spectrum of temperature signal

Signal output from the thermopile was passed through a low-pass filter with a cut-off

frequency set to 33 or 100 Hz, depending on the magnitude of 50 Hz mains frequency

noise. The signal was then amplified by a factor of lxlO5 using a low noise amplifier

(Dijkema et al, 1985) where the resistance of the input was well matched to that of the

thermopile (Woledge, 1998).

To ensure that signal information was not lost due to over-filtering, the temperature signal

was separated into its frequency components (Figure 2.17) using the method described in
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Section 2.6.3. The example shown in Figure 2.17 is taken from a realistic contraction

protocol (Chapter 5) where the contraction rate was 2.2 Hz.
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Figure 2.17 Frequency spectrum of temperature signal

Two original temperature records (A) from a muscle performing 40 twitches at 2.2 Hz
with a filter cut-off frequency of 100 Hz (left panel) or 33 Hz (right panel). The
frequency spectra (B) were obtained using fast Fourier transformation analysis. Note
that the noise has already been subtracted from the signal, therefore, there is no peak
at 50 Hz. The power spectral densities for the lower range of frequencies (1-10 Hz)
are shown on expanded scales in C.
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Note the fast Fourier transforms shown are the signal components only; the noise has

already been subtracted as for Figures 2.8 and 2.9. When the filter cut-off was set to 100

Hz (left panels, Figure 2.17), the range of peaks was <10 Hz. A second recording, using

the same protocol as before, is displayed in Figure 2.17 (right panels), only this time the

filter cut-off was set to 33 Hz. The spectral peaks over the lower range of frequencies were

not affected by the lower filter setting.

The cut-off frequency used to filter thermopile output prior to amplification must be

greater than the highest frequency component of the signal. The highest signal frequency

component was <10 Hz, thus, the cut-off frequencies of 33 and 100 Hz used in this thesis

were sufficiently high to ensure faithful reproduction of the temperature signals (Figure

2.16).

2.9 Analysis of thermal signals

2.9.1 Determination of heat output

During analysis of the records, thermopile output was filtered using a low pass, digital

filter (cut-off frequency 10 Hz; pp. 558-559, Press et ai, 1992; Figure 2.18).
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Figure 2.18 Effects of filtering heat signal with a digital filter with a cut-
off frequency set to 10 Hz

This figure shows an original heat signal that was recorded with the thermopile
amplifier filter set to 100 Hz (grey line; A and B). The signal was later digitally
filtered during analysis with a cut-off frequency set to 10 Hz. The signal filtered at 10
Hz (black line; A) lies within the original heat signal, indicating that signal
characteristics were not significantly altered by the additional filtering. Of note is the
close fit of the filtered record to the original record during rapid changes (B). Any
rounding effects of filtering would be most evident here.
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The record was then corrected for heat lost from the muscle during recording and

multiplied by the muscle heat capacity to give heat output. Heat loss (see Section 2.9.2)

and muscle heat capacity (see Section 2.8.4) were determined from the time-course of

cooling and the steady-state temperature reached after a period of Peltier heating.

The thermopile output sometimes exhibited a steady drift during recordings that was not

related to muscle heat output. An adjustment was made to records that were affected by

this baseline drift using Testpoint software written by C. J. Barclay. To correct for the

drift, it was assumed that there was a constant rate of drift so that a linear correction could

be made. Where the drift was clearly non-linear (e.g. step or transient change in the heat

record), the recording was discarded.

2.9.2 Determination of rate-constant for muscle heat loss

Heat loss from the muscle was characterised just prior to a set of recordings, with the

solution drained (see Section 2.11), using the Peltier effect as described in Section 2.8.4.

The path of heat loss is primarily via the thermocouples. For the muscles used in this

study, the rate-constant for heat loss was usually between 0.2 and 0.4 s"1. An example of

the time-course of heat loss from a muscle is shown in Figure 2.19.

2.0 1

1.5 "

'a.
o

0.5

0.0

10 15

Time (s)

20

Figure 2.19 Time-course of heat loss from a muscle

Example of a recording of thermopile output following a period of Peltier heating. A
rate-constant of cooling was obtained from a single exponential function that was
fitted to the data. Heat loss recordings were sampled at 100 Hz.
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As discussed in Section 2.8.4, the majority of the time-course of cooling was well

described by a single exponential from which a rate-constant for heat loss could be

obtained. Again, the first 1 s of cooling was not included in the fitting as it was not well

described by the exponential. An example of a record of muscle temperature change that

has been corrected for heat loss is shown in Figure 2.20.
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Figure 2.20 Example of heat loss correction

An original recording of muscle temperature change for a contraction protocol
consisting of 40 twitches af 2.2 Hz (black trace). Muscle temperature increases during
the contraction protocol ai.d then decreases back to its original temperature due to
heat loss. The grey trace slows the temperature change following correction for heat
loss.

2.9.3 Determination of stimulus heat

When a current flows through a resistance, heat is dissipated in the resistor. Similarly, the

stimulus current passing through the muscle can give rise to heat which would be recorded

along with the metabolic heat from the muscle.

To determine the proportion of the total measured heat output that was due to stimulus

heat, several muscles were rendered inexcitable with 20 mM Procaine. Each muscle was

then stimulated 20, 40 or 60 times at 1-2 Hz and the resulting temperature change

measured. Stimulus heat per pulse (pJ) was calculated for a range of stimulus amplitudes

and durations, encompassing those used during recordings of muscle heat output. This

procedure was repeated for each of the stimulating electrode arrangements described in

Section 2.5.2. For pulses with a duration of 1 ms and an amplitude of 7 V, heat arising
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from stimulation was ~0.2 uJ pulse"1 using the stimulating arrangement shown in Figure

2.6A and -0.04 j.J pulse"1 when using the arrangement shown in Figure 2.6B. Estimates of

the amount of stimulus heat based on these measurements indicated that it was always

<2 % of the total heat recorded and, consequently, no correction for stimulus heat was

made. Examples of the contribution of stimulus heat to total heat output are shown in

Table 2.3.

Table 2.3

Stimulating
arrangement

Figure 2.6A

Figure 2.6B

Stimulus heat

Stimulus heat
(uJ pulse"1)

0.4

0.08

Total stimulus heat
(mJ (40 pulses)-1)

0.016

0.0032

Total heat
output (mJ g"1)

293

134

Stimulus heat as % of
total heat output

-1.8

-0.8

Stimulus pulses were 2 ms 7V in both examples. In the first example, the muscle
performed 40 afterloaded isotonic twitches at 2 Hz (27°C). In the second example, the
muscle performed 40 realistic contractions at 2.2 Hz (30°C). A muscle producing a
low total heat output was chosen deliberately for the second example to show that
stimulus heat was very small using the second arrangement.

2.10 Determination of energetic variables

2.10.1 Net mechanical efficiency

Efficiency is the term used to quantify the transformation of energy between two forms.

One measure of efficiency of muscular contraction is the thermodynamic efficiency which

is calculated as work output for a given free energy change (AG). In other words, this is

the efficiency with which muscles can convert chemical energy from ATP hydrolysis into

work, or mechanical energy. Thermodynamic efficiency is difficult to measure

experimentally due to the difficulty in determining the molar free enthalpy change of ATP

splitting.

Another common measure of efficiency in muscle, and one that can be measured

experimentally, is the mechanical efficiency. Mechanical efficiency is the ratio of work

output to enthalpy output and enthalpy output is, under suitable experimental conditions,

proportional to the amount of ATP used. One of the principle techniques used for

determining mechanical efficiency in striated muscle is to make simultaneous

measurements of work and heat outputs. The work and heat outputs can be summed to

give the enthalpy output. Under conditions in which muscles have an adequate supply of
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O2 and metabolic substrate and activity levels that do not lead to contractile failure (i.e.

extreme fatigue), enthalpy output arises predominantly from the net breakdown of PCr.

In the current experiments, net mechanical efficiency was calculated. Net mechanical

efficiency (6Net) was defined as the percentage of the total, suprabasal enthalpy output

(#Totai) that appeared as external, mechanical work:

W

F _ "Total . i n n

"Total

where Hjoia\ included all the enthalpy, in excess of the basal enthalpy output, produced

during and after a series of contractions and thus included both initial and recovery

metabolisms. Initial and recovery metabolisms were measured together due to the tight

temporal coupling of these processes in cardiac muscle. Note that over a complete

contraction and recovery protocol there is no net breakdown of PCr. All PCr is

resynthesised so that the net enthalpy output reflects the mitochondrial activity required to

regenerate all the high energy phosphates used. Thus, the enthalpy output is the energetic

equivalent of the oxygen consumed. JFrotai was the sum of the work output produced in

each contraction in the series. Including basal metabolism would decrease the efficiency

values (see Chapter 3, Section 3.4.4 for an estimation of the contribution of basal

metabolism to total enthalpy output).

This method is based on the conservation of energy principle. The muscle and thermopile

are effectively a closed system since there is no exchange of energy with the external

environment and so all the energy produced by the muscle appears as either work or heat.

2.10.2 Work output

Determination of work output was dependent on contraction type. Three types of

contraction protocols were used in this study: afterloaded isotonic (Chapter 3), sinusoidal

(Chapter 3) and realistic contraction protocols (Chapters 4 and 5).

Work output in isotonic contractions was defined as the product of the total force (i.e.

active force + passive force) and shortening amplitude. Work output, as defined, is the

work output during just the shortening phase of the isotonic contraction since there is no

net work output over the complete cycle as shortening and relengthening take place

against the afterload. The assumptions used in calculating work output in afterloaded

isotonic contractions are discussed in detail in Chapter 3, Section 3.2.3.
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For the sinusoidal and realistic protocols, net work output was determined by integrating

force with respect to muscle length change, which is equivalent to calculating the area

enclosed by the 'work loop' formed when force is plotted as a function of change in

muscle length. Net work output is the difference between the work done by the muscle

during shortening and that done on the muscle to relengthen it.

2.10.3 Enthalpy output

Enthalpy output (AH) is the total energy released by the muscle. In this study, Hfoiai

included all the enthalpy, in excess of the basal enthalpy output, produced during and after

the series of contractions and thus included both initial and recovery metabolisms.

Determination of enthalpy output was also dependent on the type of contraction under

investigation. During the sinusoidal and realistic protocols, energy was liberated from the

muscle as both heat and work and the enthalpy output was the sum of the total heat

produced and total work (net) performed (i.e. AH = AW + AQ). In isotonic contractions, it

was assumed that an amount of heat equivalent to the work done during shortening was

liberated in the muscle as a consequence of doing work on the muscle to relengthen it

(Gibbs et al, 1967; Hill, 1949). Therefore, the total enthalpy output was equivalent to the

total heat output (i.e. AH = AQ; i.e. the heat output included a component equivalent in

magnitude to the work done). Again, a more detailed discussion of this aspect of isotonic

contractions is presented in Chapter 3, Section 3.2.4.

2.11 Experimental protocols

Following dissection, papillary muscle preparations were mounted on the experimental

apparatus (see Section 2.5.1) and performed isometric contractions for a period of 1.5 hr at

a rate of 0.2 Hz to allow mechanical performance to stabilise (Figure 2.21).

45 min - 1 hr

equilibration period, 0.2 Hz, under solution

1.5 hr 30 min

heart removed dissection complete determination of experiment start

i

muscle removed

Figure 2.21 Schematic diagram of general experimental protocol

This diagram illustrates the initial experimental methods common to all the
experiments reported in this thesis.
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Experimental recordings of force output, changes in muscle length and muscle

temperature change were made with the solution drained from the thermopile chamber.

Stimulation of the muscle ceased prior to drainage to allow any heat generated by the

muscle during stimulation to dissipate into the solution. Following drainage, any

remaining droplets of solution on the thermopile were carefully blotted using a small piece

of tissue. This minimised added heat capacity due to water, which can alter the time-

course and magnitude of the recorded temperature change signal (Holroyd and Gibbs,

1992). The preparation remained unstimulated for ~8 min prior to the start of the

experimental protocols, allowing thermopile output to stabilise.

2.11.1 Data acquisition

Data were recorded using a laboratory computer and a multi-function data acquisition

board (DAS1802AO, Keithley Instruments, Cleveland, OH, USA) using software

developed by C. J. Barclay using TestPoint.

Force, length and temperature signals were sampled at 110 Hz, digitised using an analogue

to digital (A-D) converter and stored on disk. A sampling rate of 110 Hz was selected so

as not to be a multiple of the mains frequency (50 Hz) and also to be of a high enough

frequency to reproduce signals adequately according to the Nyquist rule. This rule states

that the sampling rate must be twice the highest frequency component of the sampled data.

The frequency components of the force, length and heat signals were determined and the

highest component was found for the length change signal and was <30 Hz. Thus, the

sampling rate of 110 Hz used in this study was high enough to reproduce signals

accurately.

For these experiments, a 12-bit A-D converter (DAS1802AO, Keithley Instruments,

Taunton, MA, USA), with an input range of ± 10 V, was used to convert the recorded

analogue signals to digital signals for display and storage. A-D converters transform a

continuous analogue signal to discrete numbers. The error introduced into a signal by

dividing it into discrete steps is the quantisation error. The A-D converter in this study
1 T

operated over a range of ± 10 V (i.e. 20 V). One quantum thus corresponded to 20/2 =

4.88 mV. Therefore, as long as the input signal was greater than 1 V, the quantisation

error would be <0.5 %.

It should be noted that much care was taken in grounding the equipment to keep raw

temperature signals as free from noise as possible and to avoid the creation of ground

loops. It was found that twisting the cables and shielding them with aluminium foil was
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very effective in reducing the amplitude of the noise by a factor of 20. Appropriate

grounding of the equipment was accomplished using a trial and error approach.

2.11.2 Determination of experimental muscle length

The lengths at which active isometric force (Lmax; Chapters 3-5) and sinusoidal work

output (Lopl: Chapter 3) were maximal were determined as appropriate (Figure 2.22) with

the muscle under solution.

o
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20 i
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a
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4.3 4.4 4.5 4.6 4.7 4.8

Muscle length (mm)

4.9 4.3 4.4 4.5 4.6 4.7 4.8 4.9

Muscle length (mm)

Figure 2.22 Length-force and length-work relationships

Example of passive (lower line) and active (upper line) force (A) and average work
(B) plotted against muscle length. The procedure used to determine these
relationships is described in the text. Note that Lmax and Lopl are the same length.

The isometric length-force relation was determined by setting the muscle to perform 10

twitches at 0.2 Hz at each length. The average maximum active force in the last five

twitches was calculated. Sinusoidal work output was determined using a series of 10

twitches at 2 Hz during which length was altered in a sinusoidal pattern, also at 2 Hz, i.e.

the muscle performed one contraction in each length cycle. The amplitude and stimulus

phase used were ±5 % initial length and -10° respectively. Stimulus phase was defined as

the deviation (in degrees) from the maximum length point in each cycle. In these
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experiments, this deviation corresponded to 14 ms prior to the maximum length. The

average work performed in the last five contractions at each length was calculated. Muscle

length was altered in increments of 0.1 mm and was measured using fine calipers (505-

633-50, Mitutoyo, Japan) while viewed under a microscope (xlOO; Nikon, Japan).

2.11.3 Post-experimental procedure

At the conclusion of each experiment, the preparation was removed from the experimental

apparatus and the ends of the muscle beyond the ties removed. The muscle was lightly

blotted using filter paper and its mass determined (to the nearest 0.01 mg) using an

electronic balance (Cahn 25, Cahn Instruments, Cerritos, CA, USA). The average CSA of

each muscle was calculated using the following equation:

mass
CSA=-

(length x density)

assuming a density of 1.06 g cm"3 (Hill, 1931). All forces were normalised by CSA.

2.12 Data presentation and statistical analysis

Data were analysed using a Microsoft Windows-compatible statistical package (SPSS

10.0.5, Statistical Packages for the Social Sciences, SPSS Inc., Chicago, IL, USA). Data

were tested for homogeneity of variances prior to analysis. Inhomogeneous data were

transformed using square root or logarithmic transformations. Data were analysed using

analysis of variance (ANOVA) with repeated measures. Where an ANOVA revealed a

significant difference between groups, post hoc testing to uncover differences between

mean values was performed using the Least Significant Difference (LSD) test. Values

were included in the analysis only when all relevant protocols were successfully

completed on the one preparation. All decisions concerning statistical significance were

made at the 95 % confidence level. Original, untransformed data are presented as the

mean ± 1 s.e.m. (standard error of the mean).
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Chapter 3: Efficiency of rat papillary
muscles during afterloaded isotonic and
sinusoidal length change contractions

3.1 Introduction

3.1.1 Contraction protocols for use with isolated papillary muscles

Many investigations of ventricular energetics have used isolated papillary muscles as a

model of ventricular muscle. The most common contraction protocols used in vitro have

involved either isometric or afterloaded isotonic contractions and, more recently,

sinusoidal protocols. As a model of ventricular function, isometric contraction protocols

are less than ideal since, unlike the contracting ventricle, no mechanical work is performed

during contraction. However, even afterloaded isotonic contractions are not ideal since

they produce no net work because the muscle shortens and lengthens against a constant

force (Gibbs et cil., 1967). Consequently, the amount of work done on the muscle to

lengthen it is the same as that done by the muscle during shortening. Another criticism of

the afterloaded isotonic protocol is that the combination of force and length changes is

unrealistic. Additionally, very low contraction frequencies (~0.2 Hz; Gibbs and Chapman,

1979a; Kiriazis and Gibbs, 1995) have often been used which further distances these

protocols from in vivo activity.
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In an effort to approach a more realistic pattern of length changes, a number of recent

studies have used sinusoidal length change protocols to model cardiac function (Baxi et

al, 2000; Layland et al, 1995; Syme, 1994; Syme and Josephson, 1995). The use of this

type of protocol in cardiac muscle largely followed its successful application to skeletal

muscle (Altringham and Johnston, 1990; Askew and Marsh, 1997; Barclay, 1994; Curtin

and Woledge, 1993; Josephson, 1985; Moon et al, 1991). An advantage of using the

sinusoidal protocol with ventricular muscle is that with appropriate selection of cycle

frequency and timing of stimulation, net work is performed and the force-length diagrams

resemble the pressure-volume diagrams of the intact ventricle (Baxi et al, 2000).

3.1.2 Energetics of rat papillary muscles using different contraction
protocols

The efficiency of muscular contraction is, in general terms, the ratio of work output to

energy cost. In studies using isotonic contractions, work output is defined as the product

of shortening force and distance shortened (Gibbs et al, 1967; Hartree and Hill, 1928;

Kiriazis and Gibbs, 1995; Sonnenblick, 1962). In r^er words, the work output during

only the shortening phase of the contraction is calculated. Using this definition, previous

studies using afterloaded isotonic contraction protocols have reported maximum net

mechanical efficiency values between 20 and 25 % (Gibbs and Chapman, 1979a; Kiriazis

and Gibbs, 1995), achieved when shortening against a load of-0.3 Po (where PQ is the

maximum isometric twitch force, excluding passive force). Twitch frequency in these

protocols was typically ~0.2 Hz and energy use was measured from a total of 10 to 20

twitches. In a recent study using a sinusoidal length change protocol, a considerably lower

maximum efficiency (~15 %) was found (Baxi et al, 2000). However, the protocol used

in that study involved higher twitch frequencies (1-4 Hz) and more contractions (40) than

in the studies that used afterloaded isotonic contractions. An additional variable was that

although both the isotonic and sinusoidal experiments were performed in the same

laboratory, different heat recording technologies and different calibration techniques were

used in the two studies. For example, the thermopile used in the work of Kiriazis and

Gibbs (1995) was wire-wound, electroplated silver and constantan while the thermopile

used by Baxi et al. (2000) was made by vacuum depositing antimony and bismuth.

Calculations of muscle heat loss and muscle heat capacity were made differently in the

two studies: Kiriazis and Gibbs (1995) passed high frequency current (100 kHz) through

the stimulating electrodes to heat the muscle, while Baxi et al. (2000) used the more

accurate method of Peltier heating. Thus, it is unclear whether the differing efficiencies
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reflected (1) the different patterns of length changes, (2) the higher frequency and greater

number of contractions used by Baxi et al. (2000) or (3) the different experimental

apparatus and conditions used in the studies.

Another factor clouding the comparison between results from the two protocols was that

different definitions of work output were, necessarily, used in afterloaded isotonic and

sinusoidal protocols. In sinusoidal protocols, net work output is calculated by determining

the area enclosed by a plot of force output as a function of muscle length. Net work output

is the difference between the work done by the muscle during shortening and that done on

the muscle to relengthen it. In contrast to the sinusoidal protocol, there is no net work

output in an afterloaded isotonic contraction and the work output is taken as the work

performed during the shortening phase alone (Gibbs et al, 1967; Hartree and Hill, 1928;

Hill, 1949; Sonnenblick, 1962).

3.1.3 Aims of this chapter

The primary aims of the current study were (1) to confirm the different efficiency values

in sinusoidal and isotonic contractions by performing both protocols on the same

preparation using the same apparatus and (2) to determine if the contraction frequency or

number of contractions over which energy output is measured affects efficiency.

In addition, two other factors that can influence estimates of efficiency were assessed:

(l)the assumption that, in isotonic contractions, all the work done on the muscle to

relengthen it is ultimately converted into heat in the muscle and (2) whether appropriate

definitions of work output were used in the two types of contraction protocol.

3.2 Materials and methods

The materials and methods for the experiments reported in this chapter have been

described in Chapter 2. Only those methods specific to these experiments will be

described here.

3.2.1 Thermopiles

Two thermopiles were used in this study. Muscle temperature changes were recorded over

active recording regions 4 or 5 mm in length, containing 16 or 20 antimony-bismuth

thermocouples that produced 1.09 mV0C"' and 1.24 mV °C"1, respective!'- {fable 2.2,

Chapter 2).
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3.2.2 Experimental protocols

The current study was designed to compare the efficiency of papillary muscles performing

isotonic and sinusoidal contractions. Three contraction protocols were selected: the

afterloaded isotonic protocol used by Kiriazis and Gibbs (1995) (10 twitches at 0.2 Hz),

the sinusoidal length change protocol used by Baxi et al. (2000) (40 twitches at 2 Hz) and

a protocol that combined isotonic contractions with the higher twitch frequency and

greater number of contractions used in the sinusoidal protocol. It should be noted that the

loads, stimulus timing and length changes used were those shown previously to be

required to produce maximum efficiency in the respective protocol (Table 3.1).

Table 3.1 Parameters selected for contraction types to give maximum
efficiency

Afterloaded isotonic

Sinusoid

Stimulus
frequency (Hz)

0.2

2

Number of
contractions

10

40

Starting
length

'-'max

'-'opt

Afterload

0.3

Stimulus
phase (°)

-14

The afterload for the isotonic contractions was 0.3 PQ. The pattern of length changes

required to generate the isotonic contractions was determined using an adaptive force

control algorithm (Peterson et al, 1989) that was adapted to our recording apparatus by

C. J. Barclay using Testpoint. Briefly, the pattern of length changes required to produce

the desired isotonic contraction was determined in a series of contractions performed

before the recording run. To determine the correct pattern of length changes, force output

during a twitch was compared to the desired time-course of force output and the difference

between the two was used to modify the applied muscle length changes. The desired time-

course of force output consisted of the muscle contracting isometrically until the force

reached 0.3 PQ, then maintaining this force while the muscle shortened and then

relengthened to the initial length, and finally relaxing isometrically (Figure 3.1). Between

five and ten twitches were sufficient to refine the length changes so that an isotonic force

record was produced. The main difference between the application of this technique and a

conventional isotonic lever or ergometer was that the current method produced isotonic

contractions in which the relative afterload was constant but the absolute afterload varied

between contractions in a series of twitches, reflecting the changes in the active force
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generating capacity of the muscle. In other words, the afterload in each twitch was 0.3 x

the isometric force that could be developed at that time in the contraction series.

3.2.3 Calculation of work output

It should be noted that work output was calculated differently in the isotonic and

sinusoidal protocols. Following the example of Kiriazis and Gibbs (1995), work output in

isotonic contractions was defined as the product of the total force (i.e. active force +

passive force) and shortening amplitude. For the sinusoidal protocol, net work output was

determined by integrating force with respect to muscle length change, which is equivalent

to the area enclosed by the 'work loop' formed when force is plotted as a function of

change in muscle length. Note that in an isotonic contraction there is no net work output

over the complete cycle as shortening and relengthening take place against the afterload

(Figure 3.1). Instead, the work output as defined is the work output during just the

shortening phase of the isotonic contraction.
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Figure 3.1 Example of an afterloaded isotonic contraction produced using
the adaptive force control algorithm

During an isotonic contraction the muscle contracted isometrically until the desired
afterload was reached. The muscle was then shortened and relengthened to hold the
force constant. Once relengthening was complete, the muscle relaxed isometrically.
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3.2.4 Calculation of enthalpy output

included all the enthalpy, in excess of the basal enthalpy output, produced during

and after the series of contractions and thus included both initial and recovery

metabolisms. Enthalpy output was also determined differently in the two protocols.

During the sinusoidal length change protocol, energy was liberated from the muscle as

both heat and work and the enthalpy output was the sum of the total heat produced and

total work (net) performed. In isotonic contractions, it was assumed that an amount of heat

equivalent to the work done during shortening was liberated in the muscle as a

consequence of doing work on the muscle to relengthen it (Gibbs et al., 1967; Hill, 1949).

Therefore, the total enthalpy output was equivalent to the total heat output (i.e. the heat

output included a component equivalent in magnitude to the work done).

3.2.5 Conversion of mechanical energy into thermal energy

An experiment was designed to determine whether all the work done to relengthen the

muscle in an isotonic contraction was dissipated in the muscle as thermal energy.
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Figure 3.2 Records illustrating the protocol used to check the work and
enthalpy outputs during afterloaded isotonic contractions

The left panels show the length change (A) and force output (C) in an isotonic
contraction with an afterload of 0.3 P$. The right panels show a contraction in which
muscle length (B) was held at the shortest length until active force generation (D) had
ceased. Only then was the muscle returned to the starting length.
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Each muscle performed two series of contractions. One consisted of isotonic contractions

(20 twitches at a frequency of 1 Hz with an afterload of 0.3 PQ) and the other a similar

series in which lengthening was delayed until force had decreased to resting levels (Figure

3.2).

In the latter protocol, the work done during shortening was the same as in the normal

isotonic protocol but by delaying lengthening until the force output had decreased to

resting levels, there was net work output. Thus, in contrast to the normal isotonic

contractions, the heat output did not include a component resulting from relengthening

against the afterload. Therefore, the total enthalpy output for this protocol was the sum of

the work and heat outputs. Comparison of the total enthalpy output in the two protocols

enabled the assumption that all the work done on the muscle during lengthening

reappeared as thermal energy in the isotonic protocol to be assessed.

3.3 Results

The primary aim of this study was to compare the efficiency of rat cardiac papillary

muscle preparations performing isotonic and sinusoidal contractions. General

characteristics of the papillary muscle preparations used in this part of the study are shown

in Table 3.2.

Table 3.2 Characteristics of papillary muscle preparations

Wet mass (mg) 3.00 ±0.32

Lmax and Lopl (mm) 4.95 ± 0.20

Cross-sectional area at Lmax (mm2) 0.57 ± 0.06

Passive force at Lmax (mN) 3.9 ± 0.7

Isometric active force at Lmax (mN) 16.6 ± 1.2

Active stress at Lmax (mN mm'2) 29.8 ± 2.1

Passive force/active force at Lmax 0.24 ± 0.04

All values are mean ± 1 s.e.m. (n=6)

For the papillary muscles used in this study, Lmax and Lop, were found to be the same.

Harwood et al. (1998) also noted this similarity, however other studies have found that

Lopt occurred at a slightly shorter length than Lmax (Baxi et al., 2000; Layland et al, 1995).
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3.3.1 Recordings during different contraction protocols

Typical records from all three contraction protocols are illustrated in Figure 3.3. For each

protocol, length change, force output, muscle temperature change and muscle heat output

are shown. The mechanistic difference between the isotonic and sinusoidal protocols was

that, in the former, muscle length was adjusted to give a relatively constant force output,

i.e. force output was controlled (Figure 3.1), whereas, in the latter, muscle length was

controlled (Figure 3.4). A notable difference in the records is that the magnitudes of the

temperature change in the two high frequency protocols were substantially greater than in

the 0.2 Hz protocol. Small alterations in the temperature baseline (typically with a

magnitude of <0.2 m°C) were occasionally observed in the recordings. The high

frequency recordings were much less sensitive to these small alterations than the low

frequency recordings due to the greater magnitude of temperature change.

Cyclic changes in muscle temperature are particularly clear in the records from the 0.2 Hz

twitch frequency protocol (Figure 3.3A). There is an abrupt increase in temperature during

each twitch followed by a slow decline in temperature during the interval before the next

twitch. The decline in temperature reflects heat being lost from the thermopile into the

frame at a greater rate than that at which the muscle produced heat. This is compensated

for when the correction for heat loss is made (Figure 3.3, bottom panels; see Chapter 2,

Section 2.9.2). In the last half of the low frequency isotonic contraction protocol, the

cyclic temperature changes in successive cycles were the same, indicating that the muscle

had achieved an energetic steady-state (Paul, 1983). This state was not quite achieved in

the two high frequency protocols.

In all three protocols, muscle temperature returned to its pre-stimulation value indicating

that all recovery metabolism was complete in less than 1 min after completion of the

contractions (Figure 3.3). The decrease in temperature reflects the net effect of heat

flowing from the muscle through the metals of the thermocouples to the thermopile frame

and the ongoing metabolic heat production that follows a period of activity. Muscle

temperature returns to its initial value only when the rate of metabolic heat production is

equal to the rate before commencement of the contraction protocol.
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Figure 3.3 Examples of recordings made during the three contraction
protocols

Records are shown for low frequency isotonic contractions (A; 10 twitches at 0.2 Hz),
high frequency isotonic contractions (B; 40 twitches at 2 Hz) and sinusoidal
contractions (C; 40 twitches at 2 Hz). For each protocol records are shown of (from
top to bottom) change in muscle length, force output, change in muscle temperature
and cumulative heat production. All recordings were made on the same muscle (mass,
2.0 mg; length, 4.6 mm; cross-sectional area, 0.41 mm2).
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Figure 3.4 Example of length and force changes during one cycle of a
sinusoidal length change protocol

During the sinusoidal protocol, muscle length was altered in a sinusoidal pattern at
2 Hz. A stimulus pulse was applied 14 ms prior to the maximum length point in each
cycle.

3.3.2 Comparison of low frequency isotonic protocol and sinusoidal
length change protocol

The nature of the afterloaded isotonic contraction is such that little or no net work is

performed. This is illustrated in Figure 3.5 in which force is plotted as a function of

change in muscle length for both types of contraction. In the sinusoidal protocol (Figure

3.5B), the force during shortening was substantially greater than that during the

relengthening phase, resulting in a loop, in which time progressed in an anti-clockwise

direction, indicating that there was net work output. In contrast, in the isotonic contraction

the force was the same during shortening and lengthening so no loop was formed which

indicates no net work output (Figure 3.5A). Therefore, work performed in an isotonic

contraction is expressed as the work performed during just the shortening phase (i.e. total

force x shortening amplitude).
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Figure 3.5 Examples of work loops formed during different contraction
types

Examples of work loops formed during isotonic (A) and sinusoidal (B) contractions.
Each loop was obtained from a single twitch and was produced by plotting force with
respect to muscle length. Contraction rate was 2 Hz for sinusoidal contractions and
0.2 Hz for the isotonic twitch example. Sinusoidal contractions resulted in work loops
enclosing a substantial area, indicating net work output. Isotonic contractions did not
form work loops, indicating that little or no net work was performed by the muscle.
(C) An example of the work loop formed when relengthening in an isotonic
contraction was delayed until active force production had ceased. The contraction
started at the longest length and force increased with no change in muscle length until
the force matched the afterload. The muscle then shortened with a constant force
output, before being allowed to relax while muscle length was held at the shortest
length. The passive muscle was then stretched back to its initial length. Time
progressed around the loops in an anti-clockwise direction (arrows, B & C).
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During the contraction protocols used to determine efficiency, the total work output was

much greater in the sinusoidal protocol, during which 40 twitches were performed, than

during the low frequency isotonic protocol, in which only 10 twitches were performed

(Table 3.3). However, more work was performed in each low frequency isotonic twitch

than in each twitch with sinusoidal length changes. The total enthalpy output in the

sinusoidal protocol (= total heat + total work) was also much greater than that in the low

frequency isotonic protocol (where total enthalpy = total heat) but when normalised by the

number of contractions, the energy cost per twitch did not differ between the two

protocols (Table 3.3). As reported previously, in separate studies, the net mechanical

efficiency of the muscles was greater during isotonic contractions than during sinusoidal

contractions. In the 0.2 Hz isotonic contractions the mean value of 8Net was 21.1 ± 1.4 %

whereas in the sinusoidal protocol ENct was 13.2 ± 0.7 %.

The third protocol used isotonic contractions combined with the twitch frequency and

number of contractions used for the sinusoidal protocol. The notable result was that with

this protocol, £Nct was 21.5 ± 1.0 % which did not differ from that in the low frequency

isotonic protocol but was significantly greater than that in the sinusoidal protocol.

Therefore, the difference in 8Nct between the isotonic and sinusoidal contractions was not

simply due to either the different contraction frequency or number of twitches.

Table 3.3 Mean values of energetic variables for the three contraction
protocols

Contraction frequency (Hz)

Number of twitches

Total work output (mJ g"1)

Total heat output (mJ g'1)

Work per twitch (mJ g"1)

Heat per twitch (mJ g"1)

Enthalpy per twitch (mJ g'1)

Net efficiency (%)

Low frequency
isotonic

0.2

10

19.5± 1.6°

93.0 ± 6 . 6 "

1.95 ±0.16"

-

9.30 ±0.66"

21.1 ±1 .4"

Sinusoid

2

40

51.5 ±3.1 *

349.1 ±32.9*

1.29 ± 0.08 *

8.73 ±0.82

10.01 ±0.89"

13.2 ±0.7 ' '

High frequency
isotonic

2

40

60.6 ± 7.8 b

283.6 ± 33.6c

1.52 ±0.20*

-

7.09 ±0.84*

21.5 ± 1.0"

All values are mean ± 1 s.e.m. (n=6). Letters indicate significant difference (p<0.05).
For each variable, values labelled a differ from those labelled b and c, and those
labelled b differ from that labelled c. For isotonic protocols, values for heat output per
twitch are not listed since, by definition, heat output per twitch and enthalpy output
per twitch are the same.
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This study used an adaptive algorithm to control the muscle length changes, giving a

constant relative afterload of 0.3 PQ. Comparison of the current results with those of

previous studies (Gibbs and Chapman, 1979b; Kiriazis and Gibbs, 1995) indicates that the

values of the energetic variables measured from a protocol in which the relative afterload

was constant between contractions (current study) were the same as those in which the

absolute afterload was constant. The average active force using the current method was

only ~5 % greater than that which would have been recorded if the absolute afterload

force was constant and equal to 0.3 of the steady-state, isometric twitch force.

3.3.3 Conversion of mechanical energy into thermal energy in isotonic
contractions

A series of experiments was performed to determine (1) whether the work output in

isotonic contractions was really equivalent to total force x distance shortened and (2) if all

the work performed on a muscle during isotonic lengthening (which is equal to the work

done during shortening) was dissipated in the muscle as thermal energy. The experiments

involved comparing work output calculated in the usual isotonic way with that determined

from the area of the work loop formed when relengthening was delayed until force had

relaxed to passive values. Mean data for the protocols are displayed in Table 3.4.

Table 3.4 Work and enthalpy outputs for normal and held short isotonic
contractions

Contraction type

Calculation Normal isotonic Delayed lengthening

Work output

(niJ g"1 twitch'1]

Enthalpy output

(mJ g"1 twitch"1)

Work = P x AL

Work= jPdL

1.61 ±0.1 7 a 1.48 ±0.22"

0.81 ±0A5h

H = total heat

H = (P x AL) + heat

H =

7.06 ± 1.10

8.33 ± 1.15'

7.64 ±1.14

All values are mean ± 1 s.e.m. (n=5). Letters indicate significant differences using
repeated measures comparison: a differs from b and c differs from d. P x AL = total
force x amplitude of shortening. JPdL = force integrated with respect to length change
= area enclosed by work loop. H = enthalpy output, Enthalpy = heat output for normal
isotonics and (heat + work) for isotonics with delayed lengthening.
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When work output was calculated as total force x distance shortened, the work output per

twitch was, as expected, the same in the two contraction protocols (top row, Table 3.4).

However, work output per twitch calculated from the area of the work loops in the delayed

relengthening contractions (mean value 0.81 mJ g'1 twitch'1) was significantly less than

that calculated as total force x shortening amplitude (mean value 1.48 mJ g"1 twitch"1). The

difference between the two methods for calculating work was that the work loop method

took account of the work that had to be done on the muscle to relengthen it; the net work

output is the difference between the work performed during shortening and the work

required to relengthen the muscle (Figure 3.6).

(mN)

;H
o.oo

(mm) -o.25

•0.50

Total force

Distance
shortened

Force
(mN)

15

10-

5-

-0.50 -0.25

Length change
(mm)

0.00

Figure 3.6 Illustration of different methods used to calculate work output

In the left-hand panel of this figure are the length changes associated with a normal
isotonic twitch (A) and one in which the muscle was held at the short length until the
force had relaxed (B). In the normal isotonic twitch shown in this figure, work output
calculated as total force x distance shortened (centre panel) was ~7 (iJ. When the
work output was calculated for the twitch in which the muscle was held at the short
length, the work output was ~3.25 uJ, calculated from the area of the work loop
shown on the right. This may seem to be an extreme example because of the high
resting tension. However, when mean work output was calculated for the set of
muscles, work output calculated using total force x distance shortened was still twice
that measured from a work loop (Table 3.4). It is evident from the work loop shown
on the right that the load supported by the passive elements is not included in work
output calculated from a work loop.

The comparison of the enthalpy outputs for these two protocols provided a

thermodynamic assessment of which method of calculating work was correct. The

enthalpy output in response to the normal isotonic protocol was compared to the enthalpy

output calculated for the protocol in which lengthening was delayed (Table 3.4). The

enthalpy output of the delayed lengthening protocol was equal to the heat + work but work

could be calculated two ways: (1) total force x shortening amplitude and (2) area of the
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work loop. If work was calculated using the first of these formulae, then the enthalpy

output in the delayed lengthening protocol was significantly greater than that in the normal

isotonic protocol. However, when the second formula for calculating work (work loop

area) was used, there was no significant difference between the enthalpy output in the two

protocols (Table 3.4). This is consistent with the idea that the area of the work loop was

the accurate index of work output. If this is so, then it can also be concluded that all the

work done during relengthening in the normal isotonic contractions was dissipated in the

muscle as heat.

3.4 Discussion

The initial set of experiments in this study confirmed that the efficiency, as defined

previously, of papillary muscles is different when performing sinusoidal contractions and

when performing afterloaded isotonic contractions. The subsequent experiments provided

information that can be used to investigate the basis of this difference. Specifically, the

final set of experiments indicated that the method of calculating work used in the isotonic

I contractions overestimated work output and, thus, efficiency in these contractions. Both

I these issues are addressed in the following discussion.

I 3.4.1 What is the correct method to calculate work output in isotonic
{ contractions?
i
II Work output calculated as total force x shortening amplitude was substantially greater

I than that calculated from the area of the work loop in the modified isotonic protocol. The

| difference between these two estimates of work output is that the former includes work

I done by elastic elements in parallel with the contractile elements. In contrast, using the

area of a work loop to measure work output recognises that work must be done on the

muscle to relengthen parallel elastic elements (assuming there is no contractile activity

during relengthening), so they contribute no net work output or may even absorb energy

(Baxi et ai, 2000; Josephson, 1985). It is interesting to note that in early papers on

energetics of muse :s during isotonic contractions, explicit con-ections were made for the

underlying passive force (Gibbs et ai, 1967; Hill, 1949) so that work output was

calculated in a manner analogous to the work loop method used with sinusoidal

contractions. Using such an analysis yielded maximum efficiency values of between 10

and 15%.
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Support for the idea that the work output during isotonic shortening, excluding parallel

elastic work, did correspond to the area of the work loop in the delayed lengthening

contractions was provided by observations of the enthalpy output in the two isotonic

i| protocols (i.e. normal isotonic twitches and those with delayed relengthening; Figure 3.5).

In the delayed relengthening protocol, the heat output was less than that in the normal

isotonic protocol. However, when the sum of the heat and net work produced in the

delayed relengthening protocol was calculated, it was the same as the total heat produced

in the normal isotonic protocol. This is what would be expected if (1) the work output

during shortening in the isotonic protocol, excluding work done by parallel elastic

elements, was equivalent to the work loop area in the delayed relengthening protocol and

(2) all the work required to stretch the muscle in the normal isotonic contractions was

dissipated as heat in the muscle (Gibbs et al., 1967; Hill, 1949). If, however, the enthalpy

output in the delayed relengthening protocol was calculated using the product of total

force and shortening amplitude (the definition used in previous studies), then the

calculated enthalpy output was greater than the enthalpy output measured in the normal

| isotonic protocol.

I If calculating work as total force x distance shortened overestimated the actual work
i
| output, then efficiency would also have been overestimated. The data in Table 3.4 indicate

I that, in the preparations used in this study, the values of total force x distance shortened

U were ~2-fold greater than the work loop area. Correcting for an error of this magnitude
! | reduces the efficiency of isotonic contractions in this study from a mean value of

I approximately 21 % to 12 %, a value similar to that determined for the sinusoidal

I contractions. This revised value is also similar to that quoted in an early paper on papillary

| muscle energetics in which appropriate corrections were made to the work output (Gibbs

^ et al., 1967). In addition, the maximum efficiency of frog ventricular muscle, determined

| using a work loop technique, was reported to be 13 % (Syme, 1994), again similar to the

values in this study if work output is calculated on the basis of active force output alone.

Changes in the reported net mechanical efficiency of isolated cardiac muscle are

documented in Table 3.5. For each study, the contraction protocol and the method used to

calculate work output are indicated.

In a very recent study investigating changes in the energetics of rat papillary muscles with

age, Kiriazis and Gibbs (2000) presented data for work output calculated both without and

with a correction for changes in passive force during shortening in isotonic contractions.

Making an estimate from their data indicates that maximum efficiency was decreased
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from ~25 % to 19 % when the total work was replaced by the estimated net work output.

The magnitude of the difference between the two methods for calculating work was

smaller in that study than ours, which must be due to the passive force at Lmax being lower

in the work of Kiriazis and Gibbs (2000) than in the current study. However, the results of

those authors support the idea that the maximum efficiency of papillary muscles is likely

to be less than 20 %.

Table 3.5 Efficiency of isolated cardiac muscle

Technique Muscle preparation Work calculation [Ca2+]
(mM)

Temp

Afterloaded isotonic" Rabbit papillary

Sinusoidalb Frog ventricle

Afterloaded isotonicc Rat papillary

Sinusoidald Rat papillary

Afterloaded isotonicc Rat papillary

Afterloaded isotonic^ Rat papillary

Afterloaded isotonic f Rat papillary

Sinusoidal^ Rat papillary

(Total force x shortening
amplitude) - passive force

Work loop

Total force x shortening
amplitude

Work loop

(Total force x shortening
amplitude) - passive force

Total force x shortening
amplitude

Work loop

Work loop

5

2

2.54

2.54

2.54

1.6

1.6

1.6

12

13

20-25

15

20

21

12

13.6

20

21-23

27

27

27

27

27

27

References corresponding to letters included in the table are: a, Gibbs et al. (1967); b,
Syme (1994); c, Kiriazis and Gibbs (1995); d, Baxi et al. (2000); e, Kiriazis and
Gibbs (2000) a n d / current study.

3.4.2 Comparison with efficiency of whole hearts

There is extensive evidence to indicate that the efficiency of animal (Elzinga and

Westerhof, 1980) and human (reviewed by Gibbs and Barclay, 1995) hearts is likely to be

at least 20 %. If the efficiency of papillary muscle determined in the current study is an

accurate index of the efficiency of ventricular muscle, then for the efficiency of the

ventricle to be substantially higher than the net efficiency of the muscles suggests either

that some aspect of the in vivo environment or operation of cardiac muscle leads to more

efficient energy conversion or that some other process contributes to power output of the

ventricles, without using metabolic energy from ventricular muscle. The latter idea could

occur if, for instance, the energy required to stretch the ventricular muscle during diastole
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was ultimately derived from a source other than contraction of cardiac muscle. The former

idea could reflect the possibility that neither of the contraction protocols used in the

current study could produce efficiency values as high as those for cardiac muscle in vivo.

To test this possibility, similar experiments were performed using strain patterns that more

closely match those occurring in vivo (see Chapter 4).

3.4.3 Effects of lower [Ca2+]0 on efficiency

One of the main aims of this thesis was to improve protocols used to measure cardiac

I energetics by making the conditions and the protocols more similar to those experienced

in vivo. The superfusing solutions used in this study contained 1.6 mM [CaC^]. This

concentration in solution is within the physiological range of normal ionised [Ca2+] (-1.3

% mM in rat plasma, Chambers et al, 1991). AI* additional advantage of using the lower

k [Ca2+]0 was that the lower absolute force output resulted in a lower active metabolic rate.

{| In combination with the smaller CSA of preparations used in the current study, the lower

[Ca2+]0 ensured that diffusive O2 supply was adequate under the conditions employed in

these experiments (see Section 2.4, Chapter 2).

It is interesting that the efficiency values calculated in the current study for afterloaded

isotonic and sinusoidal contractions using 1.6 mM Ca2+ were the same as those reported

previously using 2.5 mM Ca2+ despite the lower [Ca2+]0 and normalised force output. This

indicates that the level of activation has little influence on efficiency over this range of

[Ca2+]0.

3.4.4 Contribution of basal metabolism to total enthalpy output

The definition of efficiency used in this study excluded basal, or resting, metabolism.

Energy consumed for the non-working processes that comprise basal metabolism arise

from processes including ion exchange and regulation, protein synthesis and maintenance

of the mitochondrial membrane potential. A comprehensive review of cardiac basal

metabolism is given by Gibbs and Loiselle (2001). It has been estimated that these

processes account for ~20-25 % of vhe total metabolism of the heart for a human at rest

(Gibbs, 1978; Loiselle and Gibbs, 1979).

In isolated rat papillary muscles, the basal metabolic rate decreases progressively over

-4 hr before reaching a plateau (Loiselle, 1985b). Baxi et al. (2000) determined that the

resting metabolic rate of rat papillary muscle is -4.4 mW g"1 at 27°C. This rate was

determined ~2 hr following cardiectomy. It is unclear whether the heart truly has a higher
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resting metabolic rate in vivo or whether the dissection process causes the resting

metabolic rate to increase initially and then decrease to its true value. It has been found

previously that the basal metabolic rate is not affected by changes in [Ca2+]0 (Chapman,

1976; Wendt and Loiselle, 1981). It was of interest to determine the contribution of basal

metabolic processes to the total energy consumption of the rat papillary muscles used in

this study. To do this, the average rate of active enthalpy output (mW g"1) was determined

over 3 twitches at the end of the respective protocols when the muscle was in, or close to,

an energetic steady-state (see Section 2.4 in Chapter 2). It was assumed that 4.4 mW g"1

was an appropriate value for the resting metabolic rate. In the low frequency isotonic

protocol, basal metabolism accounted for 72 ± 1.9 % (n=6) of the total metabolism. This

figure is much higher than that reported for the human heart due to the very slow

contraction frequency (0.2 Hz) used in this protocol. The analysis was repeated for the

high frequency and sinusoidal protocols where basal metabolism accounted for 25 ± 2 %

(n=6) and 20 ± 2 % (n=6), of the total enthalpy output respectively. At this frequency

(2 Hz), the results are similar to those calculated for cardiac muscle of resting humans.

It should be noted that resting heat production is reported to increase with decreasing body

size (Loiselle and Gibbs, 1979). Loiselle and Gibbs (1979) found that the enthalpy output

per twitch was smaller for the rat than for either cat or guinea pig papillary muscles

although different contraction frequencies were used for each species. The work output

per twitch was also lower but rat papillary muscles still have a relatively high net

mechanical efficiency. When the higher basal metabolism i= taken into account, the total

mechanical efficiency would be similar across species (Loiselle and Gibbs, 1979). There

is no simple relationship between heart weight to body weight between species and the

energy cost is also not simply related to heart size (Loiselle and Gibbs, 1979). These

factors make it difficult to accurately predict the contribution of cardiac metabolism to

whole body metabolism. The ratios of basal metabolism to total myocardial metabolism

estimated for the high frequency protocols in the current study are in reasonable

agreement with the likely in vivo values, providing further confidence that the protocols

developed here correspond more closely to the in vivo situation than the low frequency

protocols used in the past.

3.4.5 Estimation of total mechanical efficiency of rat papillary muscles

It is possible to estimate the total mechanical efficiency of rat papillary muscles using the

data obtained from the current experiments and the measurement of resting heat rate in
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Baxi et al. (2000). Using the sinusoidal data, the average net work output per twitch was

1.29 ± 0.08 mJ g"1 and the average enthalpy output per twitch was 10.01 ± 0.89 mJ g"1. If

we take the resting metabolic rate of 4.4 mW g"1 from Baxi et al. (2000) and convert it to

enthalpy output per cycle (2.2 mJ g"1), the total energy cost would be 12.21 mJ g"1 twitch"1.

Note that basal metabolism is very close to 20 % using this method also. Thus, the total

mechanical efficiency is now the work output per twitch/total enthalpy output per twitch

or-10.6%.

3.5 Conclusion

In conclusion, the maximum efficiency of papillary muscles appears likely to be the same

in both sinusoidal and afterloaded isotonic contraction protocols, provided that

comparable definitions of work output are used. If the definition of work output

incorporates the energy cost of relengthening the parallel elastic elements of the muscle,

then the maximum net mechanical efficiency of rat papillary muscles in both protocols is

between 10 and 15 %.
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Chapter 4: The energetics of rat papillary
muscles undergoing 'realistic5 strain patterns

4.1 Introduction

4.1.1 Papillary muscle dynamics measured in vivo compared with strain
patterns used in vitro

The role of the left ventricular papillary muscles is to provide structural support to the

mitral valve during cardiac contraction. The muscles are particularly important for valve

closure during systole, ensuring that the valve does not protrude into the atrium {e.g.

Cronin et al, 1969; Marzilli et al, 1980). Several studies have mapped the strain pattern

of papillary muscles /// situ (Armour and Randall, 1970; Cronin et al, 1969; Gorman et

al, 1996; Hirakawa et al., 1977; Marzilli et al., 1985; Rayhill et al., 1994, Semafuko and

Bowie, 1975). The typical strain time-course measured in these studies can be separated

into three phases: an initial isometric phase that occurs during isovolumic contraction at

the start of systole, a shortening phase occurring during ejection (ventricular emptying)

and a relengthening phase that coincides with the filling of the relaxed ventricle.

Studies of cardiac energetics in vitro have traditionally used the papillary muscle as a

model of ventricular muscle. The protocols used in these types of studies have usually

involved either isometric or afterloaded isotonic contractions (Gibbs and Chapman, 1979a;

Gibbs et al, 1967; Kiriazis and Gibbs, 1995; Kiriazis and Gibbs, 2000). Neither of these
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protocols result in a net output of mechanical work and typically the contraction frequency

is very low compared to physiological frequencies. These and other interpretative

difficulties have been discussed extensively in Chapter 3.

Semafuko and Bowie (1975) highlighted the lack of correspondence between the strain

patterns used in traditional in vitro studies and those measured from papillary muscles in

situ. However, there have still been no studies of papillary muscle mechanics or energetics

using realistic strain protocols and contraction frequencies. With current technology, it is

possible to simulate papillary muscle strain patterns measured in vivo using an isolated

papillary muscle preparation in vitro.

Chapter 3 of this thesis employed a sinusoidal length change protocol, based on that used

by Baxi et al. (2000), as an approximation of papillary muscle contraction measured in

vivo. This protocol did produce more realistic patterns of force and length changes, was

performed at realistic contraction frequencies and resulted in net work output. However,

the sinusoidal strain pattern, although more realistic than isometric or afterloaded isotonic

contractions, is still a relatively poor match to strains experienced in situ.

4.1.2 Development of a 'realistic' strain pattern for use with isolated
preparations

A comprehensive search of the literature describing papillary muscle strain dynamics in

situ revealed that the muscles undergo cyclic length changes during contraction (Cronin et

al., 1969; Marzilli et al, 1985; Rayhill et al., 1994; Semafuko and Bowie, 1975) and

shorten by approximately 10 % of their resting length at a fairly constant velocity

(Gorman et al, 1996; Hirakawa et al, 1977; Semafuko and Bowie, 1975). Some of these

reports identified a brief period of isometric contraction at the start of ventricular systole

(Armour and Randall, 1970; Hirakawa et al, 1977; Karas and Elkins, 1970; Rayhill et al,

1994) but the duration of this phase was variable. Other studies have reported that muscle

length increased a small amount at the beginning of ventricular systole rather than

remaining isometric (Cronin et al, 1969; Marzilli et al, 1985; Semafuko and Bowie,

1975). Both these possibilities were encompassed by the protocols used in this study.

Following shortening, re-extension of the muscles to the length recorded at the start of

each cycle also occurred at an approximately constant velocity (Figure 4.1).
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Figure 4.1 Example of papillary muscle dynamics measured in vivo

Example of the length changes of an anterior papillary muscle from the left ventricle
of a dog. The length changes were estimated from Figure 2 in Hirakawa et al. (1977).
Values were measured from the recording at 50 ms intervals. In this example, the
muscle shortened by -15 % which is greater than the 10 % average reported for the
set of muscles.

4.1.3 Aims of this chapter

The aims of the current study were (1) to determine, from published reports, a typical

strain pattern of papillary muscles /// situ, (2) to incorporate this pattern into a contraction

protocol for isolated papillary muscle preparations and (3) to characterise the energetics of

rat papillary muscles performing the realistic length change protocol. Due to there being

some variation in the fine details of the strain patterns measured in situ, the pattern of

length changes used in this study was varied to encompass most likely patterns.

4.2 Materials and methods

The materials and methods used for the experiments reported in this chapter have been

described in Chapter 2. Only those methods specific to these experiments will be

described here.

4.2.1 Thermopile

The thermopile used in this study contained 24 antimony-bismuth thermocouples, had an

active recording length of 6 mm and an output of 1.09 mV °C"'.
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4.2.2 Experimental protocols

Three experiments were performed. Experiment 1 investigated the effects of varying the

strain dynamics, Experiment 2 investigated the effects of varying the shortening duration

at constant frequency and Experiment 3 investigated the effects of varying the frequency

of contraction while maintaining a constant duration of shortening.

Calculations of work and enthalpy outputs were as described for the sinusoidal

contractions in Chapter 3, i.e. the work loop method was used to determine work output

and the enthalpy output was the sum of the work and heat outputs.

4.2.2.1 Experiment 1: varying strain dynamics

In the first experiment, two aspects of the strain dynamics were investigated. First, the

effects of varying the duration of the isometric phase at the start of contraction were

studied. The duration was set to either 10, 15 or 20 % of the cycle duration (1 cycle =

interval between successive stimuli) (Figure 4.2A). The consequences of incorporating an

increase in muscle length (2 or 4 % Lmax) before the onset of shortening (15 % cycle

duration) were also studied (Figure 4.2B). Second, the amplitude of shortening was varied

such that it equalled 5, 10 or 15 %Lmax (Figure 4.2C). Each shortening amplitude was

preceded by an isometric contraction accounting for 10, 15 or 20 % of the cycle duration.

4.2.2.2 Experiment 2: varying the shortening duration at constant frequency

A series of experiments was perfonned to determine whether altering the shortening

duration at constant frequency affected the energetic characteristics of the muscle. The

pattem of length changes was altered such that the shortening phase accounted for either

20, 30 or 40 % of the inter-contraction interval (Figure 4.2D). Isometric contraction

duration was constant at 20 % cycle duration and the duration of the lengthening phase

was altered as required to maintain the cycle duration at 500 ms.

4.2.2.3 Experiment 3: varying contraction frequency

A contraction frequency of 2 Hz was selected as the basic frequency for this study. In a

recent report on the energetics of rat papillary muscle, this frequency was found to be

within the range for maximum work output and maximum net mechanical efficiency at

27°C (Baxi et al., 2000). In addition, a number of experiments were performed at a

contraction rate of 3 Hz. This 50 % increase in heart rate is comparable to the range of

heart rate increases that occurs between rest and vigorous exercise in rats (Drexler et al,

1985; Mullin et al, 1984). The total durations of the isometric and shortening phases were
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kept constant while the duration of the lengthening phase was reduced for the contractions

at 3 Hz (Miyazaki et al, 1990). Thus, the absolute duration of the combined isometric and

shortening phases was the same in the 2 and 3 Hz contraction protocols.
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Figure 4.2 Examples of muscle length changes during realistic contraction
protocols at 2 Hz

A, B and C show the length change protocols for Experiment 1, and D for Experiment
2. In A, the duration of the initial isometric contraction was 10, 15 or 20 % of the total
inter-stimulus interval (0.5 s; shown for 10% L,,,ttV shortening only). In B, the
isometric phase was substituted by a 2 or 4 % Lmax length increase, accounting for
15 % of the cycle duration. At each isometric duration, the muscle was shortened by
5, 10 or 15 % Lmax (shown for isometric duration of 15 % of cycle only) (C). The
duration of the lengthening phase was kept at 50 % of the cycle duration in A, B and
C. In D, isometric phase duration was 20 % of the cycle duration while shortening
was 20, 30 or 40 % of the inter-stimulus interval. Lengthening phase duration was
adjusted accordingly. Shortening amplitude was 10 % Lmax in B and D. The stimulus
pulse was applied at time 0.
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4.2.3 Measurement of stiffness of the series elastic component

In Experiment 1, the velocity of shortening of the muscle was varied. To assess the

probable effects of these alterations in whole muscle shortening velocity on the contractile

component alone, the contractile component velocity was calculated using the following

equation (Curtin and Woledge, 1993):

N

where Kcc is the shortening velocity of the contractile component (which is a function of

force, P), VL is the shortening velocity of the whole muscle, S is the stiffness of the SEC

(also a function of force) and dPIdt is the rate of change in force. VQC was calculated for

each sampled value, using appropriate values of Vi, S and dPIdt.

0.05 1

I

Figure 4.3 Method used to determine stiffness of the SEC

Records of force output (lower trace) and muscle length change (upper trace) during
an isotonic contraction. The example shown is from a muscle shortening against a
load of 0.6 PQ. The dashed vertical line indicates the time at which shortening started.
The solid straight lines were fitted to the muscle length change trace (upper trace) at
the start of shortening and to the force trace (lower trace) immediately before
shortening started. The slopes of these lines are the initial velocity of shortening
(dL/dt) and rate of force development just prior to shortening (dP/dt), respectively.
The ratio of dPIdt to dLldt is the stiffness of the elastic component in series with the
contractile element at that load. Sampling rate for these experiments was 1000 Hz.



m
• 1

Chapter 4: Realistic strain patterns 70

The stiffness of the series elastic component (SEC) of papillary muscle preparations was

measured using the method described by Sonnenblick (1964). Each muscle performed

isotonic twitches (10 twitches at 0.2 Hz) against a series of afterloads between 0.2 Po and

0.8 PQ. TWO runs were performed on each muscle with loads presented alternately in

ascending and descending order. The required afterload was achieved using the adaptive

force control algorithm described in Chapter 3. For each muscle at each load, stiffness of

the SEC (5) was calculated using the following formula (Sonnenblick, 1964):

S=dP/dL=
dP/dt
dL/dt

where dPIdt is the rate of force development immediately prior to the start of shortening

and dL/dt the initial velocity of shortening (Figure 4.3).

4.3 Results

The aims of this study were to develop a contraction protocol for use with isolated

papillary muscles that mimicked papillary muscle length changes measured in situ and to

characterise the energetics of rat papillary muscles using this protocol. General

characteristics of the papillary muscle preparations are presented in Table 4.1.

Table 4.1 Characteristics of papillary muscle preparations

Wet mass (mg) 2.87 ± 0.27

IM.v(mni) 4.96 + 0.19

Cross-sectional area at Lmax (mm2) 0.54 ± 0.04

Passive force at Lmax (mN) 4.6 ± 0.5

Isometric active force at Lmax (mN) 14.0+1.2

Active stress at Lmax (mN mm'2) 26.9 ± 1.7

Passive force/active force at Lmax 0.35 ± 0.04

Isometric enthalpy output at LnHLX (mJ g"1) 7.5 ± 1.7

All values are mean ± 1 s.e.m. (n=12, except for isometric enthalpy output where
n=4).

Typical records from a realistic contraction protocol are illustrated in Figure 4.4. It can be

seen that peak force output varied during the 40 twitches, with the first twitch exhibiting a

high peak force output as typically observed in rat cardiac muscle following a period of
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quiescence (Ravens, 1992). As described in Chapter 3, the muscle temperature

progressively increased throughout the contraction protocol and, once stimulation ceased,

decreased back to its initial value in approximately 1 min. The lower panel shows the

calculated cumulative work, heat and enthalpy outputs.
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Figure 4.4 Examples of recordings made during a realistic contraction
protocol

The records shown are (from top to bottom) change in muscle length, force output,
change in muscle temperature and cumulative work (solid line), heat (dashed line)
and enthalpy (dotted line) outputs. The enthalpy output is the sum of the work and
heat outputs. The muscle returned to its pre-stimulation temperature within 1 min of
completion of the contractions, indicating that all recovery metabolism was complete.
(Muscle mass, 3.58 mg; length, 4.5 mm, cross-sectional area, 0.75 mm2).
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4.3.1 Experiment 1 - varying strain dynamics

In Experiment 1, the effects of varying the amplitude of muscle shortening and the

duration of the initial isometric phase were determined. Examples of work loops for these

protocols arc shown in Figure 4.5.
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Figure 4.5 Examples of work loops

A. The duration of the initial isometric contraction was 10 % of the cycle duration and
the amplitude of shortening was 5 (solid line), 10 (dashed line) or 15 % (dotted line)
Limx. The duration of the lengthening phase was constant. Therefore, the velocity of
shortening increased as amplitude of shortening increased. B. Amplitude of
shortening was 10 % Lmax and the duration of the lengthening phase was 50 % of the
cycle duration. The duration of the initial isometric phase was 10 (solid line), 15
(dashed line) or 20 % (dotted line) of the cycle duration. Time progressed around the
loops in an anti-clockwise direction, indicating that net work was performed.
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Increasing the amplitude of shortening increased the work output per twitch as evidenced

by the increase in size of the work loops in Figure 4.5A. The enthalpy output per twitch,

however, remained constant (Figure 4.6). The consequence of an increase in work output

accompanied by little change in enthalpy output was that net mechanical efficiency

increased significantly with increased shortening amplitude.

The only energetic consequence of increasing the duration of the isometric phase was that

an increase in duration from 10 to 15 % increased work output and enthalpy output when

the shortening amplitude was 10 or 15 % Lmax (Figure 4.6). Extending the isometric phase

to 20% of the cycle duration had no further effect and when shortening was 5 %Lmax,

neither work output nor enthalpy production were affected by the duration of the initial
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isometric contraction. There were no significant effects of isometric duration on ENet- Note

that the mean enthalpy output per twitch in Figure 4.6B was similar to the mean enthalpy

output measured in an isometric twitch (Table 4.1).
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Figure 4.6 Effects of isometric duration and shortening amplitude on
energetic variables

Effects of varying shortening amplitude (% Lmax) and duration of isometric
contraction (% cycle duration) on mean work output per cycle (A), enthalpy output
per cycle (B) and net mechanical efficiency (C) (n=7). Duration of isometric
contraction was 10 % (black columns), 15 % (white columns) or 20 % (grey columns)
of the cycle duration. Letters indicate statistically significant differences between
variables attributable to the duration of isometric contraction. Asterisks indicate
statistical significance, at a particular isometric duration, due to shortening amplitude.

Applying an initial stretch instead of holding the muscle isometric at the beginning of the

contraction did not affect enthalpy output (Figure 4.7). The work output per twitch,

however, did increase with a greater magnitude of length increase (isometric, 1.04 ± 0.12

mJ g"1; 2 % Lmax increase, 1.15 ± 0.12 mJ g"1; 4 % Lmax increase, 1.29 ± 0.14 mJ g"1). There

was no significant difference in 8NCt between the contractions with an initial isometric

phase (12.5 ± 0.6 %) and those with a 2 % Lmax increase in length (13.0 ± 1 . 1 %).

However, £NCI was significantly greater (14.6 ± 1.2 %) when a 4 % Lmax increase in length

was incorporated into the protocol in place of either 0 or 2 % Lmax length increases.
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Figure 4.7 Effects of applying an initial stretch on energetic variables

Effects of incorporating an initial stretch in place of the initial isometric period on
mean work output per cycle (A), enthalpy output per cycle (B) and net mechanical
efficiency (C) (n=6). Duration of the initial stretch or isometric period was 75 ms or
15 % of the cycle duration and shortening was 10 % Lmax.

4.3.2 Experiment 2 - varying shortening duration at constant frequency

In this experiment, the cycle duration was constant (500 ms = 2 Hz) as was the initial

isometric phase (100 ms, 20 % cycle duration). The duration of the shortening phase was

either 100, 150 or 200 ms (20, 30 or 40 % cycle duration, respectively) and the duration of

the lengthening phase was adjusted accordingly. Thus, the velocity of shortening varied

between 0.5 Lmax s"1 and 1.0 Lmaxs'\ The maximum shortening velocity of rat papillary

muscle is 6.5 L,,m.xs
l at 37°C (Henderson et al, 1970) which would correspond to

-3.25 Lmax s'1 at 27°C, assuming a halving of rate for a 10°C decrease in temperature.

Despite this variation in shortening velocity, the enthalpy output, or energetic cost of

contraction, was independent of the shortening duration (Figure 4.8). However, less work

was performed per twitch when the lowest shortening velocity was used than at either of

the other velocities. This was due to the force relaxing to resting levels before shortening

was complete, reducing the net work performed. Consequently, ENCI was significantly

lower when shortening lasted for 200 ms (11.0 ± 0.7 %) than for 100 ms (13.5 ± 0.7 %) or

150 ms (12.1 ± 0.5 %) shortening.
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Figure 4.8 Effects of varying the shortening duration on energetic
variables

Effects of varying the shortening duration of contractions on mean work output per
cycle (A), enthalpy output per cycle (B) and net mechanical efficiency (C) (n=7).
Isometric phase duration was 100 ms. Letters indicate statistical significance.

4.3.3 Experiment 3 - varying contraction frequency

Work output per twitch was significantly lower when the contraction frequency was

-iincreased from 2 Hz (1.09 ± 0.12 mJ g") to 3 Hz (0.89 ± 0.08 mJ g ) (Figure 4.9).
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Figure 4.9 Effects of varying contraction frequency on energetic variables

Effects of varying contraction frequency on mean work output per cycle (A), enthalpy
output per cycle (B) and net mechanical efficiency (C) (n=6). Duration of the initial
stretch or isometric period was 75 ms or 15 % of the cycle duration and shortening
was 10 % Lmax.



Chapter 4: Realistic strain patterns 76

Enthalpy output per twitch was also reduced from 8.3 ± 0.8 mJ g"1 at 2 Hz to 7.5 ± 0.5

mJ g"1 at 3 Hz, however this change was not statistically significant. The overall result was

that eNct was slightly, but significantly, lower at 3 Hz (11.9 ± 1.1 %) compared with 2 Hz

(1.3.2 ±0.8%).

4.3.4 Are steady-state and non steady-state energetics comparable?

In vivo, the heart works in an energetic steady-state; that is, ATP is synthesised at a rate

sufficient to match ATP use. In the 40 twitch protocol used in the current study, the

muscle progressed from rest to steady activity but only reached an energetic steady-state

near the end of the protocol. An energetic steady-state can be implied when the pattern of

temperature changes repeats in successive cycles (Paul, 1983). To ensure that steady-state

energetics were similar to those during the rest to work transition, recordings were made

during a protocol consisting of 60 twitches at 2 Hz (Figure 4.10).
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Figure 4.10 Time-course of enthalpy output

Example of the time-course of enthalpy output from a muscle performing 40 (•) and
60 (*) realistic contractions at 2 Hz. Isometric contraction was 15 % of the cycle
duration, while shortening and lengthening phases accounted for 35 % and 50 % of
the cycle duration respectively. The shortening amplitude was 10 % Lmax. Data points
represent the average enthalpy output per cycle averaged over 5 successive cycles.
The horizontal position of each data point corresponds to the middle of the cycles
over which the average values were calculated.

The average work performed per twitch and enthalpy output per twitch were slightly, but

significantly, lower in the 60 twitch protocol than in the 40 twitch protocol. There was,

however, no effect on 8Nct (12.5 ± 0.8 % (60 twitches) compared to 12.7 ± 0.8 % (40

twitches); n-7). Note that in order to compare the steady-state andfhon steady-state

i ? • : • / '
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energetics, it was necessary to record the total enthalpy output (i.e. including recovery

metabolism) from both 40 and 60 twitch protocols. Consequently, it is inappropriate to

just compare the energetics of the first 40 twitches with those of all 60 twitches from a

single contraction run.

4.3.5 Using the protocol as a model of ventricular muscle

The shapes of the force-length loops in Figure 4.5 differ from ventricular pressure-volume

loops in that the latter generally exhibit a clear isovolumic relaxation phase (for a

comprehensive review, see Sagawa et til, 1988). It is unclear, from strain and length

change records measured in situ, whether papillary muscles remain isometric during the

isovolumic relaxation phase with reports indicating varying degrees of shortening

(Hirakawa et al, 1977; Marzilli et al, 1985; Semafuko and Bowie, 1975), lengthening

(Rayhill et al., 1994) or no significant length change (Hirakawa et al, 1977; Rayhill et al,

1994). Regardless of the disagreement in the literature, if papillary muscles are to be used

as a two-dimensional model of ventricular muscle, the addition of an isometric relaxation

phase would enhance the realism of the model. To see whether this feature couid be

incorporated easily into the protocols used in this study, an experiment was carried out in

which the muscle length was held constant during part of the relaxation phase. The

isometric relaxation phase was incorporated into the length change pattern by selecting a

time for shortening to end and holding the length constant until relaxation was complete

(Figure 4.11).

The results from these experiments are shown in Table 4.2. As the absolute shortening

amplitude was increased, work output per twitch also increased. This result is in

agreement with the findings of Experiment 1. Once again, the enthalpy output per twitch

varied over only a small range and e^cl thus reflected the variation in work output.
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Figure 4.11 Incorporation of isometric relaxation into the realistic
contraction protocol

Examples of muscle length changes (A and B) and work loops (C) during realistic
contractions with (dotted lines) or without (solid lines) an isometric relaxation period.
The length changes shown in A are from a muscle shortening by 10 % Lmax or
incorporating an isometric relaxation period such that the absolute amplitude of
shortening was less than 10% Lmax. The length changes pictured in B are similar to
those in A, except that the maximum amplitude of shortening was 15 % Lmax. The
work loops in C correspond to the length changes in B. The numbers alongside the
traces correspond to the contraction types listed in Table 4.2.

C
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Table 4.2 Effects of incorporating an isometric relaxation period on
energetic variables

Contraction type 1

Work
(mJg'1 twitch'1)

Enthalpy
(mJg'1 twitch'1)

1.14 ±0.11° 1.08 ±0 .13" 0.92 ±0.09

7.6 ±1.2 8.0 ±1.6 8.4 ±1.9

15.4±1.3° 14.1±1.4 f l 11.9±1.2

1.34±0.14 1.24±0.10

7.4 ±1.2 7.9 ±1.9

18.8 ± 1.3 c 17.0 ± 2.0 d

All values are presented as mean ± 1 s.e.m. (n=4). Contraction type corresponds to
length change patterns illustrated in Figure 4.11. Contraction types: 1. 10% Lmax

shortening, no isometric relaxation; 2. Isometric relaxation after 7.3 % Lmax

shortening; 3. Isometric relaxation after 5.8 % Lmax shortening; 4. 15 % Lmax

shortening, no isometric relaxation; 5. Isometric relaxation after 10 % Lmax shortening.
Letters indicate statistical significance (p<0.05) where a is different to b and c is
different to d. Note that comparisons were made between groups 1-3 and between 4
and 5.

•Ti

4.3.6 Stiffness of the series elastic component

Five papillary muscle preparations were used to measure the stiffness of the SEC. SEC

stiffness increased linearly with load (Figure 4.12). The slope of the stiffness-load relation

was determined for each preparation and the mean value was 3.42 ±0.17 mm"1 (mean

muscle length was 6.1 ± 0.3 mm). The linear dependence of stiffness on load implies an

exponential dependence of extension of the series elastic component on load, as described

previously for papillary muscles by Sonnenblick (1964). The purpose of making these

measurements was to enable the velocity of the contractile component during shortening

to be calculated and to be compared to the overall velocity of shortening (see Section

4.2.3).

A quantitative assessment was made of the time-course of shortening of the contractile

component in realistic contractions. This analysis was performed for applied shortenings

of 5, 10 and 15 % Lmax and tested whether the effect of the series elastic component caused

the velocity profiles of the contractile component to be similar for all three shortening

magnitudes despite the differences in the velocity profile of the length changes applied to

the ends of the muscle. If this was so, then the constancy of the enthalpy output per twitch

(e.g. Figure 4.6B) might simply reflect the similar pattern of contractile component length

changes.
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Figure 4.12 Example of relationship between afterload and stiffness of the
series elastic component

The range of loads for this preparation (length 6.1 mm) corresponded to 0.2 to 0.8 Po.
The line was fitted through the data using the method of least squares. The method
used to calculate stiffness is described in Section 4.2.3 and illustrated in Figure 4.3.

An example of the results of this analysis is shown in Figure 4.13A. The time-course of

changes in length of the whole muscle (controlled by the experimenter) is compared to the

time-courses of length changes in the contractile component and the series elastic

component. The first notable feature is that the contractile component began to shorten

and stretch the series elastic component as soon as the contraction started, as reported

previously (Brady, 1971; Donald et al, 1980; Wong, 1973). In fact, in this example, in

which the initial "isometric" phase lasted 100 ms, the contractile component had shortened

by ~5 % Lmax before the applied shortening even started. During the applied, constant

velocity shortening, the velocity of the contractile component was not constant but

decreased steadily and reached almost zero by the time the applied shortening ended.

During the subsequent relengthening, changes in the length of the contractile component

and the whole preparation were quite similar because the rate of change in force was very

low during this phase (see Section 4.2.3).
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Figure 4.13 Examples of analysis of the time-course of contractile
component length changes

Length changes of the whole muscle (solid line) and the calculated changes in length
of the contractile component (dashed line) and the series elastic component (dotted
line) are shown in A. The length changes applied to the whole muscle at shortening
amplitudes of 5, 10 and 15 % Lmm are shown in B, while C shows the calculated
length changes of the contractile component only, at the same shortening amplitudes
as in B. All recordings were made on the same muscle {Lmax, 4.8 mm).

In Figure 4.13 (B and C), the time-courses of the applied length changes for the three

amplitudes of shortening are compared to the calculated contractile component length

changes. Irrespective of the strain pattern, the first 5 % Lmax shortening of the contractile

component had occurred before any change in preparation length. Thus, during this initial
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phase, the contractile component shortened at the same velocity and through the same

amplitude in all three examples. During the time that muscle length was being decreased,

conuactile component length continued to decrease at progressively lower velocities. The

total amplitude of contractile component shortening was affected by the amplitude of the

applied length change but not in a simple way. For instance, when the whole muscle was

shortened by 5 % Lmax, the calculated amplitude of contractile shortening was actually

~7 % Lmax. When the applied length change had an amplitude of 15 % Lmax, the calculated

contractile component shortening amounted to -13 % Lmax. The difference in these length

changes is accounted for by changes in the length of the SEC,

It should be noted that the SEC is an integral component of papillary muscles (and all

other muscles) and that the purpose of calculating contractile component length change

was simply to try to understand the mechanisms underlying the constancy of energy cost.

4.4 Discussion

Isolated papillary muscles have been used extensively as a model of cardiac muscle but in

few studies has any attempt been made to use a contraction protocol that matches the

strain pattern occurring in either the muscle of the ventricular wall or the papillary muscles

themselves. Thus, the purpose of this study was to develop a strain protocol that more

closely mimicked the actual strain patterns encountered by papillary muscles in vivo and

to characterise the energetics of rat papillary muscles using this protocol.

The strain protocol developed was based on published reports of measurements of the

actual changes in length of papillary' muscles during the cardiac cycle (Armour and

Randall, 1970; Cronin et al., 1969; Gorman et al, 1996: Hirakawa et al, 1977; Marzilli et

al., 1985; Rayhill et al, 1994; Semafuko and Bowie, 1975). Some aspects of these data

varied considerably among studies and so the influence of these variations on the

mechanics and energetics of rat papillary muscle were assessed in the present study, The

features of the strain patterns that were the least well defined from previous studies were

the duration of the isometric pliase at the start of systole or whether the length actually

increased during this phase and the fraction of the contraction-relaxation cycle ?hat was

occupied by shortening. Interestingly, none of these variables had great effects on either

the work output or the energy cost per twitch.

Using the current protocol, it was possible to alter the amplitude of shortening (which

would occur with stroke volume changes), the duration of the isometric phase at the start
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of systole (simulating changes in peak systolic pressure) and the fraction of the cycle

occupied by shortening. The latter characteristic enabled contraction frequency to be

increased without diminishing power output. The results of the present study clearly

indicate that the variable that influenced work output per twitch the most was the

amplitude of shortening (Figure 4.6). This variable can be controlled using the realistic

protocol whereas in the afterloaded isotonic protocols, the amount of shortening varies

inversely with the afterload. No other published contraction protocol allows all the above-

mentioned variables to be controlled. Furthermore, incorporating an isometric relaxation

phase into the protocol produced force-length loops (Figure 4.5) that closely resemble the

pressure-volume loops recorded from intact, beating hearts (Sagawa et al, 1988; Taylor et

al, 1993). Therefore, the strain protocol demonstrated in this study has the potential to

allow more sophisticated analyses of cardiac muscle function in vitro than has been

possible with more conventional protocols.

4.4.1 Effects of varying contraction frequency in realistic and
sinusoidal protocols

The present study tested the effects of increasing the contraction frequency from 2 Hz to

3 Hz (Experiment 3). In this experiment, the power output (work output x cycle

frequency) of the muscle increased by ~20 % and was accompanied by only a small

decline in ENct- This was due to the ability to manipulate the length change protocol so that

the durations of the shortening and lengthening periods could be set to allow adequate

time for the muscle to complete contracting before being stretched back to its resting

length. In sinusoidal protocols, both power output (Baxi et al., 2000; Layland et al, 1995)

and ENct (Baxi et al., 2000) decreased when contraction rate was increased due to the

symmetrical s ;in pattern of that protocol. As contraction frequency was increased, the

time for both shortening and lengthening was reduced (Baxi et al., 2000; Layland et al.,

1995) and relaxation was not complete prior to the muscle being stretched back to its

resting length (Baxi et al., 2000). Thus, more work was required to stretch the muscle,

reducing the net work performed (Baxi et al., 2000; Josephson, 1993).

In the current study, work output per twitch did decrease when contraction frequency was

increased but only slightly. The reduction in work output occurred despite there being

adequate time for force output to decline to resting levels before the lengthening phase

began. How can the decrease in work output and maintenance of enthalpy output per

twitch, observed to accompany an increase in contraction frequency, be explained? The
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constancy of enthalpy output implies that the total amount of ATP used in each twitch, by

both ion pumps and cross-bridges, remained constant. Although the metabolic changes

that might be expected with increased contraction frequency (e.g. increased intracellular

concentrations of inorganic phosphate and hydrogen ions) could have slightly reduced the

molar enthalpy output of PCr hydrolysis (Woledge :.nd Reilly, 1988), any such effect

would strengthen the argument that the total amount of ATP used did not decrease

significantly with the increase in contraction frequency.

In rat cardiac muscle, increasing contraction frequency is sometimes associated with a

decrease in the amount of Ca2+ released in each twitch (e.g. Frampton et al, 1991). This

could account for a lower force, and hence work, output but would also be expected to

result in a proportional reduction in total energy output. The expected changes in the

concentrations of metabolites do have the potential to alter force output without

necessarily reducing the total number of ATP-splitting cross-bridge cycles. An increased

contraction rate is associated with an increase in inorganic phosphate concentration and

acidosis (Elliott et al, 1994), both of which cause a decrease in force output in cardiac

muscle (Palmer and Kentish, 1996). It has been suggested that increased concentrations of

inorganic phosphate and hydrogen ions alter the equilibrium between the populations of

attached but non-force-generating and force-generating cross-bridges, favouring the low

force state (Hibberd <?/ al, 1985; Kentish, 1991; Palmer and Kentish, 1996). To be

consistent with the current observations, the total number of cross-bridges completing

ATP splitting cycles would have had to have remained unaltered, despite any differences

in the equilibrium between the attached states.

4.4.2 Efficiency of rat papillary muscle

The maximum net mechanical efficiency of rat papillaiy muscle using this protocol was

~12 % when the muscle shortened by 10 % Lmax and ~16 % when shortening was 15 %

Lmax. These values are comparable to those reported for cardiac muscle of frog and rat

performing sinusoidal length change protocols (Baxi et al, 2000; Syme, 1994; Chapter 3,

this thesis). The values are lower than those reported for rat papillary muscles during

isotonic contractions where efficiency was reported to be 20-25 %, (e.g. Gibbs and

Chapman, 1979; Kiriazis and Gibbs, 1995). However, it was demonstrated in Chapter 3

that the apparently high values can be reconciled with the lower values by correctly taking

account of the preload when calculating work output. When this is done, the values of all

the studies are consistent, with a maximum efficiency of approximately 15 %.
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It was suggested in Chapter 3 that the difference between reported values for the

maximum net mechanical efficiency of intact hearts (~20-25 %, e.g. Elzinga and

Westerhof, 1980; Gibbs et al, 1980) and isolated papillary muscles (~15 %, Baxi et al,

2000; Chapter 3, this thesis) might be reconciled if measurements with isolated muscles

were made using a more realistic strain protocol. However, the results of the current study

are consistent with the notion that the maximum efficiency of papillary muscles under the

conditions used in isolated muscle experiments is indeed -15 %, regardless of protocol

used. The reasons for the difference between the efficiencies of intact hearts and isolated

muscles remain unclear.

4.4.3 Why was the energy cost per twitch unaffected by changes in
strain pattern?

A striking observation from these experiments was that, at a given frequency, the enthalpy

output per twitch varied little, despite the various alterations made to the protocol. As a

result, changes in £NCt primarily reflected changes in work output.

In Experiment 1, the applied shortening velocities ranged between 0.25 and 1.0 Lmaxs'].

This is a small range of shortening velocities compared to the complete range of velocities

that can be attained hi vitro using isotonic contractions. However, since the amplitude of

shortening and the proportion of the cycle duration occupied by shortening were obtained

| from measurements made in situ, the range of velocities used in this study corresponds to

those experienced in vivo. As mentioned previously, the maximum shortening velocity

(Kiax) of rat papillary muscle is ~3.25 Lmax s"1 at 27°C. Velocities of 0.25 and 1.0 Lmax s'1

thus correspond to -0.08 V,mx and 0.3 Vmax respectively. It appears likely, therefore, that

papillary muscles operate over only a small fraction of the complete range of shortening

velocities and any inherent velocity-dependence of enthalpy output would be unlikely to

be apparent using this protocol. The calculated time-courses of change in contractile

component length indicated that the insensitivity of the enthalpy output per twitch to the

pattern of applied length changes was not due to the contractile component undergoing the

same pattern of length changes in all cases.

It has been proposed that the energy cost of a cardiac twitch is relatively insensitive to the

pattern of mechanical activity during the twitch because cross-bridge kinetics are

sufficiently slow that there is only enough time for each cross-bridge to perform a single

cycle (Gibbs and Barclay, 1998; Rossmanith et al, 1986). Countering this idea is the

observation that energy cost per twitch varies considerably with afterload in isotonic
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contractions (Kiriazis and Gibbs, 2000). Furthermore, the energetics of isotonic

contractions are difficult to interpret due to the variable time spent in an isometric state at

the beginning of the contraction and the variation of shortening amplitude with afterload

(see Section 4.4.4).

When contractile filaments slide past one another during shortening, cross-bridges would

be expected to detach when they are drawn sufficiently past the position at which their

free energy is minimal. If they were then to reattach to another binding site further along

the actin filament and split ATP in each cycle, then more ATP would be hydrolysed in

each twitch and the enthalpy output would be greater. The current results, and those of

earlier investigations (Gibbs and Gibson, 1970; Holroyd and Gibbs, 1992), show that this

is not the case; at best, there is only a very modest increase in enthalpy output per twitch

between isometric and shortening contractions (compare values in Table 4.1 with Figure

4.6). Thus, if cross-bridges do perform more cycles when a papillary muscle shortens than

when it contracts isometrically, the cycles must not be accompanied by ATP splitting.

Ideas of this kind have been proposed to account for the decline in rate of enthalpy output

with increasing velocity often observed at high shortening velocities in skeletal muscle

(Barclay, 1999; Huxley, 1973). An alternative explanation is that cross-bridges in cardiac

muscle are unlikely to reattach to another binding site once they have detached. This idea

is the basis of most models devised to account for the cardiac muscle phenomenon of

shortening deactivation. Briefly, it is envisaged that when a cross-bridge detaches at any

time in a twitch other than the first 20 % of twitch duration, the probability of

reattachment is low. This is likely to be a consequence of the combination of low

intracellular Ca2+ levels at these times and the tension-dependence of Ca2+-troponin

binding (for a review, see Hunter et al, 1998).

4.4.4 Enthalpy-load relation of muscles performing after/loaded
isotonic contractions

The insensitivity of the enthalpy output per twitch to variations in shortening in the current

study appears to be inconsistent with the enthalpy-load relation of rat papillary muscles

performing afterloaded isotonic contractions (Kiriazis and Gibbs, 2000). To make a direct

comparison between values from the current study and isotonic enthalpy-load data, the

latter were estimated from Figure 4 in Kiriazis and Gibbs (2000) for loads ranging from

0.1 to 1 Po. The relative velocity {V/Vmax) at each load was calculated using the following

equation (Woledge etal., 1985):
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Relative velocity=
1-Load

(Load*G)+l

where G = P§la. The value of G at 27°C was 1.96, calculated from equations relating a

and Po for rat cardiac trabeculae to temperature (Ullrick, 1964). PQ is simply the active

isometric force output and a quantifies the curvature of the force-velocity relation. The

calculated relationships between relative velocity and enthalpy output per twitch for the

data from Kiriazis and Gibbs (2000) and for the current study are shown in Figure 4.14A.
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Figure 4.14 Estimate of relationship between relative velocity and
enthalpy output

Absolute enthalpy output per twitch is shown as a function of relative velocity in A. B
shows enthalpy output per twitch expressed relative to enthalpy output in an isometric
twitch over the same relative velocity range. Data for afterloaded isotonic
contractions from Kiriazis and Gibbs (2000) are shown in grey and those from the
current study are displayed in black (n=7). The two dashed lines show the range of
velocities used in the current study (0.08-0.31 V/Vm(lx). As velocity increased over this
range, the enthalpy output from afterloaded isotonic contractions decreased by ~15 %.
Note that the two lower points from the current study are from contractions where the
initial isometric duration was 10 % of the cycle duration and shortening was 10 or
15 % LmiLX (see Figure 4.6). See text for other details.

Based on the data from Kiriazis and Gibbs (2000), increasing shortening velocity from

0.25 to 1.0 Lmax s"! (0.08 to 0.31 V/Vmax) would correspond to a drop in enthalpy output per

twitch of approximately 15 %. This change in enthalpy output was not observed in the

current study. This is shown most clearly in Figure 4.14B where the relative enthalpy

output is plotted against relative velocity. Here, the relative enthalpy output remains stable
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over the range of velocities tested in the current study (with the exception of two points,

see figure legend), but falls away sharply for the experiments of Kiriazis and Gibbs

(2000). It is interesting to note that the two points from the current study that were closest

to the isotonic data were those with the shortest isometric period before shortening started.

This suggests that starting to shorten relatively early in a twitch reduces the energy cost.

Perhaps this effect underlies the decrease in energy cost with increasing velocity

(decreasing load) in isotonic contractions: the earlier in a twitch that the muscle begins to

shorten, the lower the total energy cost. In this scheme, the effects of both shortening

velocity and amplitude have less effect on energy cost per twitch than the time at which

the muscle begins to shorten. Note that this cannot be the sole determinant of energy cost

because the contractions in which the shortening amplitude was 5 % Lmax and the isometric

duration was 10 % cycle duration were not accompanied by the reduced energy cost.

4.4.5 Isometric relaxation

To simulate in vivo ventricular muscle length changes, the linear length change protocol

was modified to include an isometric relaxation phase. This modification resulted in force-

length (work) loops that resemble the pressure-volume loops of the intact ventricle

(Sagawa et al., 1988). Initially, it was hypothesised that the force might increase when

controlled shortening was stopped abruptly since the muscle was still actively generating

force. However, force continued to decline steadily with time despite the abrupt cessation

of shortening (Figure 4.11C). This observation is consistent with the shortening-induced

deactivation described previously for cardiac muscle. Briefly, once a cross-bridge detaches

from the actin filament it is unlikely to reattach to the thin filament. The ability to include

an isometric relaxation phase allows the protocol developed in this study to simulate

changes in end-systolic volume, which is not achieved easily using conventional

protocols.

4.4.6 Comparison with studies of energy use in whole heart

Using an excised, whole heart model, Suga and colleagues have consistently reported a

linear relationship between the pressure-volume area (PVA) and the rate of oxygen

consumption (i.e. energy cost) in the left ventricle of dogs (reviewed by Suga, 1990). It

should be noted that the PVA includes not only the work loop, as calculated in the current

study, but also a 'potential energy' term that is enclosed by the extrapolation of both the

active and passive pressure-volume relationships to zero pressure. For papillary muscles,

the two-dimensional analogue of PVA is the force-length area (FLA). There is also a
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linear relationship between FLA and the rate of oxygen consumption (Hisano and Cooper,

1987; Mast and Elzinga, 1990). Thus, both PVA and FLA provide indices of the energy

cost of a cardiac twitch (Taylor et ah, 1993).

The alteration in strain pattern that was likely to have had the greatest effect on FLA in the

current study was altering the amplitude of shortening (see Figure 4.5A). An estimate was

made of the difference in FLA for contractions with the greatest and smallest amplitude

length changes shown in Figure 4.5A. The active and passive isometric force-length

relations were plotted to form the boundaries of the FLA diagram for the examples shown

in Figure 4.15. This enabled FLA diagrams specific to this particular muscle to be formed.

Work loops for this muscle were simply plotted using the same axes as the force-length

relations. The remaining area under the lower boundary of the work loop corresponds to

Suga's potential energy term.
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Figure 4.15 Force-length area diagrams for two amplitudes of shortening

Examples of force-length area plotted using single twitches. The passive (lower solid
line) and active (upper solid line) length-tension relations were determined from
isometric twitches. The FLA for a realistic twitch shortening by 5 % Lmax is shown in
A while the muscle shortened by 15 % Lmax in B.

It was estimated that FLA for a shortening amplitude of 15 % Lmax would have been

-90 % of that for the 5 % Lmax shortening. If it is assumed that the dimensionless slope of
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the relationship between enthalpy per beat and FLA is 2.5 and the enthalpy output when

extrapolated to FLA of 0 is 4 mJ g"1 (Kiriazis and Gibbs, 2000), then the difference in

energy cost per beat between shortening amplitudes of 5 and 15 % Lmax would have been

only ~1 %. Such a small difference would be undetectable using our, or any other, energy-

measuring technique. Thus, the observed constancy of energy cost per beat in the face of

substantial changes in shortening amplitude does not conflict with the idea that FLA, or

PVA, provides a good index of energy cost for cardiac muscle.

4.5 Conclusion

Previous studies have made use of measurements made in vivo to design contraction

protocols for use with preparations in vitro. For instance, Marsh (1999) summarises the

various 'realistic' contraction protocols for use with isolated skeletal muscle preparations

while Harwood et al. (1998) used the dynamics of whole fish hearts to design a protocol to

make mechanical measurements using ventricular muscle. The current study is the first to

adapt strain trajectories of papillary muscles measured /// vivo to a contraction protocol for

use with isolated papillary muscle preparations and the first to measure the energetics of

cardiac muscle using such a protocol. This protocol allows more sophisticated analyses of

cardiac muscle energetics because it is possible to simulate many of the major

characteristics of cardiac function /'// vivo. It is notable that the energy cost per twitch and

maximum net mechanical efficiency values were similar to those reported in Chapter 3.
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Chapter 5: Effects of hypothermia on the
energetics of rat papillary muscles

5.1 Introduction

Cardiac hypothermia, in conjunction with potassium-induced cardiac arrest, has been used

extensively during cardiopulmonary bypass surgery as a means of reducing cardiac

oxygen consumption to minimise damage to the heart resulting from periods of ischaemia.

Ischaemic periods result from the intermittent perfusion that the majority of surgical teams

rely on for better visibility of the surface of the heart. Many experimental studies of the

effects of cardiac surgery on the heart have incorporated both ischaemic periods of

varying duration and hypothermia. Few studies have investigated the effects of just the

hypothermic insult on cardiac muscle itself.

Cardiac surgery performed under hypothermic conditions has been used routinely for adult

patients since the 1960s (reviewed by Cook, 1999). This practice developed following the

important experiments of Bigelow et al. (1950b) who reported that whole body oxygen

consumption of dogs decreased almost linearly with decreases in body temperature to

20°C. In another paper published later the same year, Bigelow et al. (1950a) proposed that

whole body hypothermia could be used as a safe platform for cardiac surgery in

conjunction with an appropriate anaesthetic to eliminate shivering which would otherwise

cause an increase in oxygen consumption. Shortly after the demonstration that whole body
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oxygen consumption was decreased by hypothermia, Melrose et al (1955) described a

technique for arresting the heart using a high potassium solution. Cardiac surgeons have

long believed that the reduction in oxygen consumption caused by the combination of

potassium-induced cardiac arrest and hypothermia protects the heart from periods of

ischaemia. Damage caused by ischaemia has been well-documented (Hearse, 1990; Hearse

and Bolli, 1992; Jennings and Reimer, 1991). Extended ischaemia can cause myocardial

necrosis but even relatively brief periods can also lead to some cellular damage. In the

latter case, the damage occurs subsequent to reperfusion and is primarily due to Ca2+

overload (Allen et al, 1993). Note that most surgery is performed with the heart perfused

with low temperature cardioplegia (4-10°C) while the whole body temperature is only

mildly hypothermic (28-33°C) (Lichtenstein et al, 1991a; Lichtenstein et al, 1991b;

Martin et al, 1994) to protect the brain from neurologic damage (Martin et al, 1994).

Two papers published in the early 1990s advocated a shift to cardiac surgery performed at

normothennic temperatures for most patient groups (Lichtenstein et al, 1991a;

Lichtenstein et al, 1991b). This was due to concerns over the lasting damage that

hypothermia seemed to have on the heart. For instance, it was reported that patients who

underwent surgery using the hypothermic technique displayed increased incidences of

mortality or lower cardiac output immediately following removal of the cardiopulrnonary

bypass system a*id long-term low cardiac output (Lichtenstein et al, 1991a; Lichtenstein

et al, 1991b) compared to a similar cohort of patients who underwent surgery with

normothermic perfusion. Other negative effects on the heart that have been associated

with hypothermia include cell swelling, acidosis, shifts in the oxyhaemoglobin

dissociation curve and increased plasma viscosity (Gaillard et al, 2000; Stephenson et al,

2000). A comprehensive review of both cold and warm perfusion techniques is given by

Cook (1999).

Although some surgical teams are now routinely using normothermic or 'tepid' (32-34°C)

temperatures during cardiac surgery (Cook, 1999; Lichtenstein et al, 1991a; Lichtenstein

et al, 1991b; Mauney and Kron, 1995), most cardiac surgery is still performed under

hypothermic conditions (Gaillard et al, 2000) in which the heart is intermittently perfused

with a potassium-enriched, cold cardioplegic solution. Intermittent perfusion allows for

better visualisation of the surgical target but it may be the effects of these ischaemic

periods and subsequent reperfusion that account in whole or in part for the negative effects

that are attributed to hypothermia, e.g. lower post-bypass cardiac output.

(\
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5.1.1 Aims of this chapter

Although the clinical advantages and disadvantages of the hypothermic technique have

been well publicised, there is little data pertaining to the acute effects of a hypothennic

period on cardiac tissue itself following rewarming.

The aim of the experiments described in this chapter was to determine the effect of a

period of hypothermia on energetic variables of rat papillary muscles using the realistic

strain pattern developed in Chapter 4. The present study investigated the metabolic

recovery from hypothermia by measuring energy use, work output and efficiency of

isolated papillary muscles over a 2 hr period following rewarming. The effects of both, the

hypothermic temperature and the duration of hypothermia were investigated. By using an

isolated papillary muscle preparation, the effects of hypoxia and ischaemia were avoided

so that any observed changes in energetic variables could be attributed to the cold period

per se. Glucose was provided as the metabolic substrate since the combination of glucose

and oxygen has been shown to be beneficial to recovery of rat hearts following

hypothermia (Doherty et .7/., 1992).

5.2 Materials and methods

The materials and methods used for the experiments reported in this chapter are presented

in Chapter 2. Only those methods specific to the current experiments wil1 be described

here.

5.2.1 Thermopile

Muscle temperature change was measured using a thermopile with an active recording

region of 4 mm containing 16 thermocouples. The output of this thermopile was

0.812 mV°C'.

5.2.2 Experimental protocols

In these experiments, muscle temperature was maintained at 30°C during the 1.5 hr

equilibration period. The preparation was then set to the length at which active force

production was maximum (Lmax) as described in Section 2.11.2.

The contraction protocol for this study consisted of 40 twitches at a rate of 2.2 Hz. The

cyclical strain pattern was based on that developed in Chapter 4 and consisted of three

phases: (1) an initial isometric phase that accounted for 10 % of the cycle duration, (2) an

isovelocity shortening phase that occupied 40 % of the cycle duration and (3) an
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isovelocity relengthening phase that made up the remaining 50 % of the cycle. The

amplitude of shortening was 10 % Lmax (see Figure 4.2 in Chapter 4).

The current study was designed to test whether cooling the papillary muscle preparations

affected the energetics of the muscles following rewarming. After the initial stabilisation

period at 30°C, 1-3 control recordings of mechanical and thermal energy output were

made with the muscle out of solution. The muscle was reimmersed in solution and then

cooled over a period of 10 min to either 15°C (Experiment 1) or 8°C (Experiments 2 and

3). The muscle was maintained at the selected temperature for either 1 hr (Experiments 1

and 2) or 2 hr (Experiment 3) (see Table 5.1) and was not stimulated during this time. In

all experiments, the muscle was then rewarmed to 30°C over a 10 min period. The first

post-rewarming measurement was made 10 min after this to allow time for the thermopile

output to stabilise following drainage (see Section 2.11). The muscle was not stimulated

until this first recording. Measurements were then made every 20 min for 2 hr, with the

muscle being immersed in solution and contracting at 0.2 Hz between recordings (Figure

5.1).

Table 5.1 Experimental protocols

Experiment Experiment 2 Experiment 3

Initial temperature (°C)

Cold temperature (°C)

Duration of hypothermia (hr)

30

15

1

30

8

1

30

8

2

s
8.

I
Time

Figure 5.1 Illustration of time-course of experiment

A control recording (left-hand black triangle) was made at the end of the equilibration
period. In this example, the muscle was cooled over 10 min (left-hand dotted line) and
maintained at the lower temperature for 1 hr. The muscle was then rewarmed over 10
min (right-hand dotted line). Following rewarming, recordings were made every 20
min for 2 hr beginning 10 min after re-establishment of the pre-cooling temperature.
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The initial experiments were performed using a hypothermic temperature of 15°C. This

temperature was used by Belke et al. (1997) and in that study there was a substantial

reduction in cardiac output from rat hearts following a 2 hr period of hypothermia.

Initially, a 1 hr hypothermic period was used since this is the time that most patients spend

on cardiopulmonary bypass during cardiac surgery (Lichtenstein et al, 1991a).

Subsequent experiments were conducted at 8°C since many previous studies of the effects

of ischaemia and hypothermia used a similar temperature {e.g. Ericsson et al, 1999).

Finally, the duration of the hypothermic period was extended to 2 hr to determine whether

duration of hypothermia had any effect on work output.

It should be noted that the solution was drained from the muscle chamber ~5-8 min prior

to making recordings of muscle mechanical and thermal energy outputs. The muscle

remained quiescent during this time. Each recording took <2 min to complete so that the

maximum amount of time that the muscle was out of solution was 10 min. It has been

demonstrated previously that papillary muscles did not suffer any adverse functional

effects from periods out of solution for up to 20 min as long as the muscle was supplied

with O2 (Allen et al, 1989). In the current experiments, the chamber was supplied with O2

saturated with water vapour, even when the solution was drained, providing further

confidence that muscle function was not affected adversely by these short periods out of

solution.

The temperature of the thermopile frame was controlled by circulating water from a

temperature controlled, 40 1 reservoir through channels in the frame (see Section 2.5.1). In

this study, a second reservoir was maintained at the lower temperature allowing the

temperature of the thermopile frame to be altered quickly by interchanging the two

reservoirs. The thermopile frame took -10 min to equilibrate to the new temperature.

5.2.3 Analysis

For each muscle, the post-rewarming values of energetic variables were expressed relative

to the control value measured following the stabilisation period to give a within

experiment change. These values were then averaged to give mean values expressed as a

percentage of the control value. The data were then analysed statistically as described in

Section 2.12. Note that the pre-cooling value of 100 % was not included in the ANOVA

analysis since this would have artificially decreased the variance. This value was re-

included with the remaining data before the LSD test was performed.
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5.3 Results

The aim of this study was to determine the effects of a cold period on papillary muscle

energetics. General characteristics of the papillary muscles used in this study are presented

in Table 5.2. The mean CSA of the preparations was higher in Experiment 1 than in

Experiments 2 and 3. This was largely due to the inclusion of 2 preparations of ~1 mm2

CSA in Experiment 1. The CSA of the remainder of the preparations in this group ranged

from 0.56 to 0.75 mm . The mean active stress (mN mm") in Experiment 1 was lower

compared with Experiments 2 and 3 which may reflect the dependence of normalised

force on CSA as described previously (Loiselle, 1979; Loiselle and Gibbs, 1979). Note

that the mean isometric active force was lower in all experimental groups at 30°C (this

chapter) compared to those at 27°C (Chapters 2 and 3). This is due to the well-documented

positive inotropic effect of a lower temperature. The lower temperature causes Ca" to be

present in the cytosol for a longer period of time during each twitch which, in turn, allows

more cross-bridges to attach. Cross-bridge kinetics are also slowed at lower temperatures

resulting in cross-bridges staying attached for longer. Both these effects would tend to

increase peak twitch force output.

Table 5.2 Characteristics of papillary muscle preparations

Number of
preparations

Wet mass (mg)

Lmax (mm)

CSA at Lmax (mm2)

Passive stress at Lmax

(mN mm"1)

Active stress at Lmax

(mN mm'2)

Passive stress/active
stress at Lmax

Experiment 1

8

3.91 ±0.49

4.79 ±0.31

0.77 ±0.07

10.9 ±1.4

11.2 ± 1.6

1.1 ±0.2

Experiment 2

5

1.92 + 0.19

3.92 ±0.20

0.47 ± 0.05

11.6+1.5

14.4 ±2.6

0.9 ±0.2

Experiment 3

3

2.68 ±0.61

5.03 ±0.88

0.53 ±0.15

10.9 ±1.9

19.8 ±2.7

0.6 ±0.1

One muscle was excluded from the 2 hr, 8°C hypothermia data set due to poor mechanical

performance. The poor performance was most likely due to over-dissection of this

preparation (CSA = 0.29 mm2). The muscle produced very little force during the initial

equilibration period (maximum isometric force output of <3 mN) and failed to respond to

i ' - . i
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stimulation following the 2 hr hypothermic period. It is interesting to note that none of the

muscles used in this study twitched spontaneously (i.e. not in synchrony with stimuli) as a

result of the cooling period. It has been reported previously that rat papillary muscles and

myocytes exhibit spontaneous twitches when cooled to 15°C or below (Liu et al, 1991b;

Lmetal, 1990a).

5.3.1 Changes in passive tension during cooling and rewarming

The passive tension produced by the papillary muscles was observed to vary considerably

during the cooling and rewarming periods (Figure 5.2).
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Figure 5.2 Effects of changing temperature on passive tension

A representative example of the changes in passive tension associated with cooling a
muscle from 30°C to 8°C is shown in A and rewarming the muscle from 8°C to 30°C
in B. Temperature changes are shown in black and passive tension changes are shown
in grey. Temperature (°C) was manually noted from the block temperature every 10 s
for the first 5 min and every 1 min thereafter until 10 min. Force output was sampled
at 1 Hz. In this example, the muscle was maintained at 8°C for 1 hr.
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In Experiment 1, the mean passive tension of the preparations during the stabilisation

period at 30°C was 8.1 ± 0.8 mN. As the muscles were cooled to 15°C, the tension

increased, eventually stabilising at -30 mN. In Experiments 2 and 3, where the muscles

were cooled to 8°C, the tension increased from ~5-6 mN to -50-60 mN (Figure 5.2). In all

experiments, tension decreased during the rewarming period, eventually returning to a

tension close to the original passive tension value in a temperature-dependent manner.

The same data used in Figure 5.2 were used to plot a graph of force output against muscle

temperature change (Figure 5.3). This diagram allows an estimate of the temprrature

below which the force output of the unstimulated muscle rises rapidly. The data indicate

that during cooling force output increased rapidly once temperature decreased below

~20°C. Between 20 and 30°C, there was little variation in force output. Interestingly,

during rewarming the relationship between force output and temperature differed from

that observed during cooling; force output was higher during rewarming than cooling.

Only at temperatures approaching 30°C did force return to its pre-cooling resting value.

50

40

30

O

8 20

10

rewarming

8 10 12 14 16 18 20 22 24 26 28 30

Temperature (°C)

Figure 5.3 Changes in force output with temperature

This figure illustrates how the changing temperature influences muscle force output
during cooling (black line) and rewarming (grey line). Cooling from 30 to 25°C had
little effect on the force output and from 25 to 20°C, the force output began to
increase. At temperatures below 20°C, muscle force output increased a relatively
small amount to 15°C and then in greater amounts to 8°C. The force output was
higher at each temperature during rewarming compared with the cooling relationship.
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5.3.2 Effects of 1 hr, 15°C hypothermia on energetic variables

The effects of cooling papillary muscles to 15°C and maintaining this temperature for 1 hr

on work output, enthalpy output and ENet following rewarming are shown in Figure 5.4.

Work output per twitch was significantly lower than th- control value when first measured

after rewarming but then recovered and was the same as the control value at the 30, 50 and

70 min post-rewarming time-points (Figure 5.4A). Following this recovery, work output

per twitch again decreased and was significantly lower than control for the remainder of

the experiment. At 130 min post-rewarming, the work output per twitch was -86 % of the

control value.

Enthalpy output per twitch did not vary in the same way as work output per twitch (Figure

5.4B). Although it appears that enthalpy output per twitch was reduced at the 10 min time-

point, this change was not significant statistically. Enthalpy output per twitch did not

differ significantly from the control value at any time-point other than at 50 and 70 min

post-rewarming. At these times, the enthalpy output per twitch was increased significantly.

A Work output per twitch B Enthalpy output per twitch C Net mechanical efficiency

1I

10 30 50 70 90 110130 10 30 50 70 90 110130

Time post-rewarming (min)

10 30 50 70 90 110130

Figure 5.4 Effects of 1 hr, 15°C hypothermia on energetic variables

Effects of a 1 hr, 15°C period of hypothermia on work output per twitch (A), enthalpy
output per twitch (B) and net mechanical efficiency (C) (n=8). All post-rewarming
time-point values (grey columns) are expressed as a percentage of the control pre-
cooling value (100 %, black columns). Asterisks indicate a statistically significant
difference (p<0.05) from the control value.
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The effects of the cold period on 8Net are shown in Figure 5.4C. ENet was the same as the

control value at 10 min post-rewarming due to significant decreases in both work output

per twitch and enthalpy output per twitch. There was also no significant change to 8Net at

30 min since, at this time, the work and enthalpy outputs per twitch were the same as their

respective controls. For the remainder of the protocol, 8Net was significantly decreased

with respect to control. At 50 and 70 min post-rewarming, this decrease was due to an

increase in the enthalpy output per twitch accompanied by no change in work output per

twitch. At 90-130 min, the decrease in eNet was caused by a significant decrease in work

output per twitch accompanied by no change in enthalpy output per twitch relative to

control values.

5.3.3 Effects of 1 hr, 8°C hypothermia on energetic variables

The changes in work output following rewarming were relatively modest compared to

some reported in the literature. For example, Belke reported a -65 % decrease in cardiac

work (averaged over 30 min rewarmed period) following a 2 hr period of hypothermia at

15°C. It was thought tha; perhaps the change in temperature used in the current study was

not great enough to cause such changes, so muscle temperature was reduced to 8°C, rather

than 15°C, to see if this caused more substantial decreases in work output and 8NCt- The

effects of cooling to 8°C and maintaining this temperature for 1 hr, as before, on work

output, enthalpy output and 8Nct following rewarming are shown in Figure 5.5.

Work output per twitch was significantly lower than the control value at all times

following rewarming to 30°C (Figure 5.5A). Note that the work output did recover

somewhat (30 and 50 min) following the first measurement, however this was not

sustained. Work output per twitch was still only -63 % of the control value at the final

time-point (130 min post-rewarming). Enthalpy output per twitch was also significantly

lower than the control value at every measured time-point following rewarming (Figure

5.5B) and followed the same general pattern of post-rewarming depression as the work

output.

was also significantly lower following rewarming compared to the control, pre-

cooling value (Figure 5.5C). This was due to a greater depression in work output than in

enthalpy output. The only value that did not differ statistically from the control value was

the 50 min post-rewarming value. This was due to a further relative decrease in enthalpy

output compared to work output at that time.
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Figure 5.5 Effects of 1 hr, 8°C hypothermia on energetic variables

Effects of a 1 hr, 8°C period of hypothermia on work output per twitch (A), enthalpy
output per twitch (B) and net mechanical efficiency (C) (n=5). All post-rewarming
time-point values (grey columns) are expressed as a percentage of the control pre-
cooling value (100 %, black columns). Asterisks indicate a statistically significant
difference (p<0.05) from the control value.

5.3.4 Experimental recordings before and after a period of
hypothermia

Typical records of length change, force output, muscle temperature change and cumulative

work, heat and enthalpy outputs over a contraction protocol are shown in Figure 5.6 for a

control, pre-hypothermia recording and another made 30 min following rewarming to

30°C.

The first point to note is that the passive tension was lower following the cooling and

rewarming. An advantage of determining work output using the work loop technique is

that changes in passive tension do not of themselves affect calculations of net work output.

Note that the length of the muscle was held constant during this period. In addition to the

lower passive tension evident in this example is the change in pattern of force output.

Although the peak force output in the first post-rest twitch was high in both record*!,^, the

peak force output in the subsequent twitches in the post-rewarming recording did not

follow the usual positive staircase pattern exhibited in Figure 5.6A and Figures 3.3 and 4.4
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in earlier studies in this thesis. The force output in Figure 5.6B was relatively constant

following the high force output of the first twitch.

The temperature change and the heat output of the muscle over the contraction protocol

were reduced markedly following cooling and rewarming. The enthalpy output was also

reduced due to the lower work and heat outputs.
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Figure 5.6 Examples of typical recordings before and after hypothermia

Records shown (from top to bottom) are change in muscle length from Lmax, force
output, change in muscle temperature and cumulative work (solid line), heat (dashed
line) and enthalpy (dotted line) outputs. The panels shown in A are taken from a
muscle prior to the period of hypothermia and those in B are taken from the same
muscle at the 30 min post-rewarming time-point following a 1 hr, 8°C period of
hypothermia. (Muscle mass, 2.21 mg; length, 4.1 mm, CSA, 0.51 mm2).
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The first 4 s of the force and enthalpy output records are shown on an expanded scale in

Figure 5.7. Again, it is clear that the muscle produced less force and enthalpy per twitch

following the 1 hr, 8°C period of hypothermia.
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Figure 5.7 Comparison of force and enthalpy outputs before and after a
period of hypothermia

The first 4 s of the force records shown in Figure 5.6 are shown in A. The control,
pre-hypotherniia recording is shown in black and the 30 min post-rewarming
recording is in grey. The corresponding enthalpy outputs are shown in B.

5.3.5 Effects of hypothermia on work loops

In these experiments, net work output was calculated by integrating force output with

respect to muscle length change. This is equivalent to calculating the area enclosed by a

plot of force output against muscle length change. Work loops are shown in Figure 5.8 (A

and B).

The loops shown are taken from recordings made on the same muscle. Following cooling

and rewarming, the muscle developed less force during the initial isometric period. The

muscle subsequently produced less force during shortening (Figure 5.8, A and B). To

provide a direct comparison of the active force outputs before and after cooling, the

passive force was removed from the records by subtracting the appropriate force output at

the end of the relengthening period (equivalent to the end-diastolic force) from each

record (Figure 5.8C). Further, to determine if the difference in active force output was due

simply to a scaling of force output or was also due to a change in the force-velocity profile
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of the muscle, the active force record was normalised by peak force (Figure 5.8D). The

results of this analysis indicate that the active force-generating ability of the muscle was

reduced (Figure 5.8C) and, furthermore, the force-velocity properties also appear to have

been altered as indicated by the lower normalised force during the shortening phase in the

post-rewarming recording (Figure 5.8D). Remember that shortening in this protocol

occurred at a constant velocity.

A B

i
Q.

0)

Jjj
o

JS
<

8 '

I 6
o

I 5

•s 0
8

-l

-2

-0.4 -0.3 -0.2 -0. 0.0

-0.4 -0.3 -0.2 -0.1

Length change (mm)

0.0

i
I
o

1

D

1.0

J 0.9

O

rc
e

iv
e 

fo

u

is
ed

go
Z

0.8

0.7

0.6

0.5

-0.4 -0.3 -0.2 -O.i 0.0

-0.4 -0.3 -0.2 -0.1

Length change (mm)

0.0

Figure 5.8 Comparison of work loops from control and post-rewarming
recordings

These work loops are taken from the 131'1 twitch of the control (A) and the 30 min
post-rewarming recordings (B) shown in Figure 5.6. In C, the records were
normalised by subtracting the force at the end of the relengthening period just prior to
contraction. In D, the records were normalised by peak contraction force. In C and D,
the black traces are the control records and the grey traces are the 30 min post-
rewarming records.
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5.3.6 Effects of 2 hr, 8°C hypothermia on energetic variables

As a final test of the effects of hypothermia on the energetics of isolated papillary muscles,

muscle temperature was again decreased from 30 to 8°C but was maintained at this

temperature for 2 hr instead of 1 hr to determine if the time spent^at the lower temperature

was an important factor in the depression of energetic variables. The effects of cooling to

8°C and maintaining this temperature for 2 hr on work output, enthalpy output and 8Net

following rewarming are shown in Figure 5.9.

A Work output per twitch B Enthalpy output per twitch C Net mechanical efficiency
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Figure 5.9 Effects of 2 hr, 8°C hypothermia on energetic variables

Effects of a 2 hr, 8°C period of hypothermia work output per twitch (A), enthalpy
output per twitch (B) and net mechanical efficiency (C) (n=3). All post-rewarming
time-point values (grey columns) are expressed as a percentage of the control pre-
cooling value (100 %, black columns). Note that a statistical comparison was not
made due to the small number (n=3) of muscles in this group.

It is evident from Figure 5.9 that the pattern of changes in work output per twitch

following rewarming was similar to that in Experiment 2 (Figure 5.5). At the final time-

point, work output per twitch was -64 % of the control value (in Experiment 2, the

corresponding value was ~63 %). It appears that the enthalpy output per twitch was more

depressed than in Experiment 2 but this is inconclusive due to the small number of

muscles included in the data set (n=3). Note, however, that the error bars in Figure 5.9 are

very small indicating that the 3 muscles in this group responded to the period of

hypothermia in a very similar manner. The decrease in work output compared to the
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control, pre-hypothermia value was similar to that found in Experiment 2. However, the

further depression in enthalpy output resulted in ENet remaining closer to the control, pre-

hypothermia value.

5.4 Discussion

The current study investigated the effects of hypothermia on isolated rat papillary muscles.

An important aspect of this study was the avoidance of hypoxia which is usually a

consequence of the ischaemic periods inherent in most cardiac surgery. The muscles used

in this study were supplied with oxygen throughout the experiment and during the period

of hypothermia the muscle was immersed in solution that was agitated by the carbogen

supply. Solution was removed from the chamber when measurements were made during

the control and rewarming periods. This is equivalent to transient ischaemia but, very

importantly, without hypoxia. The muscle was not stimulated for the majority of time

during these periods. It should be noted that in the experiments reported in Chapters 3 and

4, these periods did not affect the energetics of the muscle over the course nf an

experiment. It has also been reported that cardiac muscle function is not affected by <20

min periods out of solution as long as the muscle is constantly supplied with oxygen

(Allen et al, 1989).

The main finding of this study was that the work and enthalpy outputs were decreased

following 1-2 hr hypothermia at 8°C. These decreases caused relatively small changes to

ENet-

5.4.1 Changes in passive tension during cooling

Large magnitude changes in passive tension accompanied cooling of the papillary muscles

from 30°C to both 15 and 8°C. Liu et al. (1990) also observed an increase in the resting

force of isolated rat papillary muscles, although they report this increase for temperatures

below 15°C whereas the increase was observed at temperatures below ~20°C in the

current study. This type of response has also been observed in whole heart studies. For

instance, Aasum and Larsen (1999) reported an increase in left ventricular end-diastolic

pressure during hypothermia. In that study, the heart was continuously perfused with

oxygenated Krebs-Henseleit solution. Buckberg et al. (1977) reported a decrease in

diastolic compliance during cooling. Again, the hearts were supplied with oxygenated

saline throughout the experiment.
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5.4.2 Could increased passive tension reflect temperature-dependent
properties of parallel elastic elements?

In the simple, but nonetheless useful, model of muscle as a contractile element in series

with an elastic element and in parallel with another elastic element, it is generally

envisaged that passive tension arises from the extension of the parallel elastic element. Is

it possible that a decrease in temperature could increase the tension in parallel elastic

elements without altering the length of the element? Such an effect does indeed exist: the

thermoelastic effect. Thermoelasticity refers to the thermal changes that accompany a

change in stress on a given material.

Hill (1952) has investigated the thermoelastic properties of passive skeletal muscle. He

found that passive muscle, in contrast to active muscle, has rubber-like thermoelasticity;

that is, a decrease in temperature would tend to increase the tension in the elastic elements

giving rise to passive force, as observed in the current study. However, the magnitude of

the change in tension from thermoelastic properties would probably be much smaller than

that observed in the current study. For example, if the change in heat content of the

muscles upon cooling and the increase in passive force were used to estimate the

thermoelastic coefficient (R) then R would have to be ~1 x 103 which is ~106-fold larger

than that found experimentally in muscle (Hill, 1952). It is, therefore, highly improbable

that the increased passive tension with decreasing temperature observed in the current

study could be accounted for by thermoelasticity.

5.4.3 Could the observed increase in passive tension be the result of
ATP depletion?

Another mechanism by which muscles can develop sustained high forces is through ATP

depletion. In this situation, attached cross-bridges are unable to detach. Contracture caused

by ATP depletion can lead to serious and irreversible consequences (Stringham et al,

1992). Doherty et al. (1992) reported an increase in coronary resistance, indicating

contracture, when oxygen was not present in the perfusate. In the experiments reported in

this chapter, muscles remained immersed in oxygenated solution containing 10 mM

glucose while the muscle was cold and the tension was high. It was assumed, therefore,

that the muscle was not ATP-depleted due to oxygen deprivation or inadequate substrate

supply. This idea was supported by the observations that the force declined immediately

upon rewarming and contractile function did recover following hypothermia.
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5.4.4 Is the passive tension observed in cold conditions really active
tension?

Since the large increase in passive tension is unlikely to reflect changes in the properties

of the parallel elastic element or ATP depletion, it could be a consequence of the active

force-generating process, cross-bridge cycling. This would mean that the observed

increase in tension might actually be active, rather than passive, tension. There is strong

evidence to support this view.

It has been demonstrated that [Ca2+]j increases progressively with cooling. This is due to a

combined impairment of Ca2+-regulating processes including the SR Ca2+-release

channels, SR Ca2+-ATPase, Na+/K+-ATPase, Mg+-ATPase and the Na+/Ca2+ exchanger

(Liu et al, 1991a; Liu et al, 1997; Liu et al, 1991b; Thurston et al, 1978). In the current

experiments, the tension produced by the muscle during the 8°C period of hypothermia

was greater than that produced at 15°C. This suggests a greater impairment of Ca2+-

extruding mechanisms at 8°C than at 15°C.

The high tension produced by the muscles during hypothermia in the current study (see

Figure 5.2) suggests that the [Ca2+]j must have remained high throughout the period of

hypothermia. This, in turn, would allow cross-bridges to remain attached throughout the

cold period. However, the low rate of oxygen consumption of hypothermic cardiac muscle

(Buckberg et al, 1977) suggests that cross-bridges must cycle very slowly, if at all, during

this period. To provide experimental verification of this idea, cross-bridge kinetics during

hypothermia could be characterised using a lengih perturbation method like that described

by Rossmanith et al (1986). Those authors monitored the rate of cross-bridge cycling by

observing the time-course of force redevelopment after application of fast, small

amplitude decreases in muscle length.

In all muscles studied, the cold contracture was reversed upon rewarming the muscle to

30°C, with the tension decreasing in a temperature-dependent manner. As muscle

temperature was increased, cellular enzymes would be expected to regain their capacity

for normal function. The decrease in [Ca2+]j expected to accompany the increase in

temperature would allow the tension of the muscle to decrease to its original, passive

value, as observed in the current study. It is interesting to note that the time-course of

tension change during rewarming was different to that during cooling (Figure 5.3). This

may be indicative of a sustained alteration in SR Ca2+-ATPase function.
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5.4.5 The time spent at the cold temperature was less important than
the magnitude of the temperature decrease

The current study demonstrated that the temperature of the superfiising solution had

marked effects on recovery of mechanical function following rewarming. Following a

1 hr, 15°C hypothermic period, work output per twitch recovered to ~86 % of the pre-

hypothermia value compared to ~63 % when the muscle was subjected to a 1 hr, 8°C

hypothermic period. Increasing the period of hypothermia from 1 to 2 hr at 8°C appeared

to have no further detrimental effect on work output per twitch. Hence, it seems that the

magnitude of hypothermia is more important than the duration of the hypothermic period

in recovery of mechanical function following rewarming to 30°C. In all experimental

conditions tested in this study, work output per twitch recovered somewhat following the

first post-rewarming recording, but then decreased again for the remainder of the

experiment.

5.4.6 Possible explanations for impaired work output

The results of the current study, especially the results of the 1 and 2 hr, 8°C periods of

hypothermia, indicate that the main post-hypothermia impairment was the inability of the

muscle to do work. This is supported by the relatively modest changes in 8NCI indicating

that enthalpy output was scaled appropriately to work output. This suggests that

mitochondrial function post-hypothermia was adequate. This is supported by the time-

course of the decrease in temperature following completion of the contractions in Figure

5.6. The time-course appears to be much the same in both the pre- and post-hypothermia

measurements indicating that there was no fundamental change in the recovery process

following hypothermia.

The impairment in the ability of the muscle to do work post-hypothermia is illustrated in

Figure 5.8. It appears from the work loops shown that two factors contributed to the

decreased work output. Firstly, active force output was depressed following the period of

hypothermia (Figure 5.8C). This indicates that either fewer cross-bridges were attached

during this time or that the same number of cross-bridges were attached but each cross-

bridge produced less force. Fewer attached cross-bridges could be the result of a decrease

in [Ca2+]i during twitches following the period of hypothermia, although this cannot be

determined from the current results. Less force output per cross-bridge could be the result

of changes in the intracellular milieu, such as increased levels of Pi and H+ (see

explanation in Chapter 4, Section 4.4.1). An increase in Pj would occur if the levels of
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ATP and PCr decreased. Aasum and Larsen (1999) reported that intracellular

concentrations of ATP and PCr were well-maintained during a period of hypothermia (40

min at 10°C) but then, once the muscle was rewarmed, declined to ~50 % of the pre-

cooling values (measured over 30 min). In that study, isolated hearts were perfused

continuously with oxygenated saline containing both glucose and palmitate. It is possible

that levels of H+ could increase as a result of actions of other sarcolemmal ion exchangers.

The Na+/Ca2+ exchanger would assist in lowering the [Ca2+]j during rewarming which

would cause an increase in [Na+]j. Some of the increased Na+ may be extruded from the

cytoplasm via the Na+/K+ and Na+/H+ exchangers which may result in a higher [H+]i.

Secondly, the force-velocity relation of the muscle changed following the period of

hypothermia as indicated by the lower force along the downward slope of the work loop in

Figure 5.8D. The strain protocol used in the current study ensured that the muscle

shortened at the same velocity during all recordings. Following hypothermia, relative

force output at that velocity was lower. Thus, both isometric force was lower and force

during shortening was depressed, even more than isometric force, relative to the pre-

hypothermia response. These changes could be due to either a decrease in Vmax {i.e.

relative velocity has changed) or to an increased curvature of the force-velocity relation.

Further experiments using a range of shortening velocities to establish the force-velocity

relations under the conditions tested in the current study would be required to distinguish

between these possibilities.

5.4.7 Comparison to previous experimental findings

There have been several studies investigating the effects of hypothermia on cardiac muscle

using either isolated or //; situ whole heart preparations {e.g. Belke et al, 1997; Buckberg

et al, 1977). Some studies have incorporated both ischaemia and hypothermia, again

making it difficult to distinguish between the effects of these two variables (e.g. Ericsson

et al, 1999). While some studies have looked at substrate metabolism during and after a

period of hypothermia (Belke et al, 1997; Orme and Kelly, 1977), others have

concentrated on functional consequences (Suga et al, 1988) or ion exchange and pumping

(Liu et al, 1991a; Liu et al, 1997; Liu et al, 1991b; Thurston et al, 1978). Species

differences in tolerance of hypothermia have also been investigated (Aasum and Larsen,

1999; Liu et al, 1991a; Liu et al, 1990a; Liu et al, 1990b).

In an interesting study comparing the effects of hypothermia on a hibernating and a non-

hibernating species, Belke et al (1997) showed that the hibernating species (ground
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squirrel) exhibited a substantially better recovery of cardiac output than the rat (non-

hibernating species) following 2 hr at 15°C. That study used an isolated working heart

model in which the heart was continuously perfused with oxygenated solution at constant

pressure. Although the coronary flow rate decreased during hypothermia, which could

result in areas of ischaemic tissue due to collapse of smaller vessels, the authors concluded

that the substantially reduced cardiac output following a period of hypothermia in the rat

reflected the effects of hypothermia rather than ischaemia. This conclusion was based on

the stability of endogenous substrates (glycogen and triacylglycerol) indicating that the

supply and oxidation of exogenous substrates was adequate to meet the metabolic

requirements of the heart. Belke et al. (1997) proposed that the poor functional recovery of

rat hearts following rewarming might be due to a decrease in efficiency although they did

not make any direct measurements of mechanical efficiency. Their measurements of

cardiac output and acetyl CoA production suggested that efficiency may have decreased

by as much as 50 %. This was based on a decrease in cardiac output accompanied by a

steady production of acetyl CoA compared with pre-cooling data.

The data from the current study showed a smaller decline in work output than that

observed by Belke et al. (1997) and also a smaller change in efficiency than they

suggested. Thus, the current results support the idea that the primary effect of hypothermia

is on cross-bridge processes rather than metabolic processes.

5.5 Conclusion

This study has shown that the mechanical function of rat papillary muscles was impaired

by a period of hypothermia. Following rewarming, the net mechanical efficiency of the

muscles was relatively close to pre-cooling values indicating that energy consumption was

still closely coupled to work output. This study has demonstrated the utility of the

contraction protocol developed in Chapter 4 for investigating the effects on cardiac

energetics of a physiological insult similar to that experienced by the heart during some

clinical procedures. The protocol has proved to be a useful tool for identifying the nature

of energetic changes associated with this disruption to cellular homeostasis and in

precisely locating the muscle characteristics that must underlie the altered function.
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Chapter 6: Concluding comments

This thesis describes the development of the first contraction protocol for use with

mammalian papillary muscle in vitro that closely resembles the actual movements and

contraction rates of these muscles in vivo. The protocol can be adjusted to mimic most

aspects of cardiac mechanical performance that alter under pharmacological or

pathological influences. This gives the new protocol the potential to provide quite detailed

and sophisticated analyses of the effects of various interventions on cardiac muscle

function. Accurate measurements of work output and energetic cost, such as is possible

with this protocol and isolated muscles, cannot be made using whole hearts.

The final set of experiments described in this thesis were an example of an application of

the protocol to a particular intervention (hypothermia) known to alter cardiac function. It

was clear from the analysis of the data obtained from the cyclic, realistic protocol that the

major influence of a hypothermic insult was impaired work output as a result of both

decreased force-generating ability and altered force-velocity properties. Despite the

relatively preliminary nature of these experiments, the scope of the analysis possible using

this protocol is evident.

The major experimental finding of this thesis was that the net mechanical efficiency of rat

papillary muscles was independent of experimental protocol and, furthermore, was

between 10 and 15 % rather than 20-25 % as suggested in some recent studies. The cause

of this discrepancy was the inclusion of the load supported by passive elements in the 'net'
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work calculation of afterloaded isotonic contractions. This finding does, however, pose the

question of why the efficiency of the muscle, as measured in the current studies, should be

so much lower than that of the whole, beating heart (typically between 20 and 30 %). An

indication of one factor that may be influencing efficiency can be seen by comparing the

efficiencies reported in Chapters 3 and 4 (27°C) with the efficiency calculated for the

experiments in Chapter 5 in which the experimental temperature was 3°C higher. In

Chapter 3, ENCI was 10-15 % for the afterloaded isotonic and sinusoidal contraction

protocols while in Chapter 4, 8Net was -12 % when using the realistic strain protocol with

a shortening amplitude of 10 % and a contraction frequency of 2 Hz. In Chapter 5, ENCI

was -17.7 % at 30°C using the same protocol but at a contraction frequency of 2.2 Hz.

Upon observing this apparent effect of temperature on 8Net, a single experiment was

performed at an experimental temperature of 37°C. At this temperature, ENet was ~20 %

using the same protocol again but at a contraction rate of 4 Hz. The idea that temperature

may have a substantial effect on ENet warrants further investigation.

Considering the above proposition, it would be infomiative to conduct an investigation of

the energetics of cardiac muscle using the realistic protocol developed in Chapter 4 in

conjunction with a physiological temperature (37°C) and an appropriate contraction rate

(-5-6 Hz). This type of study would require preparations of very small CSA to allow

sufficient diffusive oxygen supply. Additionally, such a study could be performed using

mouse papillary muscles. The mouse would be a particularly useful model for the study of

cardiac energetics due to the variety of knock-out species available. This would enable the

effects on cardiac energetics of known molecular alterations to be investigated using a

realistic strain protocol.

The investigation into the effects of hypothermia on cardiac muscle also raised some

interesting possibilities for future studies. Further investigation into the impairment of

work output following hypothermia is required. Specifically, the mechanisms underlying

the decreased isome ic force output and the exact nature of the alteration in the force-

velocity relation of the muscle need to be elucidated. It would also be interesting to test

whether the post-hypothermia impairment to work output is related to the high tension

observed during the cold period. One method of testing this possibility would be to

prevent cross-bridge cycling during the period of hypothermia. This could be readily

accomplished by, for example, including BDM in the chamber solution during just the

period of hypothermia.
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A final, important observation was that the enthalpy output per twitch was more-or-less

independent of the protocols used in this study. This is consistent with the idea that the

energetic cost of a cardiac twitch, under normal conditions (i.e. no inotropic influences), is

constant. In the current studies, this was true for different types of contraction that caused

substantial changes to work output. Thus, the efficiency of the muscle was altered, due to

the variation in work output, but the enthalpy output was constant. If this is also a feature

of the working heart during normal activity then it would enable the rate of mitochondrial

ATP production to proceed at a fairly constant rate and avoid the need for substantial,

short-term alterations in the rate of substrate oxidation. This phenomenon would then

provide a mechanism for the matching of energy supply to energy demand during much of

normal cardiac activity.
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