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ABSTRACT

~\

. ~

Direct assessments of the relative contribut ions of
•

th~ major energy releasing pathways in human skeletal muscle

during heavy exercise

invasive measurements

are difficult to obtain dpe to the..-....
required. With an isolated muscle

,
preparation the muscles' environment is carefully controlled

and all metabolic measurements are directly obtained. For

this reason the isolated perfused rat hindquarter model,

previously used to study resting muscle metabolism, was

developed to examine the metabolism and performance

heavily contracting skeletal muscle.

of
\

Energy calculations based upon measurements of 02

uptake (aerobic metabolism), lactate product ion (anaerobic

glycolysis) and CP hydrolysis (alactic anaerobiosis) were

made during 20 minutes of repetitive tetanic stimulation.

During the initial 5 minut~s of stimulation isometric tension

production was high but fatigued rapidly and anaerobic

involvement in energy production was large (30%), especially

in the fast-twitch glycolytic muscle fibers. Muscle

glycogenolysis provided the majority of substrate for both

anaerobic glycolysis and aerobic metabolism. During the

final 15 minutes of stimulation aerobic metabolism dominated

(90%) while 60% of peak tension was held, mainly by the

fast-twitch oxida'tiv~, glycolytic muscle fibers. Glycogen

utilization was minimal and intramuscular triacylglycerol
•

became the dominant fuel for oxidat ive metaboli'sm,
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contributing 62% of the energy produced.

Perfusions with acidotic· mediums (metabol ic and

respiratory) reduced muscle glycogenolys is . and lactate

accumulation ~ .. -35% during the initial 5 minutes of

stimulation. '-The decreased glycolytic flux reduced the

availability oL carbohydrate substrate for aerobic metabolism

and 02 uptake decreased. The-associated reduction in energy

release produced an increased rate of tens ion decay. Total

energy release and tension production were also reduced

during acidosis in the final 15 minutes of stimulation. The

decreased glycolyt ic flux appeared to be due· to an earlier

fall in muscle pH during acidosis and subsequent inhibition

of key regulatory enzymes such as phosphorylase and

phosphofructokinase. However an alternate hypothesis is that

acidosis exerted a direct negative effect on the
•

excitation-contraction coupling mechanism, thereby reducing

the need for energy production •
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1.1

HISTORICAL INTRODUCTION

Introduct ion

Man'is capa.l'le of performing large amounts of

external work through the conversion of chemical to

~-' mechanical energy in the skeletal muscles' of the body. The

required chemic~l energy is ultimately provided through the

ingestion of foodstuffs and their subsequent uptake and

metabolism by the muscles. Our ing per iods of phys ical

exertion the metabolism of the'entire body is

the me~abolism of the working muscles. ~

dominated by

.
The study of muscle metabolism originated soon after

the discovery and isolation of oxygen (0 2 ) in the late

eighteenth century and the subsequent development of methods
...,..""..-\

to examine the amQunt of substances taken up'and released by

living organisms (Asmussen, 1971).. Over the course of the

, .

next century work centeJ:ed on. attempts to determine the

nature ~f the foodstuffs responsibl~ for the energy utilized
•

at rest and during physical work. 'Studies by Pettenkofer and

"Voit (1862) examining the urinary nitrogen (N 2 ) output

stlggested that protein was not a major source of fuel dur ing

work (Asmussen, 1971).
"

Zuntz and colle~gues (1894) believed

that work was performed through the comb\l.st ion of both fat

a~d carbohydrate fuels as at rest, while Chauveau and

•
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•

coworkers (1896) maint~that carbohydrate -was the sole

energy source for muscular contraction (Asmussen, 1971).

,Both groups arrived at their conclusions through measurements

of the respiratory exchange ratio (R), defined as the ratio

of carbon dioxide (C0 2 ) produced over 02 utilized by the body

as measured /f~dir'ectly from the inspired and expired.. air.

/
Direct ~asurements of the CO 2 produced and 02 utilized

_/

dur irlg complete combust ion of carbohydrate and fat produced

rat\'OS/f 1.0 and 0.7, respectively... When direct

measuremfnts are made the ratio is referred to as t~e

respi-r£~ory quotient (RQ). With the beginning of the
/,/' \

/~entieth centu~~fhis uncertainty persis\ed and would not be

\ resOlv~d for another 40 years.

~ At the same time a new and more direct line .of

research in muscle metabolism began wlth the classic study of

•

F],etcher and Hopkins (1907). using improved techniques for

extracting

demonstrated

resting

ctic acid from amphibian muscle they

~ existence of lactic acid in surviving'

and the product ion of lact ic acid by work'ing

muscle. An insufficient 02 supply to resting or working

mutcle increased lactic acid production while the

administration of '02 caused the lactic acid to disappear.

Muscle fat ig,ue was always greatest in t:'he presence of lact ic

acid and least in its absence. Fletcher and Hopkins (1907)

also maintained that carbohydrate, in the form of glycogen

was the precurser ~c acid formation.
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In the following 20 years work in l'luscle physiology·

and metab"olism was dominated by two individuals; Otto

Meyerhof working in Germany and A. V. Hill in England, who

shared the 1922 Nobel prize for physiology for their work

with frog muscles. Meyerhof integrated his chemical findings

with the thermodynamic and mechanical findings of the time to

formulate an hypothesis explaining the physiology of muscular

contraction (Sacks and Sacks, 1933). Hill combined his

myothermic find.ing·s with those of the biochemists· and

published his explanation of muscular exertion (Hill and

Lupton, 1923; Hill et al, 1924). The Hill-Meyerhof theory

seemed to explain most of the mechanical and metabolic

changes produced by muscular contraction.

1.2 The Hltl-MeyerhOf Theory of Muscle Metabolism

The primary event in a contracting muscle was held to

be the anaerobic breakdown of glycogen to lact ic ac id wh ich

evoked the muscle's mechanical response. During exercise

CO 2 was driven off, the heat release was proportional to the

lactic acid product ion and the hydrogen ion (H+) content of

the muscle increased. This acidification was mentioned as

the pass ible mechan ism for the act i vat ion of the cont ract ile

proteins. During recovery in the presence· of 02'

approximately one-fifth of the produced lactic acid was

ox id i zed, to prov ide the ene-rgy for the reconvers ion of the

remaining lactic acid to glycogen. During recovery from
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exercise the 02 uptake did not immediately return to resting

levels. This additional 02 uptake was referred to a~ the 02

debt since it was used to remove the lact ic ac id wh ich had

accumulated early in the exercise before the circulation

responded to the work load by increasing 02 delivery. In

prolonged exercise a steady state was attained when available

lactic acid production matched the aerobic removal, resulting

in a constant blood lactic acid concentratiort.

Although Hill and Lupton (1923) were aware that 02

was ultimately used in the combustion of foodstuffs to supply

the energy required for body functions, they felt it was not

used in the primary breakdown processes, only in the recovery. . .

processes. Additionally! at that time most researchers

believed carbohydrate was the sole precursor for energy

production and lactic' acid was a central intermediary in

metabolism with points of contact with carbohydrate, fat and

protein metabolism (Jervell, 1923).

1.3 Phosphate Compounds in Muscle

While the Hill-Meyerhof theory dominated the thinking

concerning skeletal muscle physiology for a number of years,

~vidence was accumulating to suggest the theory was incorrect

or too simpl ist ic. Two groups of investigators working

independently published results demonstrating the existence

of a phosphate co~pound as a substance in muscle. Eggle':..9"

and Eggleton (1927) in London improved l:he existing methods
































































































































































































































































































































































































































































