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ABSTRACT -

Direct assessments of the relative contributions of
the major enérgy releasing pathways in human skeletal muscle
during heavy exercise are difficult to obtain dpe to the
invasive measurements- required: Wwith an isoiateé muscle
preparation the mnmuscles' environment is carefully controlled
and all metaboliclmeasurements are directly obtained. For

this reason the isolated perfused rat hindgquarter model,

previousiy used to study resting muscle metabolism, was

developed ¢to examine the metabolism and performance o%

heayily contracting skeletal muscle.

Energy calculations based upon measurements of o,
uptake (aerobic metabolism), lactate production (anaerobic
glycolysis) and CP hydrolysis (alactic anaerobiosis) were
made during 20 minutes of repetitive tetanic stimulation.
During the initial 5 minutes 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
glycogenolysié 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 oxidative, glycolytic muscle fibers. Glycogen
utilization was minimal and intramuscular ‘triacylglycerol

became the dominant fuel for oxidative metabolism,
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contributing 62% of the energy produced.
perfusions with acidotic - mediums (metabolic and
respiratory) reduced muscle glycogenolysis ‘and lactate

accumulation by--35% during the initial 5 minutes of

stimulation. ~The decreased glycolytic flux reduced the
availability of. carbohydrate substrate for aerobic metabolism
and O, uptake decreased. The-associated reduction in energy
release produéed an increased rate of tension decay. Total
energy release and tension production were alsoc reduced
during acidosis in the final 15 minutes of stimulation. The
decreased glycoclytic flux appeared to be due'td an earlier
fall in muscle pH during acidosié and'subsequent inhibition
of key regulatory enzymes such as phosphorylase and
phosphofructokinase. However an alternate hypothesis is that
acidosis eerted a direct negative effect on the
excitation-contraction coupling mechanism, 'thefeby reduciné

the need for energy production.
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"1. HISTORICAL INTRODUCTION

- . q L]

1.1 Introduction

ﬂan-is capaplé of performing largé amounts of
external work‘through the conversion of chemical to
mechanical energy in the skelétél muscles of the body. The
required chemiéal energy is ultimately provided through the
ingestion of foédstuffs qnd their subsequent uptake and
é;ertion'the metabolism of the entire body is dominaéed by

the metabolism of the working muscles. AN

The study of muscle metabolism originated soon after

‘the discovery and isolation of oxygen (02) in the late

eighteenth century and the subsequent development of methods
. s

to examine the amount of substances taken up:and released by

living 'organisms {Asmussen, 1971). Over the course of the

next century ‘work centered on _ attempts to determine the

nature of the foodstuffs responsible for the energy utilized

at rest and during physical work. Studies by Pettenkofer and
-
Voit (1B862) examining the wurinary nitrogen (Nz) output

stggested that protein was not a major source of fuel during

work (Asmussen, 1871). Zuntz and colleagues (1894) believed
that work Qas performed through the combgstion of both fat
and carbohydrate fuels as at rest, while Chauveau and

1 ™

metabolism by the muscles. During periods of physical-
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coworkers (1l896) maintiﬂggljthat carbohydrate -was the sole
energy source for muscular contraction (Asmussen, 1971).
Both groupg arrived at their conclusions through measurements
of the respiratory exchange rqﬁio (R), defined as the ratio
of carbon dioxide {CO,) produced over 0, utilized by the body
as measuréd'“fﬁaiféctly from the inspired and expired. air.
Direct//mé;surements of the CO, produced and O, utilized
duriﬁg_complete combust ion of carbohydrate and fat produced
ratros~i?f l.d'aﬁd 0.7, respectivelw. When difect

measureqﬁnts are mwmade the ratio is referred to as the

resgiréfory quotient (RQ). With  the beginning of the
//

| ) ) .
//fﬁentieth centurxqphis qncertainty persiéhed and would not be

:esblfed for another 40 years.
At the same time a new and more direct line ;;Ea_
research in muscle metabolism began with the classic study of
Fletcher and Hopkins (1907). Using improved techniques for
extracting @ctic acid from amphibian muscle they
demonstyated the existence of lactic acid in surviving-
resting muscle,/and the production of lactic acid By working
muscle. An insufficient O, supply to resting or working
mugcle increased 1lactic acid production while the
administration of ‘o2 caused the lactic acid to disappear.
Muscle fatigue was always greatest in the presence of lgctic
acid and least 1in its absence. Fletcher and Hopkins (1907)
also maintained that carbohydrate, in éhe form of glycogen

was the precurser actic acid formation.



In the following 20 years work in muscle physiology’
and metabolism was dominated by two 1individuals; Otto
Meyerhof working in Germany and A.V. Hill in England, who
shared the 1922 Nobel prize for physiology for their ;ork
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
myothernmic Ein@inqs with those of the biochemists and
published his éxplanation 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 Hill-Meyerhof Theory of Muscle Metabolism

The primary event in a contracting muscle was held to
be the anaerobic breakdown of glycogen to lactic acid which

evoked the muscle's mechanical response. During exercise

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

+

lactic acid production and the hydrogen ion (H') content of

the muscle increased. This acidification was mentioned as
the possible mechanism for the activation of the contractile

proteins. During recovery 1in the presence of 02,
approximately one-fifth of the produced lactic acid was

oxidized, to provide the energy for the reconversion of the

remaining lactic acid to glycogen. During recovery from



exercise -the 02 uptake did not immediately return to resting

levels. This additional 0, uptake was referred to as the 0,

debt since it was used toc remove the lactic acid which had

accumulated early in the exercise before the circulation
responded to the work load by increasing 0, delivery. 1In
prolonged exercise a steady state was attained when available
lactic acid production matched the aerobic removal, resulting
in a constant blood lactic acid concentration,

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 ;elt it was not
used in the primary breakdown processes, only in the regovery
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 Phoaghate‘COmpounds in Muscle

While the Hill-Meyerhof theory dominated the thinking
concerning skeletal muscle physiology for a number of years,
evidence was accumulating to suggest the theory was incorrect
or too simplistic. Two groups of investigators working
independently published results_demonstratihg the existence

cf a phosphate compound as a substance in muscle. EggleEgn

‘and Eggleton (1927) in London improved the existing methods



for extracting phosphates from muscle enabling the
measurement of both inorganic and organic pﬁosphate_
compounds. Previous extraction methods degraded the unstable
organic phosphates to inorganic phosphate 1Pi). Work
producing rapid fatigue in frog muscles decreased organic
phosphate and increased Pi 1levels. Compari;ons of heart,
skeletal and smooth muscles suégested thafﬂbhosphagen levels
correlated with the muscle's ability to respond to sudden
demands for violent activity. Fiske and Subbarow (3927)f in
Boston also noted the importance of quickly neutralizing acid
muscle extracts to ensure accurate me;QUYEEEEEQ\h$ organic
phosphates. They reported decreasing organic phosph%tes with
fatiguing contractions in frog muscle and a total depletion
during stimulation with muscle blood flow occluded. ?be
compound in gquestion was identified as a derivative of
creatine and labelled creatine phosphate (CP}. Following
contractions CP stores were resynthesized quickly in the
presence of 02. These discoveries suggested that CP
degradation and not lactic acid formation from élycogen might'
be the immediate precursor of the mechanical events of
muscular contraction.

The largest setback to the lactic acid theory of
energy provision came from the findings of Lundsgaard
(working in Meyerhof's laboratory in 1930), who stimulated

frog muscles bathed in iodoacetic acid, a compound' which

prevents the formation of lactic acid (Margaria, 1933).
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Under anagrbbic conditions the muscles were able to produce a
series of contractions. This work, as summarized by Sacks
and Sacks (1933), clearly showed that lactic acid production
was not the event directly linked to muscular contraction,
but more 1likely served to resynthesize CpP stores which
subsequently provided both the energy and stimulus for
muscular contraction.

However, Lohmann (Bessman and Geiger, 1981) and Fiske
and Subbarow (1929) both discovered the presence ;% an
additiona; high energy phosphate compound in muscle,
adenosine triphosphate (ATP). 1In 1934, Lohmann demonstrated,
usingkdialyzed muscle extracts, that CP breakdown occurred
only when adenosine diphosphate (ADP) was present to accept
the phosphate from CP, producing ATP and creatine (Bessman
and Geiger, 198l1). Consequently, it appeared that CP stores
were used to replenish ATP levels which transferred energy
directly to the contractile mechanism, although an earlier
study reported no decrease in ATP concentration with muscular
stimulation produéing tetanus (Sacks and Sacks, 1933).
Englehardt and Ljubimowa (1939) supported this premise by
Vreport:ing that myosin, a contractile constituent of muscle
fibrils, possessed the enzyme ATPase which hydrolyzes ATP to
ADP and Pi (ﬁémusse r 1971). Cain and Davies (1962)
éonclusively established that ATP was the immediate source of
energy for muscular contraction by chemically inhibiting CP

]
hydrolysis and demonstrating a decreased ATP concentration



following a single contraction.

1.4 Additional Findings Contradicting the Hill-Meyerhof

Theory

In the thirties, oéher lines of research produced
results suggesting that additional aspects of the
Hill-Meyerhof theory of energy ©provision for musculaf
contraction were untenable. Studies by Cori and Cori (1929);
Eggleton and Evans (1930b), and Himwich, Koshoff and Nahum
(1930) examined the fate of muscle lactate that diffused into
the circulation. If the Hill-Meyerhof concept was correct
and all lactic acid was oxidized or reconverted to glycogen
only in muscle, the escaped lactic acid should be taken back
up by the same muscles.or by other muscles not involved in
its production. However, the majority of circulating lactate
was taken up by the liver and converted to glycogen. Since
it was known that circulating glucose originated from the
liver some of the lactic acid converted to glycoéén was
released as glucose. This glucose could be taken up by the
muscle and ultimately prgfuce lactic‘acid, completingla cycle
- between skeletal muscle \and ljver which became known as.the
Cori cycle. Resting muscles also took up smallef aﬁounts of
lactic ac?d, presumably most being oxidized since little or
no increase\in muscle glycogen occurred. Infusions of lactic
id also produced no increase inwmuscle glycogen suggesting

that muscle oxidized all it took up and other organs



contributed significantly to blood lactic acid removal
(Himwich, Koshoff and Nahum, 1930; Eggleton and Evans, 1930a;
Sacks and Sacks, 1935).

Owles (1930), Margaria (1933), and Bang (1936) all
- reported little or no lactic acid increase.in blood during
light to moderate exercise in humans. Lactic acid began to
accumulate in the blood at a thyeshold coinciding with an 02
uptake representing two-thirds d4f the maximal 02 uptake. By
éssuming low b&ood%lactic acid levels reflected low muscle
concentrations during light exercise, these authors
postulated that aerobic processes provided the energy for
mecﬁanical work during this type of exercise. Sacks and
Sacks (1933) examined both muscle and blood lactic acid
levels during various forms of contractions using an isolated
rabbit gastrocnemius preparation which enabled muscle to be
frozen "in sitd"._ During moderate prolonged stimulation no
lactic acid appeared in the working muscles or blood while
muscle glycogen decreased. The authors interpreted' these
findings as evidence that glycogen derivatives were directly
oxidized to provipe the energy for muscﬁlar work. These
findings replaced the earlier concept that O, was used only
in metabolic prqyesses of recovery, with the belief that the
major energy releasing reactions in muscle were aerobic and
not anaerobic. An&erobic energy production occurred only
when the 02 supply was inadequate, serving as a stopgap

during periods of circulatory adjustment or insufficiency.



Owles (1930) even had the foresight to suggest that lactic
acid could appear in well-oxygenated muscle if some fibers
had large O_2 diffusion distances.

Hill and Lupton (1923) described the 02 debt as an
expression of an oxidative process in which -the energ
liberated was repaying the amount\of energy set free
anaerobically during musculé; contractions.. According to
this theory the extra 02 utilized‘above rest values Burihg
recovery was the 02 deufrsince it served to reconvert lactic
acid to glycogen through the combustion of a small fraction
cof the acid. Mafgaria {19233) revised our understanding of
the O2 debt with three main findings. Firstly, during
prolonged moderate exercise a 3 1, O2 debt was incurred vyet
neglible changes in blood lactic acid and éH were seen.
Secondly, the regeneration of CP stores was known to occur
following exercise in the presence of 0 and thirdly,

2

distinct fast and slow phases in the return of 0, uptake to

2
rest levels were seen. . The initial phase was present after

revery bout of exercise, unrelated to the lactic acid

concentration and during, this phase 02 uptake decreased

rapidly. This¢phase was labelled the "alactacid O2 debt" and

appeared to account for the oxidative regeneration of CpP

1

v
stores. The second phase was slower and prolonged,
responsible for the oxidative removal of lactic acid and
referred to as the "lact

0, debt". Additionally, Hill

and Meyerhof had reporte for every 5-6 g of lactic acid
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reconverted to glycogen, 1 g was oxidized but Margaria (1933)

LY

found this combustibn coefficient tdgbe nearer 10 to 1.

1.5 Summary . ' - ‘
By the late thirties the Hill-Meyerhof theory no
1on§er adequately explained how muscles provided the chemical
energy required to produce external work. The major drawback.___
to the theory was not that all its postulations were wrong
but that it was far too simplistic and incomplete. For
example, the theory stated that all energy was derived from
the anaerobic breakdown of glycogen to lactic acid.
Althougﬁ, anaerobic glycolysis was confirmed as an important
energy pathw;y in muscle in certain situations, aerobic
metabolism was identified as the dominant pathway of energy
provision 'in most activities common to man. Additiona.lly,
anaerobic metabolism was shown ¢to include an alactacid
component due .to the hydrolysis of CP which regeneratéd
muscle stores of ATP, The integration of aerobic and
anaerobic metabolic reactions 'were designed to . provide a
continual supply of ATP, the imﬁediate source of energ§ in
the muscle. Aerobic metabolism dominétedegmen exercise was
f low to moderate intensity in the presence of o2 while CP
hydrolysis occurred at the onset of physical exertion at all
intensities while the c¢irculaton adjusted to the ihcrgased
demands for 0,. Anaerobic glycolysis also contributed to tﬁe

energy production at the onset of exercise, increasing in
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importance with the severity of exercise. Lactic acid
production from anaerobic -glycolysis was also of major
importance during exercise at and above two-thirds of the

max imal 02 uptake, presumably due to an inadequate 02 supply
| o ﬁhe muscles. Keul et al (1972) provided a schemat ic
S ﬁmary of the relative contributions of the energy releasing |

pathways to the total suppl§ dﬁring exercise (Fig. 1). The

R )

initial work by Hill and Meyerhof had stimulated researchers

to uncover the major reactjons or pathways which provided the

energy for muscular contraction. With these discoveries,
research efforts shifted to examine the nature of _the

foodstuffs or  fuels metabolized by tHe resting and working

muscles. Lj;

1.6 Puel Sources for Muscle Metabolism

l1.6.1 Early Research

At the outset of the twentieth century the .
contfoversy over the nature of the fuel(s}) responsible for
providing the energy for musqular work was ungesolved; was
carbohydrate the sole energy source or was fat also utillized
darectly or only following initial conversion 0
carbohydrate? Benedict and Cathcart (1913) found a'lower R
during cycle exercise when Body carbohydrate stores were
reduced following a low carbohydrate diet and higher R values

following a carbohydrate rich diet (Asmussen 1971). Also, R

TN

/\
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Fig. 1. Schematic representation of the proportion of the
major energy supplying paBhways to the total energy supply
with strenuous exercise (Keul et al, 1972).
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continued to .increase over resting levels with increasing
séverity of work. FKrogh and Lindharzd (1920) using improved
methods for gas analysis. &oncluded that both fats and
carbohydrates were used as fuel at rest and during exeécise
(Asmussen, 1971). Again R va;ied as a function of the

g\
substrate availability. Measured in terms of 0,
utilized/energy relgased, fat was 11% less efficient than-

-~

carbohydrate presuﬁably due to the conversioh of ffat to
carbohydrate prior to catabolism. Support for the fat™ to
carbohydrat; conversion cnncept -came from the earlier
findings of Fletcher and Hopkins (1907) ana the later theory
of Hill and Lupton (1923)‘s&ggesting that the breakdown of
carbohydrate to lactic acid was the immediate energy soﬁrce
for nmgcular *ontractlon. In 1928, Jervell summarized the
feelings of most investigators of his day by writing, fThe

metabolism (conver51on of energy) in the muscle is bound up

with the breakdown of carbohydrate. For, according to the

moderh cgnception, fat and Proteins cannot be utilized as
producing‘ material for <the’ muscies without first
being convefted into carbohydrate.™

It remained for Chrfstensed and Hansen (1939), in a
series of classic papérs, éo reaffirm the thought that both
fat and carbohydrate were used as imme@iate- fuels for
muscular exercise (Gollnick, 1971). Although their.results

were also based upon the indirect method of measuring R,

their great regard for standard conditions and attainment of



14 °

steady state conditions. free from gnaerbbic' metabolism
produced many important findings; First, in work of light‘to
moderate intensity of short duration the relative ;mqunts of
fat and carbohydrate utilization depended mainly on the diet.
Second, as work of light tof;;derate intensity was
increasingly pfblonged, the relative energy contriﬁution-from
fat was increased due to a decreaséé carboh?diate supply. A
high fat diet (lower body carbohydrate'stores) decreased the.
ability to perform this type of work and'fatigue coincided
‘with hypoglycemia, apparently due to 1iv%f g1ycogem
depletion. This finding 1led to éhe belief that liver
glycogen was the main source for aerobic muscular exércise of
this intéhsity. ‘Muscle glycogen was iméo;tént.mainly during
anéerobic'work. Third, as the intensity of-;;ércisé
increased above 4 éertain wofkload, the gontributi&ﬁ' from

carbohydrate began to increase, reaching nearly 100% at

maximal work intensities. This workload above which

carbohydrate utilization became more importént was dependent
’ !

on the working capacity of both the subject and the épecific
muscle group doing the work (this workload was reache%iat-a

lower 0, uptake in arm ys .leg work). The workload also
coincided with the intens:i>\gt which blood lactéte_@egan'to

accumulate,

However, during heavy exercise the CO2 released by

the body is the sum of the aerqbically produced CO the CO

2! 2
released from body CO, stores and the.Cbi produced through
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V.tﬁe hbicarbonate} buffering of H* derived from lactic acid
production. This makes it difficult to interpret the
relative amounts of fat and carbohydrate used in the aerobic

portion of the exercise, from the measurements of R.

1.6.2 Circulating Free Fatty Acids

In the years following Christensen and Hansen's
findings, efforts centered on confirming their results with
direct and quantitatije measurements foéa; utilization by
resting and exercising muscle. In the 950's" two Kkey
finding§ implicated free fatty acids iFFA) as the major
~circulating fat utilized és fuel in _musc;es: starvation
caused an increase in plasma FFA and FFA turnover was very
rapid even though its concentration was low (Havel et a].’,
1980% Dole (1956) émployed an ‘improved method for the

measutement of FFA and reported fluctuations in plasma FFA

a

w?ich followed changes in the nutritidnal state. Fasting
increased FFA~ while a sgubsequent meal and infusions of
glucose or insulin decreased the fasted levels. The anusion
of norepinephrine iNE), a known stimulator of adipose tissue
triacylglycerol (TG) lipolysis to FFA and glyéerol, increased
plasma FFA. Since alterations in the FFA concentration
Qccurreé rapidly and were reciprocal to the changes in
glucose concentration, Dole (1956) suggested FFA eﬁtered a

metabolic process common to fat and carbohydrate. Andres et

al (1956) examined the metabolism of resting human forearms

AN
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and found glucose uptake could éccount for oniy 10~-20% of the

olism. Since the E;;;grm RQ was 0.80

ketone bodies were not metabolized, they

total oxidative met
and proteins an
reasoned that fats provided the bulk of the fuel for éerobic
metabolism. However, forearm FFA extraction was difficult to
'dgtect} probably due to the error of existing FFA measurement
.techniques{ the high energy véiue of ‘lipids and the low
resting oxidative metébolism:

Infusions of 14

C labelled fatty acids (palmitate,
linoleate and oleate) and the rapid appearance of 14CO2 in
the expired air of humans demonstrated the ability of the

body's tissues .o metabolize FFA even though plasma

concentrations changed 1little (Fredrickson and Gordon,

1358a). The authors (1958b) reviewed the current,K knowledge
regarding fatty acids and drew a number of conclusions.
First, FFA were carried in plasma bound to the protein
albumin Fith 5 ma*imum transport capacity of approxipately 2
mM presumably due to saturation of the albumiﬁ'molecules with
FFA. Second, the release of FFA from adipose tissue was the

quantitatively important source of plasma FFA. Third, all

major tissues except the brain appeared capable of extracting,

fnd metabolizing circulatidg FFa. Fihally; esterified FFA in
the form of circulating TG did not contribute significantly

to the plasma FFA level or the metabolism of body tissues.

Havel and Goldfien ({1959) ﬂegqnétféted that .

. . M . TR
activation of the sympathetic nerve endings in adipose tissue

-
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and the release of NE rapidly increased FFA mobilization.
Blocking the sympathetic nerve e;dinqs decreé%ed plasma FFA
but increasing circulating levels of NE could increase piasma
FFA in spite of the blockage. Other investigators reported
the FFA mobilizibg effect of NE and also the inhibitory
effect of glucose and insulin which decreased adipose tissue
lipolysis directly and/or inereased the reesteeification of

/

FFA (Carlson et al, 1963a; Carlson, 1965). The net
mobilization of FFA from aéipose tissue was dependent on the
hydrolysis «of TG to FFA and glycerol and.the reesterification
rate of FFaA and alpha-glycerophosphate to TG. (Each moie TG
releases -3 moles FFA and 1 mole glycerol). Using infusions
.of radiolabelled palmitate and glyeerol Hevel and Carlson
(1963) demonstrated that the ratio of FFA/glycerol released
from adipose ;issue to plasma was 3 and therefore
stoichiometrically equivalent. This ratio remained constant
following a NE infu;ion but 'was significantly reduced
following the addition of insulin and glucose. The primary
inhiﬁi;ory effect of insulin and glucose on FFaA mobilization
was an enhanced FFA reesterification secondary to an
increased adipose tissue glucqse uptake and provision of the
glycolytic intermediate alpha-glycerophosphate, a precursor
of TG synthesis. These results collectively confifﬁed the
earlier suppositions by Wertheimer and Shaéiro (1948) that
fat metabolism and deposition were active ongoing processes

~governed by nervous and endocrine factors.
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The advent of radiolabelled FFA tracer teghniques
permitted direct measurements of plasma FFA turnover rates
and fractional uptakes by ‘the entire body or isolated muscle
groups at rest and during exercise. Exercise increased the
turnover rate and fractional uptake of FFA in fasted and fed
athletes (Havel et al, 1963). At the onset of prolonged low
intensity exercise FFA efflux froﬁ plésma to the tissues
(dominated by skeletal muscle) increased quiékly while FFA
inf}ux from adipose tissue to plasma increased more slowly,
resulting in an increasing turnover rate in the first&?r. In
a subsequent study these results were confirmed for untrained
subjecté and changes in the tracer palmitate were shown to .
accurately'represent the metabolic changes in the total FFQES
pool (Havel et al, 1964). Using similar techniqueé, Issekutz
et al (1964) also reported FFA uptake increased in exercising
dogs, as a function of the increasing plasma FFA
concentration. Havel et al, (1;%7) measured the uptake and
release of FFR across the legs of fasted men cycling for
90-120 min at an.o2 uptake of 1.0 1C§ The fractional
extraction of FFA was lower during exercise than at rest but
the total delivery was greater due mainly to the increased

f’plood flow, resulting in an increased turnover rate. Leg
FfA fgactional extraction was g;eater than that of the whole
body and the output of ra@iolabelled Coé nearly.equalled the
input from plasma FFA within 1 ﬁr. Therefore in working

legs, FFﬁ:uptake was roughly equivalent to utilization. It

. . N )
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also appeared that a mafimal capillary transport fof FFA
existed in muscle during exercise, similar to that for other
readily diffusable substances. Later studies reaffirmed
‘these findings of direct FFA utilization by working skeletal
muscle in ~dogs (Paul, 1970) and. humans {Hagenfeldt uand
Wahren® 1968; ﬁhlborg et al, 1974). Hagenfeldt and Wahren
(1971) reported a linear relationship between muscle FFA .
delivhry and FFA uptake (arterial concentration x muscle (
plasma flow) at rest and exercise.- They found no evidence
for saturation of the plasma to muscle FFA diffusion process
over a wide range of FFA inflows. Therefore in .exercisé
where muscle blood flow is constant, ﬁhe factors regulating.
plasma FFA concentration determine muscle uptake and
utilization. Since adipose tissue is the major source of
FFA, these factors include.local NE release from sympathetic
nerves, circulating 1levels of NE and epinephrine, plasma

glucose and insulin concentrations and adipose tissue blood

flow (Mayerle and Havel, 1969; Larsen et al, 1981).

1.6.3 1Intramuscular Triacylglycerol
7

TﬁL radiolabelled FFA turnover studies quantified the .

metabolic importance of FFA during prolonged low to moderate
intensity exercise (Havel et al, 1963, 1967; Hagenfeidt and
Wahren, 1968). These studies also nbted that the oxidation
of plasma FFA by the muscle accounted for only 50% of the

" total fat metabolism. This suggééted that intramuscular
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stores of triacylglycerol (TG) may be hydrolyzed to provide
FFA for aerobic metabolism during this type of work. .

‘ Froberg (1971) subjected rats to 3 hr of low
intensity treadmill runniﬁg and directly measured decreases
of 44 and 31% in red and 'white gastrocnemius Tq&
respectively. Baldwin et al (1973) alsc found 2 hr of
running produced a 40% decrease in thé TG of the red vastus
.lateralis, which possesses both high oxidatiﬁe and glycolytic
capacities. . No changes were found in the giycolytic white
muscle or highly oxidative red soleus. Prolonged 1ow_ to
moderate intensity swimmidg (2-5 hr) also produced
utilization of skeletal muscle TG in rats,(Reitman et al,
1973; Stanﬁiewicz-Choroszucha and Gorski, 1977; Oscai et al,
1982). Red vastus 1a£era1is TG decreased by 44-68% and
soleus levels dropped 20-25%,

Several direct measurements of intramuscular TG were
made on men exercising for prolonged periods (60-150 min) at
55-80% of their maximal 0, uptakes (VO max) . - Ski racing for
7 hr at an average heart rate of 156 beats.min~! depleted
vastus lateralis TG by 50% (Froberg and Massfeldt, 1971)
while 100 min of cyecling at 67% VOzmax produced a 25% drop in
TG levels of the same muscle (Froberg et al, 1971). Costill
et al-(1973) found vastus lateralis TG decreased 31%
following a 30 km foot race which required participants to

run at 65-80% Vozmax for 147 min. Even cycling %pr’FU/min at

\
55% Vozmax decreased muscle TG by 34% (Essen, 1978).
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Animal and human studies suggest that intramuscular
fat may also be utilized during heavy exercise. Froberg et
al l) reported decreases of 25% in both white and red
ﬁi limb jmuscles of rats electrically stimulated at 5 Hz f£or
2 hr Barclay and Stainsby (1%72) demonstrated that dog
hiqdlimb TG was metabolized only when the muscle's metabolic
rate was increased 15-20 fﬁ@a above rest. This correspdnded
to a stimulation rate of 5 Hz and produced a 26% decrease in
1 hr. Therriault et al (1973) ran dogs’at ~various workloads
for 60-75 min and reported decreases in bicep; femoris TG
only after heavy wo@k;' Direct evidence of intramuscular TG
metabolism WYuring he5$y exercise in humans was presented by
Essen (1978). . Continucus intense exercise produéing maximal

02 uptakes and intermittent exercise at the same workload (15‘
“sec work, 15 sec rest) produced respective decreases in
vastus {ateralis TG of 27 and 20% in just 5 min. Continuous
exercise of moderate intensity (55% vozmax) for 5 min also
produced a -20% decrement. Jones et al (1980) provided .
evidence suggesting that intFamuscular TG was utilized during
héavy exercise (70% VO,max) lasting 40 min. This exefcise
intensity in untrained men required a heavy anaerobic energy
compoﬂént as judged by.the high plasma lactates (10 mM) . The
elevated lactate concentration coincided with a lower plasma
FFA concentration and decreased FFA turnover rate. Low FFA

levels were reported earlier in dogs during heavy exercise

(Issekutz et al, 1963) and humans exercising at 85-90% vozmax



(Pruett, 1970). The decreased plasma FFA concentraton was
due ﬁo a fall in the FFA influx to the plasma pool, lending
support to an earlier hypothesis that high lactate levels
inhibit the mobilization of adipose tissue FFA.(Issekutz-and
Miller, 1962; Fredholm, 1971). Hc;weve:, the plasma glycerol
concentration. continued to increase throughout the exercise,
prompting Jones etlal‘(lged) to suggest the glycerol
originated in the working‘muscle as a result of endogenous TG
metaBoliém while the released FFA were metabolized locally.

Therefore, evidence does =2xist suggesting that
intramuscular. fat stores contribute significantly to the
energy metabolism of working muscle during all intensiﬁies of
- exercise. However, the number of investigations examining
the metabolic role of this fuel are surpr151ngly few. This
may be partly due’ to the variability of measuring TG due(;o
its inhomogeneity in skeletal muscle. Hence our knowledge of
the involvement of intramuscular TG in many forms of
activities and of the regulation of its metabolism is
extremely liﬁited.

/\.
1.6.4 Circulating Glucose

The work of Christensen and Hahsen (1939) implied
that circulatory glucose originéting from liver glycogen was
the major carbohydrate source for prolonged aerobic work.
Although it was known that muscle took up glucose from the

blood (Reichard et al, 1961; Sjpders et al, 1964), the
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ntitative importance of )Plood glucose was not examined
unt il the w?ﬁk of Wahren and/colleagues (197la, b). Arterial

venous cannulations of the appropriate vessels and blood
flow measurements permitted the measurement of the uptake or
release of  several metabolites by the 1liver and working
muscles of exercising men. In arm work of moderate intensity
lasting 60 min exogenous glucose accounted fof nearly all of
the carbohydrate oxidation and 50% of the total oxidative
metabolism. Arterial glucqse concentration remained constant
while forearm blood flow and extraction increased. During
leg exercise for 60 min at low to moderate -intensities
glucose uptake accounted for 60-80% of“the carbohydrate
oxidation and 25-30% of the total oxidative metabolism. In
heavy exercise, with no net lactate accumulation in the
plasma, exogenous glucose provided 60% of the carbohydrates
burned aerobically and up tzf/40% of Eﬁe total aerobic
metabolism. Ahlborg et al, (1974) also examined the glucose
uptake of ieg‘.muscles exercised for 4 hr at 30% VO, max.
Blood glucgée oxidation by‘the muscles accounted Eﬁ: 27, 41,
36 and 30% of the 92 uptake‘after 40, 90, 180 and 240 min of
exercise, respectively. Arterial glucose concentration feil
by 30% after 4 hr suggesting 1liv glucose output was less
than mdécle utilization, These findings demonstrated the
quantitative importange of exogenous glucose to total

muscular energy production during low to moderate intensity

work.
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Liver glycogen was vety. low or depleted following
prolonged bouts' of exercise (Hultman and Nilsson, 1971;
Baldwin et al, 1973). fThe 1liver attemps to cope with
glycogen depletion by enhanciﬁg the productiﬁn of de-novo
glucose (gluconeogenesis). In the study by Ahlborg et al
(1974), the portion of 1liver glucose output de:ived. m -

J glucheogenesis increased from 20-25% at rest and following
40 min of exercise to 45% aftér 4'hr. At the onset of heavy
exercise gluconeoéenesis.contribuE;&\ZO% of the total liver
glucose output but only 6% followingl40 min (Wahren et al,
1971a).

In these studies the major gluconeogenic_precﬁrsors
were lactate, pyruvate, glycerol and selected amino ﬁfids.
Felig and Wahren (1971) reported that alanine was the major
amino acid released by muscle {40%Vof total) and taken up by
the liver (50% of total) at* rest. ;'!i].d and heavy exercise
produced a 2 fold increase in alanine release from muséle
while liver uptake increased 60% in mild exercise and 10% in
heavy exercise. The increase in hepatic upta%é occurred via
an enhanced fractional extraction as hebatic blcod flow was
greatly reduced. The authors postulateé the existence of a
glucose-alanine cycle between ﬁuscle and liver; giucose from
blood or muscle glycogen is metabolized to pyruvate in
muscie, traAsamination of pyruvate produces .alaqine which
diffuses into the circulatiod, alanine is takenllup by the

liver and reconverted to glucose and released into the
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circulation to complete the cycle.
Felig and Wahren (1971) estimated that alanipe

\ .
release may account for 12-18% of the glucose taken up gy
resting muscle but recent work' has questioned the
quantjitative significance of this cycle (ﬁew§holme~and Leech,
1983). Grﬁép (1976), using radiolabelled glucose and
alanine,, reported that 33% of the alanine released from
muscle was derived from glucose but this represented only
2.7% of the total glucose taken up at rest. Recent work by
White and Brooks (1981) showed that allanine and leucine
oxidation also increased with the metabolic rate during
exercise and contributed to enérgy production without prior
conversion to glucose but again the quantitative
significance of these pathways was small. Additionally,
glutamine appears to be released from skeletal muscles and
taken up by the liver in significant amounts (Newsholme and

—

Leech, 1983).

1.6.5 Intramuscular Glycogen

Early 'attempts to identify the major energy sources
in exercising men with 62, CO, and R measurements were only
capable of estimating the relative amounts of total fat and
carbohydrate used YChriernsen and - Hansen, 1939; Hedman,
1957) . Animal studies had shown that muscle glxgggen was
utilized during.exerciée (Sacks and Sacks, 1933). Va study

with radiolabelled glucose demonstrated that ¢irculating
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glucose énd an additional carbohydrate,’ presumably muscle
glycogen were important during exercise (Reichard et al,
1961l). The reintroduction by Bergstrom (1962) of the needle
biopsy technique for sampling of skeletal muscle permitted
the direct examination of tﬁe importance of muscle gfycogen
duriﬁg-exercise.

Studies employing the biopsy technique 'produced
several important findings (Bergstrom and Hultman, 1967;
Bergstrom et al, 1967; Hultman, 1967; Hultman et al, 1971).
-Starxgation for 10 days p;oduced only a 30-40% decrease in
muscle glycogen stores and following exercise that depleted
muscle glycogen, resynthesis to pre-exercise levels occurred
in 24 hr when a carbohydrate rich diet was given. Further
increases up to 2-3 tiﬁes normal values. were found over the
course of the next 8—19 days and a carbohydrate diet without
prior exercise did not enhance normal glycogen levels,
During ;xercise, non-working scles did not release glucose
into the circulation or reveal ﬁhy glycogen depletion.

Glycogen utilization was positively correlated to the work

intensity and related to a subject's relative workload not °

absolute workloads. Infusions of glucose, decredsed the
glycogen utilization by 25% during 60,/min of moderate tg
heavy'exercise and the maximal rate of‘glycogen rgsynt sf@
was only 1% of the maximal glycogenolytic rate found

exercise,

Additional studies closely examined the

\

o L, gl s s




glycogen utilization at various intensities_maintained for as
long as éossible (Hermansen étlal, 1967; SaltfﬁQQnd Karlsson,
1971). The corresponding rates of glycogen utilization
' during exercise at 25, 50, 75{ 100, 125 and 150% vozmax wera
0.3, 0.7, 1.4, 3.4, 6.0 and 10.0 mmoles glucosyl units.kg~l

1

wet muscle.min™ .  Since normal resting glycogen levels were

80-100 nmoles.kg"l in the gquadriceps .femoris muscle of the
1eg,'more than one-tgnth of the musclejs_glycogen{store was
used in 1 min of supramaximal exercise. Gl&cogen depletion
correlated with exhaustion only at workloads between 65 and
89% of VO ;max Beréstrom et al, (1967) reported a good
correlation beéween work performance times at 75% VOzmax and
the initial muscle glycogen levéis, varied through diet
manipulation.l These studies directly demonstrated the major
importance of carbohydrates stored in the muscle for energy
provision during heavy exercise, ‘suéporting the indirect

findings of Christensen and Hansen (1939).

’

1.6.6 The Interactiof "Gf Fat and Carbohydrate Fuels in

ﬁuscle
During most forms of exercise the majority of the
required muscular energy is derived through the oxidation of
darbohydrateA and fét. Carbohydrate fuel is obtained from
glycogen stored. in the muscle or from circulating giucose
released from liver glycogen stores. Similarly, fat is

provided from intramuscular stores and from the blood as, FFa,

)

£
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following its release from the body's edipose tissue. fThere
are many factors which determine the relative proportiou of
each fuel utilized during aerobic rnetabolism, such as the
diet, the intensity, type and duration of exercise, hormonal
status, 0, availability, blood flow, state of aerobic
training and intramuscular acidity. | |

Numerous studies have noted the effects ef dietary
manlpulatlon on the relatlve utilization of fat and.
carbohydrate durlng exercise through R measurements or\girect
measurements of exogenous and endogenous fuels (Christensen
and Hansen, 1939; Bergstrom et al, \T967- Bergstrom, 1969;
Gollnick, 1972; Jansson and Kaljser, 1982) . Generally the
ingestion of carboﬁ}dratel rich diets will iucrease R and

result in greater "utilization™of glucose and/or muscle

\Tvgz;zogen. Fat ‘rich diets decrease R and 1increase the

.u_‘/

~

(/

-and Holloszy, 1977; Costill et al, 1977) . Randle

proportion of fuel® derived ' from circulatiug fats. . In
situations of -reduced carbohydrate availability (prolonged
exercise), FFA levels and utilization were elevated and/or
intramuscular fat was metabolized (Beldwin et al, -1973).
When FFA 1levels were elevated through éfrtrflci;l means
(catfeine, , heparln or FFA infusions glucose uptake and
muscle glycogen depletion rates re decreased during
exercise. This demonstrated~a carbohydr re sparing effect of
‘plasma FFA (Carlson et al, 1963b; Rennie et al, 1976 Rennie .

k\Ertr"al

(1963, 1964) demonstrated rhis effect in heart and diaphragm

A 4
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muscle. When FFA are available they are oxidized producing

* elevated citrate levels which directly inhibit ‘the glycolytic

—

-

*

‘1evels'were elevated, PFK was inhibited and glucose uptake.

" through ingestion of low carbohydrate, high-fat diet

enzyme phosphofructokinase (?FK).. Kemp and- Krebs (1967)
demonstrated a dlrect inhibitory effect of citrate on PFK in
vitro and Renn;e and Holloszy (1977) reported that in
exercising ;ed mugscle perfused with 1.8 mM FFA, citrate

was decreased. These findings confirmed the existernce ‘of the

glucose-fatty acid cycle in red skeletal muscle as in the
heart as originally proposed .by Randle et al (1963). ™~

Studies by Bergstrom»et'al (1967) and Hultman (1967)

e

demonstrated that the amount of . glycogen stored in the x/

)

working muscles was a limiting factor in prolonged :j?cbing
% ‘ I
st

exercise at 75% VO,max. Enhancing muscle glycogen ores

increased endurance'.time while" reducing muscle glycogen

%
decreased endurance time. Performance t1me coald also be
increased by elevating plasma FFA' concentration in the face

-

of normal glycogen stores by sl w1ng the(?af: of carbohydrate

\
utlllzatlon (chkson et al, 1977 ¢‘Ivy et al, £379 -« However,

recent wo(f has challenged ‘the relat10ns@1p betiween muscle
glycogen akd endurance time during prolonged exer¢ise. Dohm

. . s '/.'."'
et al (1983) reported that fasting rats for 24 hp deﬁ?eted
.. J

liver glycoged and reduced muscle glycogen, yet run time to

exhaust;on was ionger compared to rats fed  ad libdtum.

- -\\ 3 B . - .

Plasma FFA and kétone bodﬁ?s were elevated in the fasted "rats
: - ' .
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prompting the authors to suggest that enbanced fat
utilization and the resultant™glycogen spariag aacounted for
the increased endurance. Miller et al {1984) alsc found that
rats fed a-high-fat, low-carbohydrate diet for up to 5 éeeks
(decreased liver and muscle'ﬁlycogen) ran longer than'tata on
a ‘mixed diet. Increasas in the activities of key oxidative
enzymes spggestad that. the muscles adapted to the diet by_.
eahancing their abil'ity' to oxi’dize:fat and therefore spare
glycogen. ' | o . }4‘ ‘

@

1.7 Anaerobic Metabolism

Early work showed that anaerobic metabolism in.

-,

skeletal muscle congisted ®f two components, hydroly51s oé}

the endogenous phosphagens CP and ATP and the product1on of
v

lactic acid from carbohydrates. It was held that anaerobic
energy pathways‘were utiiized only in situations of 02 lack
such as at the odnset of exercise 63 during hea&y activity.
Also, it was uncertain’ whether wotking skeletal @uscre could
remove lactic acié directly since the majority was.removed by
liver, heart, non—ﬁork@yg skeletal muscle and kidney.

Andres et ait (1956) questioned this first - ncept
after finding+a constant lactatiate£gase in reating forearm.
muscle in men. Using'a dog;muscle preparation, Stainskby and
'-\~WeLah (19§6) reported a aQt lactate release at rest and ;ﬁ

- 50% of the exerciéing preparations. In dogs running at 30%
+ VO,max lactate productionringtéased'bver rest, resulting in

/ .
L ]
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elevated steady state plasma lactate levels in some animals.,
(Depocas et al, 1969).. Wahren et al (1971la) also measured
lactate release across the leg muscles of men at rest and
during 40 min‘of-low to moderate intensity exercise. Studies
by qufeldt”('].?;'f-o, 1971) with radiolabelled lactate
conélusiveiy demonstrated lactate production and release by
human forearm muscle during low intensiéy work. Jorfeldt
_(1970) stressed- the fact that mammalian skeletal muscle
contains fiberS‘differing iﬁ their metabolic capabilities as
a potential explanatiénk of simuitaneous'o2 utiliiation and
- lactate Qroduction duriné rest or light work. Fast-twitch
;white fibers. contain low oxidative capacities and when
recruited will contribute to force product ion Qith a heavy
anaerobic component while slow-twitch red muscles are
cqnstantiy.recruited and are predominantly aerobic in nature.
fa;t—twitch ;red fibers have high aerolic and anaerobic
‘capabilitiés and while the" enérgy they . produce is

predo

antly aerobic, a small anaerobic involvement is a

poséiﬁ?}it In addition to this explanation work .with

stimulated g'mgscies and fluorometric measurements of the
intracéllula redox state éf nicotinamide Edenine
,dinucieotide indicated that'O2 was nét 1imiting at the onset
of exercise (Jobsis ‘and Stainsby, 1968). , The lactate
for3;tion.which Occurs was not caused by hypoxic stimulation
of anaerobic glycolysis but was the result of a relatiéé

imbglance between the rates of pyruvate production by aerobic

-~




glycolysis and pyruvate utilization- i the tricarboxylic
cycle. Recent work with fully aerobig//i;rking, dog gracilis
muscle has shown a linear relationship btheéh_muscle lactate

concentration and twitch trate while subcellular volume PO2

values were not limiting (Connett et al, 1984). It was
concluded that Slactate accqmulation .resulted from causes
other than al3;9$1£.02 limit on mitochondrigi;fzgkéigﬂuctioh.

At rest and during all forms of exeééisé some lactate

~is produced and; released into the plood but an equilibrium
&

hetween production and removai(;;%s;s during rest and low to .
mo%erate intensity exercise such Tthat circulating blood
concentrations are kgpt low.. This accounds for the existence
of low amounts of lactate in musclé even at rest. Therefore,
it appéars that‘ lactate' formation occurs- when glycolysis .
.proceeds attqg, rate which exceeds  the. rate pyruvate is
accepted intoc the tricarboxylic cycle. This may occur during -
$ituations of 0, lack, in heavy exercise or in a situation |
whére +he activity of the rate limiting enzyme. pyruvate

dehydrogenase is low, as found in untrained subjects (Ward et'

al, 1982).

The tracer work of Jorfeldt (1970, 1371) also
demonstrated that lactate was taken up by working muscle as a

function of its delivery. Fifty percent waé'acutely oxidized
' »

to CO,, 20% was released as alternate metabolites, and the

remainder presumably" entered metabolite pools with slow

turnover rates. Previous tracer work by Depocas et al (1969)

w B
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reported that 74% of the lactate produced during submaximal
running in dogs was metaﬁolized directly by the working
muscles. Ryan et al (1979) infused la;tate in?B resting and
exercising humans and demonstrated an increased capacity to
metabolize lactate aerobically during exercise. The major
site of lactate removal appeared to be the aerobic muscle
fibers. Recent work by Donovan and Brooks (1983) also
reportéd lactate removal from the blood as a function of the
arterial concentration during low and high inteqsity running
in rats. Lactate was directly oxidized during exercise,
partly by the working muscles.” These results explain the
often cited phenomenon of enhanced lactate removal in
recovery when the subject exercises up to 50% of Vozmax
(Jervell, 1928; Hermansen and Stensvold, 1972).

. There haé been ponsiderqble controversy regarding the
abiliéy of skeletal-rmuscle to synthesize glyéogen from
lactate. 'Originally it was believed thét lactic acid was
reconverted to glycogen (Hill and Lupton, 1923) but Krebs
(19é4l~reported that skeletal muscle 4id noﬁ contain adequafe
éoncentrations of key regulatory enzymes required in‘lactaEe
to glycogen conversion.(fructose-l,G-diphosphaﬁase, pyruvate
carboxylase and phosphoeéolpyruvate cagboxykinase). Only the
liver and kidney were equipped for .gluconeogenesis.
Recently, McLane and Holloszy (1979) were able ;;Tshow the

conversion of l%c.lactate into gl;cogen in resting

fast-twitch red and fast-twitch white types of muscle. This



work was performed in an isolated rat hindquarter preparation
where lactate was delivered as the only exogenous  fuel in
high but physiologic concentrations. No glycogen
accumulation occurred iam the élow—twitch red muscle due to
the 1low concentration of the regulatory enzyme
fructose-1l, 6=diphosphatase. Although this pathwéy does exist
it is unlikely to «contribute significantly to glycogen
resynthesis in the muscles of intact man.

Margaria et lal (1964, 1969) reported that only the
alactacid comp&nent .of anaerobic métabolism was ihvolved
during repeated bouts of heavy exercise léﬁiing 10-15 sec.
No lactate buildup in the blood 'occurred provided the
recovery periods were long enough to permit the rep}enishment

of phosphagen stores. The authors postulated that anaerobic

glycolysis was used only when CP was completely depleted.

Later studies employed the biopsy technique to demoﬁsttate
the simultaneous production of lactic acid and CP hydrolysié
{Karlsson, 197la, b; sSaltin, 19;3). A series .of reé;nt
studies examined mdscle following 6-10 sec sfléupramaximal
cycling in men and cénfirmed'thg simultaneous acﬁivgtion of
both the alactacid and lactacid componehts of 'anaerobic
m;tabolism (Jacobs et al, 1983; Boobsis et al, 1983; Jones et
al, 1984). Karlsson (1971b) summar i zed h;s findings on the
involvement of anaeéobic processes during dynamic exercise;

(1) at workload$ 1less than 50% VO,max there is "a moderate

anaerobic yi{fig which is all alactic, (2) at workloads

k)

. .
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between 50 and 90% VO,max the energy required from anaerobic
metabolism is derived 50-50 from CP hydrolysis and anaerobic
glycolysis with lactate production, (3) at workloads above é
930% VO,max CP hydrolysis is maximal and anaerobic glycolysi:
is maximally stimulated producing high levels of lactate. z1$
Dufing exercise at 90, 160 and 130% VO,max sustained
for 16, 7 and 2 min, respectively, ATP and CP levels
consistently dropped éo 70 and 20% of normal values witﬁin 2
min. Glycogen was not  depleted and muscle lactate at
exhaustion was lower during the lowest workload (Rarlsson,
1971a, b). -The author postulated that some additional factor
besides ATP, CP, glycogen depletion or lactate buildup per se
was responsible for fatigue. The inability of the muscle 56
buffer H' released from the dissociation of lactic acid and
the resultant lower. pH was Suggested as an alternate

mechanism. !

- - ’

{
1.8 The Effects of Acidosii‘pn Muscle Metabolism and

Performance

Hill and  Lupton (1923) noted that fatigue in a
stimulated frog muscle was urqlated "to the buildup of the
metabolic byproduct lactic acid. They also knew that lactic
acid in muscle and Slood existed mainly in its _dissociated

+

form (H and'lactate ion bound to Nat or K+) due to its low

dissociation constant. The. phenomonen of fatigue appeared to

occur locally since Meyerhof ‘reported that immersion of a



}
muscle into a solution of alkaline buffers increased the
- amount of lactic acid that could accumulate prior to fatigue.
Meyerhof believed this increased amount of stimulation before
fatigue was due to a decreasele+ concentration or a blockjng
of the hi ring effect of ut by the alkali (Hill and Lupton,
1923). These\rdsults led Hill and Lupton (1923) to suggest
that the efficiency of buffering in the muscles determined

the fatigue maximum of lactic acid and therefore the duration

\\\_///of a short-lived violent effort. The neutralization of

alkali-protein was hypothesized as }mportant in neéating the
acidotic effect of lactic acid pfoduetion. Long maintained
exercise was more dependent on the provision of O2 and the
efficiency of oxidations, since the H' concentration did not
change appreciably. Eggleton and Evans (1930a) also
demonstrated that the rate of lactic acid formation in
surviving muscle was accelerated in alkaline fluids and
retarded in acidotic solutions.

Work by Fiske and Subbarow (1927) suggested thak cp
hydrolysis during stimulation released base and aided in the
buffering of lactic acid although the quantitative
significance, of this reaction was not known. The impqrtaﬁce
sf both protein buffers and CP hydrolysis in maingaining
muscle pH during asphyxia at the onset of exercise was noted

fxom work with an isolated muscle preparation (Sacks and

Sacks, 1933).

36

PP




37

-

Several investigators reported decreases in the CO2
combining capacity, pH and PCO, and’ increa.ses in the lactic

acid concentration of blood taken frém humans subjected to

intense‘exercise (Barr et al, 1923; Barr and Himwich, 1923;

Jervell, 1928; Dennig et al, 1931; Laug, 1934). The

produétion of lactic acid was partly buffered through the

binding of H' to bicarbonate ions (HC63‘) to form carbonic

acid, which dissociated to Hy0 and €O,. The CO, was blown

off at the lungs through the increased ventilation duringﬂ
exercise. However during intense exercise this system was

uniﬁle to prevent a significant acidosis from occurring.

Derinig et al (1931) were the first to dis&ess the importance

of all three known buffering 'mechanisms (carbonic acig,

protein and CP hydrolysis) in combating the develbpmedt of

acidosis in heavily exercising 'humans.

In an attempt to enhance the buf ring{ capacity of
the body, Jervell (1928) had 2 subjects ingest sodium
bicarbonate (NaHC03) prior to 12-15 min of heavy work. .Totgl'
work dorne was unaffected but-lgctate accumulation was lower
in the alkalotic state. Dennig et al, (1931) took the
opposite approach by administering ammonidm chloride (NH4c1)
and showed a reduced endurance time in 1 subject. Later_
studies reported that artificial alkalosis increased the time
to exhaustion and produced higher peiﬁgblood lactate values

at exhaustion (Dill et al, 1932; 'Margaria et al, 1933).

Asmussen et al (1948) gave NH4C1 to 2 subjects and saw no
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change in work capacity, VO,max or maximum blood lactate
during heavy exercise.

More recently, numerous studies have reported that
acidosis decreases mﬁscle performance, lowers the rate of
muscle glycolysis and decreases muscle lactate release in
isolated animal muscles during .stimulation (Hirche et al,
1975; Mainwood and Worsley-Bro#m, 1975; SEeinhagen et al,
1976; Donaldson et al, 1978; Fretthold and Garg, 1978;
Gimenez and. Florentz, 1979). In heavily exercising man,
Jones et al (l1977) demonstrated thatiNH4c1 ingestion
decreased peak blood lactate concentration and time to
exhaustion as compared to control conditions. Induced
alk&losis (Nch03) produced prolonged endurance times and
higher peak blood lactates., A later study of similar design
examining‘working\xcsle demonstrated an inhibition of
glycolysis at PFK during acidosis and also a poséible lactate
efflux impairment (Sutkon et al, 1981%.

A decrease in pH }nhibidé the regulatory enzyme PFK

(Gevers and Dowdle, 1963; Trivedi and_Danforth, 1966) and

phosphory}ase b (inactive) to ph¢sphorylase a (active)
conversion (Danforth, 1965; Chasiokis et al,- 1983). The
result of these inhibitions is a decreased'glycolytic.flux
and a slower rate of lactate and/or acetyl CoA production,
Therefore, both anaerobic and aerobic’ energy production may
be decreased, although activation of pyruvate dehydrogenase

by acidosis may contribute to lower lactate production and

el s
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maintained aerobic metabolism (Newsholme and Leech, 1983).

The reduced anaerobic energy production will .lead to*enhangggj

fatiguability, accounting for the shortened endufanée times

during heavy exercise. A reduced ability Lo ;émove‘iéctate
<

and/or H* from the .intgrior of the muscle cell would serve to

enhance‘the acidosis. .

Given this speculation, the relationship between the
metabolic effects and. impaired performance of acidosis
remains unclear. Respiratory and metabolic acidosis ﬁay have
differeht ' metabolic effects (Mainwood and Worsiey-Bfown,-r
75;‘Ehrsam et al, 1982). Muscle 02 upgake may be -depressed

by acldosis during stimulation through a decrease in muscle

blood flow and 0, delivery (Hirché et al, 1975; Steinhagen et

al, 1976). Sahlin et al (1983) have recently reported that
_acidosis -may produce fatigue‘indirectiy by depletion of the

7

high energy phosphate stores and the effect of acidosis on

ca?* and le‘gitation-contraction- coupling has not been

‘clarified.




.1.9 "Purpose of the Thesis

' The 1ntent of thlS thesis was to directly quantlfy
the relative contributions of the ‘major energy releasing .
'pathways_ in skeletal muscle during heavy stimulation. 1In
order to accomplish this, direct measurements of endogenous
and exogenous fuel utilizationm, 02 uptake, lactate production
and éhospbagéh ﬁydrolysis were required.

Studies of contracting muscle in vivo are complicated
by unknown orhvarying agmounts of working -muscle, changes ‘in
blood substrate and metabolite cdncentrations, uncertain
eitracellular volume size and composition and poor preciéion
of circulatory and respiratory measurements. Addigionally,
arterial and venous anpulations_ and muscle biopsies are
necessary to adeqﬁaiely characterize the working muscle. 1In
an isolated muscle preparation théasjfactors can be
controlled and sampling requirements are more easily met
For these  reasons the isolated perfused rat hindquar@ég
preparation was chosen to study muscle metabolism and

performance during heavy stimulation.

—

>

- - Several groups of investigators have succeésfully
used the.isolataﬂ perfused rat hindquartet'preparation§§£5
the study of resting “skeletal muscle metabalism (ﬁewis et al,
1977; Van Hardeveld and Kassenaar, 1978; Dieﬁz‘et al, 1980;
Ivy and Holloszy,.lQSl:rRichter et al, 1982b; Walkerlet al,
iQSZa) foiiowing the pioneering work of.HoughtBn (1971) and

the evaluation and characterization of this model by Ruderman
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et al (1971). A number of factors make ﬁthis preparation
particularly suitable for this work. The hindqﬁarter
preparation consists mainly of skeletal muscle with very
little adipose tissue. The muscle receives exogenous
substrates through normal vascular channels and the normal
" bone, ‘muscle and nerve relationships are mazﬁtained. :All
components of the arterial perfuséte may be tightly
controlled and manipulated: blood gas, acid-base and
electrolyte status, hemogiobin-concentration and hematocrit

and the concentrations of energy substrates, metabolites, and

*
-

hormones. Simultaneous sampling of arterial and ‘venous
perfusates permits the measurement of uptake and release of
{eneigy substrates and metabolites. F1na11y, pre and
post—perfusion muscle biopsies are readily obtained for‘the
measutemeht of intrémuscﬁlar energy / stores, metabolites,
enzyme activities ‘and pH.

For the purposes of this thesis the resting
hindgquarter modellﬁas extended for use during heavy muscular
contraction.-ﬁqggiiowing the development of the exgicising
preparation this model was used to examine some of« the
unknowns, gaps and controver;zgglxponcerning- the preggnt
understapéing of mgtébolism and performance of heavily
Eontracting skeletal muscle. What are.thelrélattve
contributions of the aerobic and anaerobic energy ptoducing'
pathwaf?fduring sustained nmximal.stimulation? How do the

L]

major fiber types in muscle differ in’ their contribution to
: . .
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total eneréy producti_qn and -muscular performance ‘a'nd v.;'h\ich
energy releasing péthways are used?“What are the lrel(ative
contributions and- ordgr of p\refere’nce of the available\fuel
sources throughout the stimulation? Are heavily working
-muscles able to shift to alternate fuels such. as
intramuscular fats when preferred fuels (cla:bohydrapeé)-are

depleted(’\g{ unavailable? Can the  fatigue which .occurs in

heavily vontracting muscle be linked to biochemical changes

in fuel stores, metabolite concentrations/%acelluiar
a?'{%i&y? What is the effect of perfusing with an acidotic

medium on. the metabolism and performance of heavily-

contracting muscle? Are the changes -in performance dpringf

acidosis biochemically mediated?

. R - . -, . X
The following chapter .describes the development of

the model to the point where pro'ldnged _hig?h ten}iﬁl

A

produc}:'ion by the muscle of the perfused hindquarter was -

obtained. - S _ o
/ o ] o

72
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2. DEVELOPMENT OF THE ISOLATED PERFUSED RAT HNDQUARTER MODEL

»

—

Houghton "(1971) and Ruderman et al (1971‘ established

the wviability of the ' isolated perfusedf rat hﬂ,‘
R .

preparation for the sﬁudy of restlng muscle metab011 m.

Sdbsequently, several groups of‘qnvestlgators used\Ehfé model
tpf examine insulin-glucose uptake dynamics (Reimer et sal,
: . a -

1975; Lewis et al, 1977; Ivy and Holloszy, 1981} Ricﬁter et

"al, 1982b; Walker et al, 1982a) and . glycogen metabolism
* . . '

(Dietz et al, 1980) in skeletal muscle.and the effects of
thyroid status on muscle metabolism (Van Hardeveld and.

—

Kassenaar, 1978). |

At the outset of this project few attempts at
stlmulatlng ‘the, perfused hindquarter had been reported and
most assessed the quallty of the stimulatlon simply by

palpaE;gn of the working muscles (Ruderﬁan et al, 1971;

-

- \_girger et al, 1975, 1976; Rud®rman et al, 1980). Rennie and

Holloszy (1977) were the_first‘te quantify the fdrce p;oddced

-

by the gastrddnemius-plantaris-soleus (GPS) mueCIe'group of

-

the hindquarter. Thig}fhesis was ¢ intended to'jﬁrend their

work by characte@izin the model during heavy muscular
contractlon with measurements of force product1on, substrate
and metabollte uptake -and release and muscle fuel and”

metabolipe concentra:ions. \\ :
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2.1 Early Perfusions

2.1.1 -Perfusion Protocol

Perfusions were performed on anesthetized'male rats
prepared as outlined by Ruderman et al, (1971). The left
hindquarter was isolated and perfused‘ with an artificial

medium via the abdominél aorta. Venous perfusate left the

animal via the inferior vena |fava. Control muscle biopsies

were taken prior to the surge from thé right hiﬁdqﬁarter,
The perfusate medium contained Krebs Henseleit (kH)
bicarbonate buffer solution. and aged human red blood cells
(RBCs) at a hemoglobin (Hb) qoncéntratlon of 8 g;ﬂl'l; The
perfusate was cohtinually gassed with 95% 0O, and 5% ggz as
the medium .was recirculated through the hindquarter. The
tendon of. the GPS muscle group was attached to a force
-transdﬁcér_and the muscles were stimulated via the sciatic

- - 4

nerve with a train of impulses every 2 sec. Trains lasted 50

JERE g

msec and conta1ned zg;eparate impulses (100 Hz), each lasting

0.2 msec {Rennie
intensity of each 1mpulse was 5upramax1mal {5 volts). Durlng

st imulation the perfu51on flow rate was 10 ml.min~1 and

muscle biopsies immediately followed.

d "Holloszy, 1877). The stimulation




2.1.2 Hindquarfer Performance

]

Early attempts at stlmulatlon produced peak isometric

tensions of approxlmately 2000 g w1th tension falllng rapidly _

to 0-100 g in 10 min (Fig. 2). Rennie and. Holloszy, (1977)
-.had reported peak tensmns of only 1000 g but fatlgue was
less pronounced since 400-500 g of tension we held after 10
min (Fig. 2).. McLane et al (i981), wOoT ind in the same
laboratory, reported peak isometric tensions of 1500 g which

fell to 800 g following 10 min of stimulation (Fig. 2).

Intact anesthetized rats produced Peak tensions of

apﬁroximately 2000 g. During the first 5 min tension
decreased by only 25% and-foliowing 60 min, 1300-1400 g of
_tension were maintgided iFig.‘Z).

1t did not seem likely that inadequate conduction of
the electrical impulseshfrom the nerve to the working museles
wae responsible for the extreme fatigue 'in the present
‘ preparetion. Visible contractions were seen every-z sec and
_jt was hnlikely that only.derteinﬂmuscles or motoruni;s of

. -

the GPS muscle group were, not stimulated. Additionally,

action potentiﬁii/;ecorded at various times. from the -

contracting semitendonosis muscles ‘of intdct and perfused

hindquarters of the same rat were identical.

‘a .

g

—

2
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Fig. 2. 1Isometric tetanic tension production by the .rat
-gastocnemius~plantaris-soleus muscle group under, varying
" conditions and in previous investigations. 1. Early
perfusions. 2. Rennie and Holloszy (1977). . 3. McLane et al
(1981); "stimulation .rate was "100 msec trains (50Hz) at a 0.5
.Hz frequency and a 5 volt intensity. ‘4. Intact anesthetized
tats. 5. -Perfusions with fresh and rejuvenated rxed blood
cells. Stimulation'rate for conditions 1, 2, 4 and 5 was 100
msec trains (l00Hz) at a 0.5 Hz frequency and a 5. volt
" intensity. al . Co

L
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2.1.3 Oxygen Delivery

Long-term exercise is heavily dependent Sn aerobic
metabolism and it‘therefore-seemed reasonable to assess the
adequacy of 0, delivery to the hindquarter as the factor
responsible for the rapid fatigue. Timeéexpired RBCs were
known to pdssess ‘low ATP and 12;3—§iphosphoglycerate (DPG)
concentrations following storage at 4°é for 21 days. The low
2,3-DPG produces a left-shifted "Hb-0, dissociation curvé
which‘translates into a greater_Hb—02 éffiﬁity and results in
decreased 0, offloading at the tissues. i Enhancﬁq‘ RBC
fragility and hemolysis were also problems with aged RBCs. as
evidenced by the rise in perfusate K" concentration from 5.9
to 8 mM 6rkover following l‘hr of éerfpsion. To negate these
problems :rgéh ‘human RBCs were obtained and used in* the
perfusions._ Also; the.perfusing Hb conéentrations and flow
rates w%re' increased from 8 -QB 12 g.dlf’1 and 10 to 16
ml.miﬁ(l, . respectively since these factors méy have also

contributed to a low 0, deliveryf

With these modificatioﬁs, peak isometric tensions
N : - . .

S

were not si;pificantly ‘altered but the raée of tension
fatigue was much "slower and more closely resembleé ‘the
performance of the intact anesthetized rat (Fig. é).
Unfortunately, it was not practical (£o -routinely secure

adequate volumes of fresh human RBCs so ,time-expired cells

were subjected to a rejuvenation procedure (Deuticke et al,



1971).  The cells were incﬁbated -in a solution c¢ontaining
inosine, glucose, pyruvate and sodium phosphate. This
procedure increased the P50 (PO, at which 50% of Hb is

saturated with 0,) of the RBCs from 19 mmHg or lower to 25

mmHg, returning the offloading characteristics to near normal

l?vels (fresh FBCS PSO = 26—%7 mmHg) . Perfusioqs with
rejuvehated RBCs produced tens(ﬁn .curves similar to those
with .fresh cells (Fig. 2) and feéuced the amount of RBC
hemolysis.

-

2.1.4 Non-Recirculating Perfusion System

These ’early perfusions employed a recirculating
s;stem where the initial 50 ml of perfusate were discarded
after one pass through the hindquarter and the remaining
200-250 ml were recirculated. Therefore, the metabolite
concentrations‘ 9{ the arterial perfusate were continually
changing and it was difficult to sample this blood frequently
to assess the changes since the blood was constantly in the
oxygenaﬁors being gassed. However, the major drawback of
this system was the dnability.to separate the metabolism of

the RBCs from that of the‘resting or working hindquarter.

Both the RBCs and hindquarter took up glucose and released

lactate. 1In order to accurately assess the metabolism of the -

perfused muscle only, a one pass or non-recircdlating systém

>

was used. One reservoir of arterial perfusate was prepared
8

amdida.




49

and continual gassing was unneéessary. Sémples of the
reservoir perfusate were taken every 5 or 10 min to assess
the RBC metabolism while simuitaneous arterial and venous
] sampling identified substrate and metabolite uptake or
release bytthé hindquarter. Acid-base manipulations of the
arterialﬁgerfusate'were also easily accomplished with this

system. The drawback was the need for largen volumes of

RBCS.

2.1.5 Collection of Fresh Red Blood Cells

’ One exkperiment required 800 ml of perfusate (400 ml
of packed RBCs} for 30 min of rest perfusioﬁ and 20 miq of
stimulation., In one day 3-4: experiments were completed

requiring approximately 1200-1600 ml of packed RBCs. Sources .~

included time-expired cells from the local blood banks and
=«

RBCs obtained from polycythemic patients bled at 1local

hospitals. These sources &culd not meet the volume demands
and. delivery was not on a regular basis. It was not

practical to obtain the required volumes from human donors so
. : i

a local abbatoir was contacted. Initially, RBCs from .pigs
were collected directly into anticoagulant but perfusions

with these cells resulted in, severe edema and behaved as if

the rat microvasculature was plugged. Since the animals were

killed in a traumatic manner-it appeared that their clotting

mechanisms were activated prior to collection. The clots

N RN
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were not picked up by fhe 40 um filter in the perfusion

system or may have formed when in contact with the

microcirculation. This problem was overcome by collecting
large quantities of bovine blood. The cattle were killed in
a considerably less traumatic manner. Identical collection

and washing procedures resulted in_successful perfusions free
from clot formatioﬁ.

) The quality éf the transported blood was maintained
by direct collection into sil}cgnized plastic reservoirs and
bottles containing chilled acidQéitrate-dex;rose (ACD)
anticoagulant. The blood was transported on .ice..and each
volume of RBCs was washed with 25-30 volumes of KH
bicarbonage buffer. With the_establishmgnt of an adequate

and reliable-sburce of RBCg, a number of additional aspects

of the exercising hindquarter model were assessed and altered

where necessary.

2.2. Perfusion .Related Alterations

Several ‘adjustments to the perfusate and perfusion

- -,

apparatus were inéorporated during the course of the model's.

development. Perfusions with élbumin concentrations of 4,5
and 6 g.d1-l demonstratedt that 4 ‘g.dl;l was the optimal
protein concentratién, prdducing appropriate osmotic.
pressures which comb;ted_ the forces. tending to drive the
perfusate out of the circulation. During rest and

stimulation fluid gain by the tissues was maintaineqﬂﬂet



acceptable levels.

The water used to wash the RBCs and&ﬁeeded to form
the plasma portion of the perfusate required a high degree of
purity. It was not practical to sterilize ' sufficient
quantities of water but cleanliness was necessary. All glass

or plasticware was carefully washed and kept free from
. . ‘
contamination. Initially, distilled water obtained from the
hospitai's central store was pgssed tprough deionizing
columns and a cérbon filter before use. The life of these
columns wds 6 months with normal use, but due to the large
quantities -of water needed for blood washing they expired
éfter 2-3 months. Perfusions with unclean water 1led to
constant contamination of the hindquagter with “subsequent
tiésue reactivity, high' perfusion pressures and edema. Since

the replacement cost of columns was high it became necessary

to install a distilling apparatus in the laboratory and use

only double distilled water. This improvement maintained the'

quality of the water and alleviated the Eelated perfusion

problem$.

-

As mentidned, a one-pass pérfusion system was used.
The perfusate was gassed with a tank of 95% 02, 5% Co, gas,

transferred to a one litre reservoir and covered with heavy

mineral oil to maintain the blood gases. Although this

system was adequate it did not permit the fine tuning

necessary to manipulate the acid-base state of the perfusate. .

For this reason separate sz and 0, tanks were used to

-

4



“human RBCs decreased cell fragility, maintained normal 0
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aggievé the desired blood gas and acid-base status. The

mineral oil covering of the reservoir Wwas also replaced with

‘a reservoir capped with a rubber stopper. A constant flow of

the required gases was bled into the air space betﬁeen the
perfusate and the rubber stopper. This maintained gases
exactlEr as desired for as long as required ané alléviated
. - :
possible contamination of the blood by the mineral oil and
the slow equilibrétion which occurred | between the perfusate
ahd the atmosphere in spite of the min ral -oil.
Perfusions of ?Eather' fresh "bovine or rejuvenated

2

onloading-offloading characteristics and enhanced the 02

delivery by the perfusate. An advantage of using' bovine
L8

cells.over rejuvenated human cells was related to the size of

&he RBCs. The volume of a bovine erythrocyté {50 um3) is
ot _ ,

nearer the rat erythrocyte volume (60 um;) than human
erythrocytes‘(BO_um3). In the normal microcirculation, the
diameters of many capillaries aré smailer than a red blood
cell, ‘requiring the cells to elongate and pass through in-
sinéle file. This may cause potential problems for tissue
oxygenation 'especially at the high flow rates of exercise
when pe;fusing .the large and potentially more ~fragile

rejuvenated human cells.

Since RBC volume was near the normal for rat and the
Hb concentration Yn the perfusate was adjusted to the normal"

rat wvalue of g.dl'l,'pe;fusions were attempted with more '

e



|

nqrmal 02 levels aad not hyperoxic partial pressures.
Experiments with Pao2 values of approximately 150 mmHg
produced lower perfus@on pressures during rest (40 mmHg) but
subsequent inébi&jty to produce tensiorr during stimulation.
These preparations behaved as thodgh the tissues were anoxic
during rest aithough similar flow rate§ were used (6
ml.min‘l). Oxygen uptake measurements were also lower during
normoxic’;mrfusions suggesting that the flow was bypassing
many of tissue capillary beds. The vasoconstrictor respénse
to hyperoxia (>300 mmHg) resulted in higher Eperfusion
pressures at rest (80 mmHg) which appeared to open all
capillary vascular channéls-and maintain .tissue oxygenation.
Although @t was essential ﬁo perfuse with” hyperoxic mixtures,
pharmécological agents were not neeaed. to obtain adequate
vasodilation and tissue oxygenation. Several groups
(Ruderman et al, 1971; Walker et al, 1982a) reported the use
of phent:o].arnine,‘L an alpba—adrenergi; blocker, to produce
adequate vasodilation. As the group[% expertise witﬂ this
model improved, these égents_yere no'Lgngef needed (Walker et
-ai, 1982Db) . |

. .

2.3 8Surgical Alterations

The surgical isolation 6f the hindguarter as
described by Ruderman et al (1971) results in the perfusion
L2 - ¢
of approximatgly 15 g of muscle, ‘of .which 30-50% contracts

when stimulated via the sciatic nerve (Rennie and Holloszy,
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1977). . In the present investigation 55% of the perfused
muscle contracted during stimulation (Chapter 3). In order
to enhance thé working to non-working ratioc of the
preparation, cannulatiohs of the femoral artery and ;éin were
attempted. Walker et al (1982a, 1982b) used this technigfe
to perfuse all the muscles of the lower leg and the distal
sections of the upper leg muscles and reported that
approximately 75% of the perfused muscle could be séi;ulated.
In the present work femoral perfusions were not succegsfql}

resulting in high perfusion pressures and subseguent tissue

edema.

)

Only minor meodifications were" mafile to the surgical

techniques of Rudgrman et al (1971). Weighing of the rat éré'

and . éost-perfusions during early experiments revealed a
significant increase in animalQeight. This was due to an
engorgement of the animal's abdominal cAvit)\ with perfusate.

Investigation revdaled that perfusatye was slipping by the

venous catheter and an. additional sutuke around the catheter

was required to alleviate this prople

. v
2.4 Hindquarter Stimulation and Performance
—

With the production of'high.isometric tepsions By the
GPS mj?cle group it becéstgpﬁéésaryvto develop a metpod of
adequately and reliabiy stabilizing the rat hindquarter
during stimulation. Secondly a”reliable'method of'ﬁecuring

the GPS tendon to the force transducer was needed. Initiai




I

attempts at stimulation often regglted in the hindguarter

AY

pulling free of itg‘stabilization g&ﬂfhe knee joint and the . -
GPS - tendon tearing from its attachment to the transducer.
The stabilization"system was improvéd by securing the
hindquarter with support brackets lthzrough which metal screws

held the bones at the knee and ankle j°iEE§; 'The lower leg

‘was - held parallel to the pPlatform while the hip angle was

approximately 135° (Fig. 3). This stabilization procedure
did not interfere with blood flow at the knee and ensured
uniform fixation of the hindquarter during isometric

contractions. Suture material was used to reinforce the GBS

-

tendon and attach it to a flexible wire which could be

sépured to the force transducer. The resting length of the
muscle was moved to the position producing optimal tetanic
tension by moving the téansduce hegg‘improvemehts were
instrumental in the achievement of reliable teésion
recotdings during)stimulation. They also contrlbuted to the
higher tension measurements in the present model as compared

to previous reports using similar stimulation frequencies
(Rennie and Holloszy, 1977; McLane et al, 1981). .
Stimulation was produced by direct attachment of an
electrode to the distal section of the transected sciatiei™
nerve. At times 1mproper ground1ng of the animal to the
metal platform led to the escape of the stimulation signal.

To alleviate this problem the platform and metal support

brackets were coated with a nonconduct ive material.



stabllizatlon |
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Fig. 3. Rat hindquarter stabilization and.attachment of the

gastrocnemius-plantaris~—soleus tendonw to the force f’q
- transducer. L

1
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The hindqua:;tér was stimulated every 2 sec with‘a
@ﬂ//f" train_‘of supramax imal ‘stimuli,. produoing tetan?t isomeofié
| contrattions.’ Trains of stimuli “wore used ;o simu}ate
physiologicala stimulation duxing.’ﬁeayy 'exercise.
_Sbo;amaxima} stimuli,onéured.thot_eéchifroin fully act ivated
ali~ motorunitsioand prevented ﬁotorunit recruitment from
changing -over time os it does during ;Eimolatioo with
ouo&ax;mal stimuli., ‘Stimulation with double or single pulses
'producéd ;oéér workloods, peak tensions and 0, uptoke values
-(Table 1). The present work- was 1ioitod to sﬁimﬁiation rates
produc1ng high workloads. T (
ot ' The isometric tension generated by the- hlndiuarter
,wasldepenoeng on the fed state of the;gat.' A 15 hr overnight
I_f.ast: oepleted'glycogen-levelo by 30—55% in the-GPé mustles
. {Table 2). Tengion decayed at a fasterx rate, during

: o
/‘Q’
-

~

peifusiong. with fasted rats. The findings“ in- Chapter 3

demonstrate the r%}iqf%reakdown of muscle glycogen during'the

“. " first 5. min .of stimulation and thérefore explain the
‘f\ 1mportance of pre-exercise glycogen levels on musq}e
. performance durlng néé@Y stlmulatlon. . f
B L S N
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2
Table 1. Performance variables at rest aﬁd selected
stimulation rates (V, volts; T, train; SP, single-pulse).
’ .

- ' . i - *.

Workload | Stimulation 0, Uptdke ~ Peak Tension ’
Rate (umol/min/ (g) ;,,\5
hindquarter) . ‘ A
. Rest e 8-10°
Low (a})  0.5Hz, 5V, - .- 12-17 ° 800
| © (100 Hz) . ) v
(b)  0.5Hz, 5V, ° 12-17 . - 600
. 0.2 msec SP ' N o )
. L ) ,
High 0.5 Hz, 5V, = 20-25  2100-3000 ’;,/// ___
? 100 msec)?;. o - g’_ e I
100 Hz C _ '
. ( - | /f’/
gu
o
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Table 2. . Effects of a 15 hour fast on muscle glycogen
content (mean # SE, n = 7). 4

‘Glycogen (umol glucosyl units/
g wet weight)

Fed Rats Overnight Fast Percent of
A \ _ : * (15 hr) * Fed Glycogen
SOLEUS L 21.6%2.9 . 147+ 1.2 (68.1
PLANTARIS ~ 31.6 + 3.4 20.3 + 30 642 .
| . . o o
RED GAST. 3.2 + 3.1 . 23.3+2.6 68.1 .
| - A NG
WHITE GAST. 34.8+ 2.3 4 22:9 + 3.8 65.8
it
p 4
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2.5 Measurement Related Improvéments A8

Simuitaneous sampling 0of arterial and venous
perfusate samples permitted the measurement of arterio-venous
, differences aoross the hindquarter for metabolites such as

glucose, 1act2?$“and FFA. Blood flow was measured from timed

A

venous collections. ‘Perfuéaté'éampleS;were dispensed into
the appropriate anticoagulants or de?roteinizing aéents and
measuf d later. A‘more'ﬁmmediaté system was needed for the
measuyzmentqf 0, uptake. Anéérbbic ée:fhsgte éamplég were
anélyzed w?thin 2 min for PO,, PCO, and pH with a blboq gas
analyzer and for Hb concentragion and, percent 0, saturation
with an automatic héhoxiqg;qie Tﬁis permitéed.the immediate
-calculatlon of arter1al and veﬁbus 02 contents and togemher
atlth the flow rate gave the 02 uptake. _

A pressure transduier in the arterial.'iine
continuously monigored the arterial perfusion bressure and é
force transducer quantitated the force Q;oductfon- duriné“v

stimulation.

Resting perfusion; of vafyiné_Ighgths determined;thaﬁ
30 min of-‘rest perfusion at 6 ﬁlrmin'l' was requi;éd‘,far
glucose uptake and lactate-producézon by the hinéqugrté; to:'
reach-a'steady state following the surgery. .

Muscle biopsies were immediately freeze clamped and
stored in liquid N, until analyzed. " Control biopsies were .
taken from the contralaterél hindquarter“ﬁfibf to the

éurgé?}f At the end éf each ‘'perfusion, biopsies were taken
. ‘
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from the exercising muscles without disturbing the

stimulation or\blood'flow_oi‘théjhindquarter.

’

t PR

'2.6 Summary < 7 i - o

" The improvements .and. alterations made to the isolated

perfused rat hindquarter model discussed in thig chapter were

desiéned to producé3a=preparation\capabie of'susgaining heavy
muscular contfaction £6T\ prolonged periods of time. Oniy
after solving these ;Zﬁgaems could the model be considered

viable for use in the stidy of muscle metabolism. Chapter 3

describes the working model ‘in detail and examines the

metabolic ‘response of the hindquarter to prolonged heavy

stimulation.




3. MUSCLE METABOLISM AND PERFORMANCE DURING HEAVY EXERCISE

IN THE PERFUSED RAT HINDQUARTER S

[ ey
L™

3.1 .Introducticn | , B

_Early‘attempts at stud?ing the meta%olism and
performance of skeletal musclé during exercise in the
perfused rat hindquarter  were poorly characterized.
Subhaximal stimulation rates were used énd ’the- qqality' o%
stimulation was assessed - only by éaléation_‘of the muscles

(Ruderman et al, 1971, 1980; Berger et al, 1975, lng). Only

Rennie and Holloszy (1977) reported an attempt at. .force

quantification during;rﬁythmic tetanic stimulation. During .
the course of the present work additional investigators have’

reportéﬁ the use of this model during submaximal stimulation-

(Everts -et al, 1981, 1983; Walker et al, 1982a, b; Richter et
al, 1982a, c). Additional attempts at tetanic stimulation

have also appéaréd (Everts et al, 1981; McLane et al, 1981;

Hood et al, 1983).

The présent work fully charhcte;}zes this prebaration
and permits 't.he examination of the mu.scie's metabolism and
performance duriné' heavy stimulatiqh. | fo accomplisﬁ this
é{multaneous measurements of isometric force production,
subétrate and metabolite uptake and release and intramuscular
fuel utilization and mgtabolite accumﬁlation were made.

. . 62
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3.2 Methods

N, _ - )

3.2:1 Animals _
Male Sprague-Dawiey rats weighing 283 + 7 g (x + SD,

n=23) were used in the perfusions. The animals were fed

Puriia laboratory chow ad 1libitum and housed in a

temperature, humidity and light controlled environment {12 hr

on, 12 hr off).

b3 N -

3.2.2 Perfusion Medium

The . perfusion medium coﬁsigted of KH buffer (Krebs

and Henseleit, 1932f and fresh bovine erythrocyteé to give a
final Hb,-concentration of 14 g.dl']‘.j The perfusate af§3ij

"contalned 24 mM sodium bicarbonate, 4 g dl l‘dialyzed bovine

albumin, 5 6 mM glucose, 0.15 mM FFA (bound to the albumin),

- 2.5 mM calcium chloride and 22.0 uM choline chlofide. The
resulting élasma ionic concentrations (mM) were Na+,j 143; '

c1-, 125; k*, s5.9; Mgz+ 1.21; ca?*, 2.5; and HCO,™, 25. The

-

initial lactate concentration in the perfusion medium was

‘ . ¢
1.02 + 0.07 mM (x + SE, n=23) resulting from erythrocyte N

_ metabolisg. - Following 'a 50 min perfusion, the lactate
concentration rose to I.QJ + 0.08 mM. Sodium pyruvate was
added to giye-an initial lactate/pyfuvate ratio of 10-15.

The bovine erythrocytes were obtaiﬁéé from a local

abbatoir 1-2 days prior to perfusion days. The erythrocytes.

A
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~
were cgl}ected directly into ACD énticoagulant‘(l 1l ACD per
3.5 1'ﬁhole blood), transported to the laboraﬁory on ice and
Qashed with 25-30 volumes of RH buffer containing 30 mM
bicatbonate and . 11.1 mM glucose. Tﬁé 'RBCs were .passed
thxwough a colﬁmn éf glass beads to remove ﬁibrin And
fibrinogen and stored as packed/;ells at 47C,  The morning'of
perfusions they received a final wash, with 2-3 volumes of KH‘
buffer (HCO;™ =.24 mM) and were passed through an intravenous
blood  line filter (Abbott Léboratoriess. The non-er?thgocyte
portion of' the perfusate containing the albumin was passed
through a 22 um filter (Millipore) and added to the

erythrocytes. Calcium chloride was added to the perfusate

only after the gasq{ii’jith CO, and 0,. : | :

3.2.3 ﬁindquarter Surgical Preparation

‘The .stirgical isolgtion‘.of the rat hindquarter was
performeﬁ as described by ﬁuderman‘et a1'(1971) with
-modifications'. ~The rats were anesthetizeé with an
intraperitoneal injection (6 mg.l100 g'l body_wt) of sodium
pentobarbiﬁal. Following the midline iﬁcision'thréugh the
abdomen -and ligation of”thg vessels éupplying the abaominal
wall and skin, two * sutures wére placed around .the Eight
common il}éc artéry‘~an§‘ vein near their origins. At this
point, following as little surgical interventioén as possible,
pre-perfusion muscle biopsies were taken from the right

hindquarter. The right common iliacl_artery and vein were
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quickly ligated, the remainidg major vessels were exposed and

the isolation of blood flow to the Ileft hindgquarter was

.completed. The tendon of the superficial posterior crural

muscle group ({(gastrocnemius, plantaris and soleus mﬁscles)

was exposed, sutured to a wire ring and cut distal to the

ring. The sciatic nerve was exposed .in its gluteal course,

ligated and cut proximal to the ligation. A rubber collar

tr'as._used to attach a stimulating electrode to the ne;ve.‘
Ringer's solution was used to kegp the nerve moist and

manipulation was minimized.

| The rat was placed on the‘perfusion platform on its
dorsal rftizuind the left leg was‘fixed by support brackets

at the knee d ankle joints such thaé the lower leg was

parallel To the platform and the hip angle was ;E;rox1mately
135° (Fig. 3). Care was taken to ensure proper stab111zat1on
at the kneé and prevent d1slodg1ng.durzngwstlmulat1on. The
force transducer was attached to the platform and secuied to
the metal ring on the exposed te:aon. |

The ;bdominal aorta was cannulated (22_gauge
catheter, Deseret Co.) and flushed with a 0.4 ml of
heparinized saline (100 U heparin. ml'li. The vena cava was
cannulated with a 14 gauge catheter (Deseret Co.) and the'
hindquarter was flushed with 3-4 ml of 0.9% saline. The
animal waé killed with an- intracardiac injection of 20 mg

sodium pentobarbital and moved to the perfusion box where the

perfusion was started. The hindquarter was ischemic for 2-3

3
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min during the cannulations. 1In 41l experiments the skin of

the perfused leg was left intact except for sections around
<

the ankle and knee and the leg was covered with plastic

sheeting to prevent surface evaporation. The entire

operative procedure required 30-35 min.

3.2.4 Perfusion Apparatus

During the surgical preparétion of: the ﬁindquarter
the perfgsate was circulated through disc oxygenators for
5-10-min inside the perfusion box (37 + 1°gj. . The perfuéaté
was equilibrated with a combinatian of humidified gases from .
pure CO2 and 02 tanks csErénsferred té a sealed arterial
reservoir and continually mixed. The Qassing/)resulted in
approximate_Paoz, PacO,, pH and plasma HC03" concentrations
of >350 mmHg, 40 mmHg, 7.41 and 24 mM, respectively. The
humidified gases were slowly bled into the reservoir to
maintain’ the blood gas and acid-base status throughout the.
duraﬁion of the per fusion, Side ports on the arterial
- reservoir permitted anaerobic sampling of the perfdsafe;

b

Following preparation 0f the perfﬁsate, a
tonometered with a 95% H,, 5% co, gas. Samples of

Eample was
tonometered gas were taken at selected times to give percent

02 saturations of 70, 40 and 20%. Exact perdent 0

o

2
saturations and PO, values were meaSured at 37°C, corrected

to a pH of 7.4 and plotted to give a Hb-0, dissociation

curve\\. The Pgg of the perfusion medium was read directly

‘\.' ‘ . . . .' -



from the plot.

A roller - pump fUniversal Electric Co.) was used to
maintain a constant flow of peXLfusate thrpuéh 2 .40 um #ilter
(Millipore), ges debubbler, éhysiologicai pféssure transducer

(Gould-Statham No. 48703) and into the rat. hindquarter (Fig.

Al

4). The pressure transducer .was attached to‘ a carrier

preampl ifier {Hewlett-Packard No. 8805B) aﬁd the continupus

mean a;terial pressure was displayed on a chart recorder
(ﬁewlétt-Packard No. .7754A). The perfuéatg left the
hindguarter through a short Piece of tubing with a rubber
éort lfor repeated sampling of venous bloed. ?he venous
perfusate was collected -for measurement of flow rate,
substrates and metabolites. All experiments employed a

’
one-pass or non-recirculating perfusion system.

N .

3.2.5 Stimulation of Perfused Skeletal Muscle'

A shielded b}polar platinum stimulating electrode was
fixaﬂ to the sciatic nerve duéZ;;_the surgical preparation
and_cbnnected EOHAn electrical stimulator (Grass f%struménts
30.848). The muscles inne;vated by the sciatic nerve were °
stimulated to contract with 100 msec trains }100-Hzr'at a
supramaximal S5 volt intensity and a 0.5 Hz frequency. ﬁvery
train consisted of 10 sepa;éte impulses in 100 mséc, eaéh_o.é
msec in duration. At th; pnsét of-berfusion{ the resting
leng}h 6f the Gps muscle. group was adjusted to produce
maximal tetanic tensior by altering the position of the force

' 4



Gas dobubbl.or

ﬁ ‘
- Arterial reservolr Pressure o
h - transducer
Force
ttanldneor
. -4 Rat
Roler pump Egndqunrtor -—Vanous oolloctlon

Fig. 4. Schematic representation of the rat hindquarter
perfusion apparatus. : §
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transducer. The generated isometric tension was measured
; \_/ o
with a force transducer (Statham No. 10713) "and recorded on’a

L

-?i\\ﬁﬁewlett—?ackard chart recorder. Previous investigations have®
reported that the contracting muscle mass represented 30-50% (;\

of t%e tglal perfused hindgquarter muscle mass (Ruderman et
al, 1971; Rennie anq Holloszy, 1977).° In the present
invé%tigaéion the perfused hindquarter tissue was determiﬁed
by dissection of stained muscle tissue following perfusion
with a dye. The total perfused hindquarter muscle mass
we ighed 13.74 * 0.85 g (n=6, Appendix F}). The stimulated or
"working muscle groups (anterior, * Later r deep posteriér and
o

superf1c1a1 posterlor crur%l

pdsterlor femor%l grolup) wghgh

froups d the bulk of the
d 7.72 ¢ -and represented 56.2%
8ss. The non-working muscle
grouﬁs I(anterior and  medi :

J
portion of the posterior

femoral groups and a small
mordl group) we}ghed 6.02 g,
respresenting 43.8% of the otal perfused ﬁuscle mass.

Perfusion of gluteal and lower ck myuscles was minimal.

3.2.6 Sampling of Perfused Skeletal Muscle

Muscle biopsies were taken from the GPS muscle group.
3 - cie 8

The wet weights from six résting-rats were 1,785 + 68 mg, 294

+ 13 mg and 117 + 9 mg for the gastrocnemius, pla@ﬁaris and

\\;goleus muscles, 'respectively {(Appendix F), The totad weight

6£‘ the éipup (2,196 mg) represented 16.0% of tj}e total

. . ) d
perfused muscle mass and 28.5% of the total working musclé#

-’ N . ' Pt -

VN
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mass. A hemostat was attached to the dlstal end of the GPS
¢ tendon and used to pull the muscle group free. The ent1re
Wsoleus and plantaris muscles wére sequent1a11y removed and
- 1mmed1ate1y fro;en in large metal tongs precooled in 11qu1d
3\ The soleus consists of 84% slow oxidative (S0)* fibers
. »~—and 16% fast oxidative glycolytlc fibers (FOG) while the_r
3 plantaris cogtains 6% SO, 41% fast glycolytic (fG) and 53%
'FOG fibers (Adriamo et al, 1973). Addltlonally, samples of?
superficial white gastrocnemlus muscle, containing
predominantly FG flbers and .the deep portion of the
gastrocnemius medial head,“ contaznrng predominantly FOG
fibers, were removed and frozen (Hickson.et_al, 1976) . The:'
plantaris muscle besttk@presents the working muscles: of the‘
rat hlndquarter belng comprlsed of roughly equal numbers of_
/gs and FG fibers {Ivy and Holloszy, 1981).. The total time
‘taken for the preparatlon, samprlng and jreeziné of all four
b10951es was 90- 120 sec. During this.time, the flowrate“was
malntalnegﬂand the st1mulatlon1:;mained constant. The tf\guef
'.samples/were wragped in aluminum foil whlle frozen and stored'
1ﬁ\11quid N, for sub gquent analys1s._ T

3.2.7- Perfusion Protoc

The experimentgﬁ? design presented in -Tl.-"'—i?ure 5 was

employed to examine the "metabolism . and performance of

skeletal muscle durlng heavy stlmulatlon. Durlng surgery,
the perfu51on med ium was'bassed and its 356 measured Upon
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ml.min

_3.2.8 Anal}i:i'cal Methods * .. o . P

corl'centration were measured. w1th a hemoximete

"Hb concentration, and percent saturat(\j/of Hb (AP

completion of the surgery :the rat was placed in the.

perfusion box and ‘perfused at a flowrate of 5.9 + 0.1

"l (resting 0, uptake did not increase above 4-

ml.min~1). Following 30 min of rest perfusion the flowrate

was  increased to 18.0 + 0.6 ml.min"' and the hindquarter

stimulated for 20 min. Throughout the 50 min perfusion ‘the
rterial perfusate was sampled every 5 min and continuous 2
min venous collections were made, Anaeroblc arterial and

venous perfusate amples were drawn at the times indicated

for the measuremen lood g@nd acid—base status‘and 0,

uptake. Muscle biops\i s were taken atr the end of the
stimulation period. Pe ms‘rons of two add1t10na1 durations‘

were d and followed the same: protocol as .the 50 min

i
perfusions (S20) but endt)ad after 5 min of stimulation (SS) or

foll'owing 0 min of *est (R)-. A’ second set_of 50 min
perfusions were pei:for:med to obtain 'muecle samples (S20)
exr\:i-dsiyely for the "measurement of int’ramusculer

triacylglycerol stof} .

oo
T

¢’

* Electrodes wereg usdl to meas
. J . N * ‘
(Radiometer BMS 3) and the percent o2 satura

on-of Hb and Hb

" 0SM2) . Total o2 content was calculated from'the 15'02 values,

-

A
ndix a).
o - | '

‘The hmdquarter 024ptake was alculaEEfi as ‘the p.' fct .of
. % _S ? [ '
¢ ks e ’ e k
_~"\. ‘, o \/"')-

PQa;, pcoz and- PH

(Rad iometer ”
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the érterial—venous O2 c difference and ‘the flowrate,

Plasma bicarbonéte was calculated from pH and PCOZV

(Siggaard-Andersen, 1963). Arterial hematocrit (Het) was

.. measured by the centrifuge method.

Four ml of each perfusate sample were immediately
dispensed into_ glasg tubes containing‘ powdered sodium
fluoride, mixed and stored on ice.” an aliqupt was removed,
éepréteinized in cold 6% (w/v) H?lo4 and stored on ice. Both
samples\‘were centrifuged wikhin 1 hr. The acid extract
supernatant was .frozen for sub equent analysis of glucose and

lactate concentrati by enzymatic fluorometric techniques

{Bergmeyer, 1965). The asma supernatant waé frozen for
subsequent analysis of glycer l, FFA, protein and electrolyte

concentrations. . Glycerol was\ analyzed by the enzymatic

technique of Garland and andle (1962)., The FFA

d protein using the mefhod of Lowry et’ al (1951)2
ethods usin® . Technicon auto-analyzers
measure plasma electrolyte concentmations of

‘Fd Cad ™~ « The rFlease#fnd uptake of metabolites

and substrates -acr ss‘%he
‘ . . .
product of the flowrate and the arterial-venous concentration

VYedquarter were calculated as the

difference.

Frozen miscle biopsies were pulverized under liquid

rNé{and all visihle connective tissue was Egpoved. A-portion

’

L
.

of the sample (50‘#09 mg;%was weighed wet added to-

L

-

‘m‘ . . a L]
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preweighed plastic tubes _containing! éold 6% -Hc104 and
homogenizea (Polytron). Tl_'ne sample w;s §to£ed on ice and
(:e?%trifuged at 4% ﬁithin 1 hr. <The supernatant was removed
and neutralizeq with ROH. The acid ﬁrecipitate was \washed
with 320,-freeze dried and weigt;ed to give the tissue dry
weight. The precipitated M%\of‘ the neutralized extracts

was removed by centrifugation and ,tﬁ‘e/supernatantpsed to

‘measure lactate, ATP, CP, ADP and AMP concentrations using

standard enzymatic fluorometric techniques'-as'oqtlined by
Bergmeyer (1965j. The second portion of muscle was weighed
wei}, added to a plastic tube containing chilled 0.2 M acetate
buffer and homogenized. The samplé was stored on ice and
centlrifuged‘ within 1 hr.’ 'The.supe_rnatant was used for -the
m_ea'suremenlt of glycogen contentl (Keppler and Decker, _1%’74')..
Total‘ adenine concentration (TA), the ATP/AISP and
CP/ATP ratios and the enefgy -chﬁ}aq-potential (ECP - "ATP +
1/2 ADP/ATP- + ADP + AMP) were callculated._'f‘rom the measiired
values. All reported values were éxpressed per g dry wt
since the muscle wet/dry wt ratios increased foll:gwin;;
stimulation by approximately 17% in the é.ole_us (SOL) and
plantaris (PL) musclés and ‘25%_ in- the red (RG) and white

_
gastrocnemius (WG) muscles.

\Q:.scll..e samples obtained from the second set of 50 min
perfusions were homogenized under liquid N, and all visible . '

connective tissue was removed. A small’ aliquot of tissue

r-

(20-40 mg) was removed and freeze dried for determination of

Al - ]
’ - . - | -
- o
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the muscle wet/dry weight ratio. The remaining muscle was -

divided into 2 equal aliquots (4;0 100 mg) for the

guantitative determination of muscle TG cgntent as originelly
outlined by Dénton- and Randle (1967) and ,(later modified by
Frayn and Haycock (1980). _ _ -

Bach’ allquot was weighed wet and .added to a glass
tpbe- contalnlng S ml of a chloroform—mgthanol (2(1, v/V)

extraction solution. Three ml of 4 mM MgCl, were added and

‘ 2
the tube centrifuged at 1000 g for 1 hr at 4°c for separation

of the ,phases. The upper aquecus phase was aspirated and

5

discarded withrut disturbing the muscle powder "cake" at the
. /

¢
interface of the two phases Twohml of the lower organic
. : w
phaéé’was'aspirated into:a clean glass tube, evaporated and

the residue redissolved with 5" ml .0f &hloroform.

_Phospholipids were removed by adding 500 mg of silicic acid

to each - tube. Following mixing and centrifugation the
supernatant was evaporated and saponified with ethanolic KOH

] . ‘
(0.5 ml of 4% KOH.in 95% ethanolytube; 5 parts of agueous 80%

.. RKOH in 95 parts ethanol) at 60°C for 1 hr. -One ml of 0.15 M.

MgS0, was added and following centrifugation, portions of the
supernatant were analyzed for glycerol by the enzymatic

proc¥ssed through the extrac n procedure gave a glycerol
' : AN ’

technique of Garland and Ra%gizo(1962). A E:iolein'standErd

recovery af 94:100%. )
All chemicals were ;;EE% ed from 51gha Chem1ca1 Co.,

-
St. Lou1s, \*)S A. ang enzymes from Boehringer Mannhelm,

Y- . -

N



Montreal,’ Canada. ~

3.2.9 Statistics

all reported valué& are meang + SE unless otherwise

noted. A paired t-test was used to assess pre and

-~

‘post-pe fu31on muscle measurements. All other dependent
v'hriables were assessed by a eeries of oneway analyses of
variance (dependent variable x- time 901jrs) forxtke
eualuation of time effects on the dependent, variable., The
Studenthewmen-Keuls test .was used to compare means nhen a

'Y

significant F ratio was obtained. Statistical significance

was accepted at P<0.0S5. T .

3.3 Results

Blood gas and @ acid-base status remained constant
' throughout the perfusions (Table 3) a there were no
significant differences' between . the ‘ar rial and- venous

electrolyte values at rest and during sti ulation (Table 4).

0
r
4

The peak 1somet21c tension generated by the GPS_
muscle‘group was 2648 + 55 g (Fig. 6) Tension decreased to
85. 8%, 69.3% and 59.7% of peak tension after 2, 5 and 10 min
of.stimulation, respectively. During the final 10 min of
stimulation, the-rate'of'tension.decay was nuch sloﬁer°'the'
generated tension after 20 min of stimulation representing

51.6% of peat tension. - Tension values after hﬁ min and 20~

min of stimulati%P wére not significantly‘different.
' : . L™ : :

.
-



"rable 3.

P

Characteristics of the perfusion mediums (mean ¥
SE, n = 23).

a

77

—
Pa0,,  PaC0,,  PH HCO,, Peg»  [Hb].  Hct,  Proteim,
mmHg mmHg mmol/1 mmHg g/dl % g/di
1
360 39.7 7.412  25.2 27.0  14.3 30.9 3.8
+12 +0.9 +0.008. +0.5  +0.3  +0.7 +0.1

0.7
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Table 4. Elece§g{yte data at rest and during stimulation
(mean + SE,  n = 19 at rest; n = 6-9 during stimulation).

N R TU K a0
s - ' '
d mmo1/1
REST ~ | ‘
20 min arterial 148 5.8 1a - 2.4
' Vb 1 +0.1 £l to0.l
. . . " . ' .
——— Y *
STIMULATION e
40 min arterial | 149 /577“‘\\- l122,f oo 2.4
+1 + 0.1 +1 0 +0.1
. P
4Q min vénous 149 - 6.0 121 2.4
' +1 +0.1 +1 4+ 0.1 .

-
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Fig. 6. Isometric tension generated by the gastrocnemius-

'plantaris-soleus muscle group during stimulation (100 msec
.trains (100Hz), S volts, 0.5 Hz). ‘
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Hindguarter O, uptake was 7.7 + 0.3 umol.min"! at 12 min and

remained - unchanged for tne duration of the rest perfusion

(Fig. 7). Three min after the onset of stxmulat1on at 33

~min, 02 uptake increased approx1mately 3 fold to .5 + 0.7

wmol .min~1, peaked 2t 36 min (23.4 + 1.3 wmol.min”}

{
decreased thereafte%-such that the 48 min ©

) and

2 uptake of 18. 8

i'l.l,u:tlol.min"1 was signific ly lower than the 33 and 36

min values. The resging oz_uptake expressed per g wet wt of
1

.perfused muscle was 0.56 umol.min =, The corresponding peak

02 uptake value during stimulation was‘z.ép ﬁhol.min'l.gzl

wet wt working muscle, assuming that'SG.Z% of the 13.74 g

hindquatter was working (see above) -and the non-working
muscle'o2 uptake remained unchanged. The'arteria1~pteseure
at 10 min was 82 + 2 mmHg and remained constant at rest (Fig.-.

”

7). . With the increased flow rage during stimulation,‘ the

- pressure increased to '197 1“6 mmHg and continued to rise

gradually hut' non-significantly .thrgughodt .the stipulatior?

"period. The pressures required to overcdme ‘the resistence‘of'

only the perfﬁsion system at the flow rates used at rest and
during stimulation‘were 24 and 104 mmHg, respectively.

_\ " The lactate release by the hindquar ter at 21 min was

-1

l 39 + 0. 24 umol.m1n and remained constant over the final

10, min of rest perfusmn (Fig. 8). . Stimulation caused an

immediate increase 1n lactate release and a peak at 33 min

+ 1.40 umol.min")). No significant differences

betweeh eny'of the data points at 43 min (10.82 +
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Fig. 8. Hmdquax:ter lactate release and glucose uptake
rest and during st:mulatlon. /.
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‘released from working muscle, during‘&eavy stimulation
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1. 22 umol min~ LJhnd bé;ind indicating. that a stea&?jé%_ﬂ/’

.of 1actate release was achleved The lactaffiépqieased at

rest expressed per g of'perfused mdscie was 0. ;um'

and increased to a peak of 2.95 umol.min_l&.
! fol -

- ] - . . . .
muscle, rgpresenting a 30 fold increase in  the

N—

The hindquarter glucose uptéke was low both at rest
./'—"-\\

and during stlmulatlon since no insulin was added to tQE_Q

perfusate (Flg. 8).. 'Sg1mulat;on prodgced a seven-fold.

)ncrease in uptake over rest with mean yalues of 5.63 +'0.23
and 0.35 “+ Offaﬁgmol.min'l, respectivelys The glucose uptake
remalned constant over time at rest and du:;ﬁg st1mu1at1on.

| Ho freé fﬂtty acids were gddeQ'to the,perfuéate.but

the measured arterial FFA eoncentration was 0.15 + 0.01 mM.

The FFA .entered the perfusate bound to the bovine albumin.
- The venous FFA concentration was higher than arterial at restw

and during stimulation lepding to a FFA release from the
. F 4 N N

hindquarter of 87-89 nmol.min" % at rest and 1%}*220

nmol.min~t during stimulatiop (Fig. 9). Glycerocl release by

. the hindquarter also .incre sed'EFom rest to stimulation (Fig.

9). : |
’ . 2 .
'Pre-perfusioq biopsy measurements were not
significantly dlfferent in the R, S5 and S20 conditions
(Appendix @, Tables 13 lG),‘therefore the control values in

. o
Fig. 10-11 rep;esent mean valuks., Rest perfusion for 30 min

.‘(R) had no effect on the measured -variab;es (Fig. 10-11,

s
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Fig. 10. Muscle glycogen and lactate concentrations
following 30 min rest perfusion (R), 30 min rest perfusion
and 5 min stimula;ion (S5) and' 30 min rest perfusion and: 20
min stimulation (820). All S5 values significantly different
from R except 1in sSoleus.  All S20 values significantly
different from R except for soleus lactate. * denotes
significantly different from §5.

Fig. 1ll1. Muscle creatine phosphate and ATP concentrations

following the perfusions. Abbreviations as in.Fig. 10. .All
S5 values significantly different from R except in 'soleus.

All S20 values significantly different from R. _ * denotes
significantly different from S5.
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Fig. 11
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Tables 13-14) in the 4 muscle samples except in the RG muscle
where 21.4% of ‘E?e pre-perfusion glycogen was utilized.
Thirfy min of':est perfusion plus 5 min of stimulation (S5)
resulted in large decreases in glycogen, CP, ATP and TA
concentrations and ECP and an increase in lactate'leQels in
the PL, RG and WG muscles (Fig. 10-11, Tables 13,15). The
ADP and AMP levels increased significantly only in the RG
muscle, The ATP/ADP ratio decreased significantly in the
three muscles as did the CP/ATP ratio in the PL and WG
muscles. Mo changes in any of the measured variables were
found in the SOL muscle (Fig. 10-11, Tables 13,15). ,
The S20 measurements (following 30 min rest and 20
m}n stimulation) produced significant decreased in glycogen,
CP, ATP and TA levels and in ATP/ADP and CP/ATP ratios and
ECP in the PL, RG and WG muscles (Fig. 10-11, Appendix B,
Tables 13,16). The lactate concentration increased
significantly in the same three muscles. The ADP and AMP

levels were Qijhanged in all muscles except thé RG where AMP
L

increased. e additional 15 min of stimulation in S20
significantly decreased glycogen, CP and ATP levels and
ATP/ADP and CP/ATP ratios of the SOL muscle. No increase in
lactate concentratign was found in the SOL muscle (Fig. 10).
When comparing the 85 and $20 conditions, lactate
concentrations were significantly higher after S5 in the PL,

RG, WG muscles (Fig. 10). Glycogen depletion was greatest

following S20 in all 4 muscles. However, in the PL, RG and
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WG muscles, the absolute amount of glycogen utilized in the
firsths min of stimulation was far greater than during the
gubsequent 15 min. The CP and ATP levels decreased similarly
following S5 and S20 in all muscles except the WG where both
-variables were lower following S5 (Fig. 1l1).

A second set of 50 min perfusions with biopsies at
520 were performed to examine muscle triacylglycerol content
(Fig. 12). Soleus TG decreased by 15%, a non-significar-xt
amount. Significant decreases in TG were found in the PL and
RG muscles while 20 min of stimulation had no effect on WG
levels; The 13.5% decrease in PL muscle was significant
since 7 of 8 animals s%owed decreases in TG content while the

decrease in the RG muscle amounted to 31.6%.

3.4 Discussion

The present work refined the perfused rat hindquarter
preparation, previouély used to examine resting muscle

metabolism (Lewis et al, 1977; Dietz et al, 1980; Ivy and

Holloszy; 1981), to the point where the ﬁetabolism and

performance of heavily con¥racting hindquarter muscles could
be examined.

Many previous investigators did not gquantify tension
generation by the exercising hindquarter (Berger et al, 1975;
Ruderman et al, 1980; Walker et al, 1982a), or used
submax imal non-tetanic stimulation rates resulting in low

tension production (Everts et al, '1981: -Richter et al,
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1982‘. The generated isometric tension in the esent study
far exceeded most"gxisting, reports of tetanjic tension
produced during raﬁ/ hindgquarter stimulation. Rennie and
Holloszy (1977} reported a peak teﬁsi;h of 1000 g and a

subsequent decay to 40-50% in 10 min of stimulation while

McLane et al (1981l) reported, from the same laboratory 4

years later, a peak tension of approximately 1500 g falling

to 800 g after 10 min of stimulation. Rennie and Hgiloszy
(1977) used a stimulation rate identical to ours but ﬁchane
et al- (198l) stimulated with 100 msec trains at 50 Hz (5
impulses per train vs 10 per train in the present study).
Only Hood et al (1983) have recently reported similar peak
tetanic tensions to the present study {3590 + 141 g at a

stimulation frequency:of 90 tetani per min and with larger

T

rats).

There appear to be several factors whichr may be
regponsible for tﬁe higher tension in the present
inveséigation.' First, perfusion with less fragile, more
normally sized fresh bovine cells and an increased Hb
concentration (14 vs 12 g.dl'l) may have contributed to an
enhanced tissue perfusion and O2 delivery during stimulation.
This is unlikely to be the whole explanaticn as the
exercising hindquarter 0, uptake values were similar in all
studies (Rennie and Holloszy, 1977; McLane et al, 1981; Hood

1
et al, *1983). Secondly, improved Jjoint stabilization and

v
transducer attachment allowed large tensions to be developed
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without fraying of the.tendon or destabilization of the joint
(Fig. 3). Care was taken to ensure that the metal screws
were placed into bone at the knee to avoid disruption of
blood flow through the popligeal fdssa to the lower leg.
Thirdly, rats wer; perfused on their dorsal surface in the
present study while stabilization and stimulation occurred
‘with the rat on its ventral surface in the previous studies
perhaps accounting for the tension discrepancy (Rennie and
Holloszy, 1977; McLane et al, 1981). ‘LAstly, McLane et al
(1981) used a ‘recirculating_ perfusi&n system unlike the
one-pass system in this study.

The lactate release b§ the working muscles increased
approximately 30 fold within 3 min of stimulation and reached
a plateau at 10 13 fold greater than rest during the final 10
min (Fig. 8). Most investigators measured lactate release
only every 5 or 10 ﬁin and failed to demonstrate the dynamic
changes in }actate release (Ruderman eF al, 1971; Berger et
al, 1976; Rennie and Holloszy, 1977; McLane et al, 1981).
Walker et al (1982b) reported lactate release data obtained
at:lo min intervals but during the low intensity stimulation
protocol used by these workers frequent sampling may not be
important.

Hindquarter glucose uptake was .considerably lower
both at rest and during exercise compared to experiments that
included insulin in the perfusate (Berger et al, 1976;
Richter et al, 1982b; Walker et al, 1982a) . 1Ivy and Holloszy

.



promptly to a steady state level (Fig. 7) glycolytic
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(1981). reported” a resting glucose uptake of 0.027

umol.min'l.g-l perfused muscle in the absence of insulin
which agrees closely with our value of 0.026 umc:)l.mi_.n"l.g.1

perfused muscle. In the present study the glucose uptake

increase with stimilation was approximately 7 times tha#t at
N .
rest and much larger than the 3 fold increase in glucose

delivery due to the increased flow rate.

The advantages of the ?erfused rat hinéguarter model
in the study of muscle metabolism were recognized by .
Houghton, Ruderman and Hems in their initial studies
(Houghton, 1971; Ruifrman et al, 1971). We have extended thek\“ﬂ\"/
use of this model ¢to examine both the® performance and
metabolism of skeletal ﬁuscle during heavy contraction. Th;
reported measurements enable estimate; to be made of the
relative contributions of individuga muscles and individual

fuels during the course of heavy stimulation.

- » I3 . . \\
During the first 5 min of stimulation an average \
tension of 66,510 g.min"1 (2217 g x 30 contractions) .was \

produced by the GPS muscles. Since this muscle group weji hqﬁ/// )

2.196 g, the a&erage tension production was 30,287

g.min_l.g'l active muscle. Al though 02 uptake increasded

metabolic processes resulted in high lactate production and
glycogen utilization in fast twitch fibers (Fig. 10)
aécompanied by falls in CP and ATP (Fig. 11), Little change !

occurred in slow twitch muscles. From the measured amounts S

-
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of O2 and CP utilized and lactate produced we calculated the
absolute amounts of energy produced from the major energy
releasing pathways of oxidative metabolism and the "lactic®
and "alactic™ components of anaerobic metabolism as outlined
by ﬂargaria (1976} (Appendix A). During the first 5 min of
stimulation 71.7% of the total energy produced was derived
aerobically, 22.8% from glycolysis and 5.5% through CP
breakdown (Table 5). The  Theavy glycolytic involvement
attested to the severity of the stimulation and was
associated with a large amount of lactate released from the
hindquarter and a rapid tension decline during the ini;ial 5
min. The decreased ECP found in the fast twitch muscles was
also indicative of the heavy metabolic load (Aﬁkinson, 1968).

During the first 5 min of stimulatjon carbohydrate
was rapidly utilized and 94% of the total glucose used was
derived from muscle glycogen (Table 6). Lactate produEEign
(87 umples released from the muscle and 54 umoles remaiéiég
in the muscle) accounted for 45% of the metabolized glucose,
aerobic metabolism accounting for the remainder.

The perfusion system allowed 0, delivery to the
exercising muscle to increase without delay and consequently
O2 extfaction by the muscle increased rapiély {Fig. 7). To
‘reconcile these changes with_thé extensive lactate
production, it appeared that activation of pyruvate

dehydrogenase, the non équilibrium enzyme controlling

pyruvate entry into the citric acid cycle, was delayed
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jf

Table 5. Energy released during 20 min of stimulation.

Lactate . cP Total Energy

0
2
Utilized Produced Utilized Released
qu?gy released, joules
min 30-35 40.3 2.8 3.1 56.2
(71.7) . (22.8) (5.5)
min 3550 104.8 12.1 - 116.9
(89.7) (10.3)

/

Values are per working hindquarter. Bracketed values ar
percent of total energy released. Calculations based on 1£0

il 0, = 20.9 joules, 1.0 mg lactate = 1.0 joules and
umole CP = 0.05 joules as outlined by Margaria (1976).
Assumpt ions; calculations based on <§}\and CP utilized/ and
lactate produced above resting values, uptake reaches
maximal value instantly, plantaris mué%le represents
non-sampled working muscle, non-working metabolism remains
constant with stimulation, lactate produced not metabolized
to any great extent due to one-pass perfus1on system. Also,
alternate fates of glucose such as expansion of intracelliular
hexosephosphate and glucose pools and alanine production were
not assessed and assumed to be minor.

-

&
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Table 6. Sources and fates of glucose during\_20_min of
stimulation.

Sources of Glucose Fates of Glucose
Muscle Exogenous Total Lactate Aerobic
Glycogen Perfusate Metabolism
. umoles
.
min 30-35 149.0 - 9.5 158.5 70.5 .<2 88.0
(94.0) (6.0) (44.5) (55.5)
min 35-50 46.9 29.5 76.4 66.7 9.7
(61.4) (38.6) (87.3) (12.7)

Values are per working hlndquarter. Bracketed values are
percent of total glucose.

Assumptions; as in Table 5; also, all glucose not metabol1zed
to lactate was assumed to be used aerobically.

-



LE]

97

relative to tﬁe rate limiting glycdlyﬁic enzymes
phqsphoryiase and phospofructokinase. Ward et al (1983)
showe&lthat activation of this enzyme is incomplete in heavy
short tegm exercise. Thus in the type of exercise studied
here it seems likely that increased 02 extraction may foliow
the mobilization of appropriate aero?ic substrates, rather

than the c¢lassical alternate view that the use of anaerobic

- \..
pathways follows an inadeguate 02 delivery. :
. During the final 15 mi¥ of stimulation an average
tension of 21,175 g.min-]‘.g-l active tissue was maintained,

the total tension production during this time being about 2.1

-]

fold larger than _in. the initial 5 min. Reductiéns in

glycogen were small and similar in all muscles and Cp and ATP
increased only in the WG muscle which contains Predominantly
FG fibers. E&st'twitch muscies.continued to produce lactate
but at a mucﬂ\éPwér rate leadibg to a net loss'of muscle
lactate in the/ final 15 min and a steady state in muscle ¥
lactate rélease Oxygen uptake was only élightly lower than
peak values and constant, pParalleling the tension valhes.
Energy calculations revealed that qxidative metabol ism
accounted for 90% of the energy produced"and the total energy
produced in the final 15 min was 2.1 fold gfedter fhah'in the
initial 5 min of stimulation, precisely_métching the increase
in total tension production (Table 5) . - Approximately 60% of
peak tenéion was held 15 the final 15 min most likely by the
hindquarter FOG fibers which make up 50% of the total fiber

!

™~

—
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compqsition {Ivy and,Holloszy; 1981). ©Of the 71 umoles of
giucose utilized, 61% was derived from muscle glycogen and
39% was taken up from the perfusate. The produced lactate
accounted for 87% of tﬁe utilized glucose leaving cnlylln
umoles or 13% for aerobic metabolism (Table 6). If all the
available glucose was oxidized, about 75% of the aerobic
metabolic 'procgéses remained unaccounted for. These ;5;?3
suggested tgat 'exogenous FFA™ and/or 'intrémuscular TG were
used extensjively during the last 15 min of stimulation.
Direct Measurements' revealed that intramuscular TG
(TGm) was utilized_dﬁting 20 min of stimulation (Fig. 12).
It seems. likely that the 'TGm was used mainly in the final 15
min of stimulation since giycogen degradétion was rapid at
the onset of stimulation and glycogén depletion was néarly
complete after only 5 min of stimulation. Calculations based
upon the glucose available for aerobic metabolism (Table 6)
and the TGm.metabolized (Fig. 12) suggested that endogenous
TG metabolism may have been the major source of energy in the

final 15 min (qule 7, Appendix A). Glucose and TG

metabolism accounted for 90% of the measured 0O uptake, anq”

2 Ny '

the rémaining- 10% was assumed used for the oxidation of
exogenous FFA (Table 7). These findings demonstrate _that
muscies containing high aerobic’ capacities will metabolize
FFA from endogenous TG stores® during heavy elecfrical
stimdfation when alternate fuels are'unavailable. -

The rat hindquarter released FFA during perfusions at
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Table 7. The contribution of energy substrates to aerobic
metabolism during the final 15 min of stimulation.

Substrate, Energy Released
and Source

Joules Percent of Total

GLUCOSE } muscle glcogen 30.5* 28.1
and exogéﬁouL glucose N
FFA, from intramuscular ' 67.5+ 62.2

triacylglycerol -stores

EXOGENOUS FFA, perfusate 10.57 9.7
and adipose tissue

total 108.5 100.0

-

Assumptions as in Table 5. Also assumes; * all glucose not
used anaerobically was used aerobically; + assumes all FFA
from TGm were metabolized by the muscles during the £inal 15
min of. stimulation; ++ <calculated from the unaccounted
portion of 0, utilized.

e (L i, sl s, A AT e
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rest and during stimulation (Fig. 9). The released FFA may

have originated from hindquarter adip;se tissue or from the

h}drolysis of intramuscular triacylglycerol (TGm). It 1is

unlikely that TGm was metabolized to any large extent at rest

since carbohydrate fuels were readily available. TIf the FFA

originated from adipose tissue lipolysis and all of the FFA
and glycerol were released into the plasma, the expected

measured FFA/glycerol release ratic would be 3. This assumes

that adipose tissue (Vaughan and .Steinberg, 1963) and

skeletal muscle (Garland and Randle, 1964) do not metabolize

glycerol. In vivo, catecholamines are primarily reéponsible

for TG lipolysis in adipose tissue while the presency of

glucose and insulin reesterifies much of the “xelgpase A.

All of the released.glycerol leaves the adipose tissue alon;
"with the FFA not reesterified leading to a FFA/glycerol.
-gélease ratio of less than 3 (Havel and Carlson; 1962) .

In " this hindquarter preparation at rest, in the
absence.of catecholamines and insulin and in the presence of
glucose, the measured FFA/glycé@ol release ratio was 0.37.
This suggested that most of the FFA accumulated during
lipolysis were immediately reesterified within adipose tissue
or released from adipose tissue and ﬁetabolized by the
muscles, However, at rest only a small amount of exogenous
FFA would be required for mﬁscle metabolism thereby not

altering the FFA/glycerol release ratio | significantly.

Consequently, it appears that TG~fatty acid c¢ycling in
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adipose tissuq determined the release of glycerol and FFA
in the perfulsate. additionally, other rat hindquarter
pr::;:;¥dons containing only glucose in the éerfuséte also
reported FFA release at rest (Van Hardeveld and Kassenaar,
1977; Goodman et al, 1983). When insulin was included FFA
release was non-existent and glycerol release decreased
suggesting that insulin may enhance FFA reesterification and
directly inhibit TG lipolysis to prevent FFA release
{Ruderman et al, 1971; Goodman et al, 1983). In preparations
with no insulin, TG lipolysis appeared to proceed even in the
absence of stimulatory catecholamines while glucose taken up
from the perfusate provides alpha-glycerophosphate, a
precursor for TG reesterification.

Upon stimulation~ both FFA and glycerol release
increased immedjately by approximately 2 fold leaving the
FFA/glycerol release ratio unchanged at 0.36, suggesting that
‘adipose tissue dynamics also dominated the release of FFA and
glycerol during stimulation (Fig. 9).

During the final 15 min of stimulation aerobic
metabol ism Qas the dominant pathway of energy production and
TGm metabolism provided 62% of tﬁe aerobic substrate. An
expected increase in glycerol release resﬁlting from the TGm
hydrolysis was not seen (Fig. 9). It is possible that
skeletal muscle may contain‘sufficient glycerol kinase or a
glycerol dehydrogenase to metabolize significant amounts of

glycerol (Tdews, 1966b; Robinson and MNewsholme, 1967).

e i e — — e

o

PYwY

e S i



4. EFFECTS OF ACIDOSIS ON RAT MUSCLE METABOLISM AND

PERFORMANCE DURING HEAVY EXERCISE

4,1 Introduction v

During heavy muscular contract-ion the energy required
to generate force is greater than the amount.produced through
aerocbic metabolism. Anaerobic metabolism contributes the
remaining portion of the required energy needed to maintain
thé workload. Since local phosphagen stores are depleted
rapidly anaerobic glycolysis (glycolysis ending in lactic
acid formation) dominates the anaerobic energy involvemént.
The byproduct of this anaerobiosis is the buildup of lactate
and hydrogen 1ions, the latter contributing kto a decreased
local pH. This local acidosis has been implicated in the
direct metabolic inhibition of glycolytic flux (Triveéi and
Danfgrth, 1966; Chasiotis et al, 1983) and in the genesis of
fatigue 1leading to decreased perfo;mance (Karlsson, 1%71la:
Fretthold and Garg, 1978). Additionally it may also
interfere with lactate removal from the musclé cell (Mainwocod
and Worsley-Brown, 1975; Jones et al, 1977).

Although it 1is generally accepted that increased HY
concentration adversely affects glycolysis several agpects
.concerning the metabolic effects of acidosis remain unclear.
Respiratory and metabolic acidosis may exért differént
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metabolic effects (Mainwood and Worsley-Brown, 19;5; Ehrsai
et al, 1982)., Muscle 02 uptake may be depressed by acidosis
during stimulation through a decrease in muscle'blood flow
and 02 delivery (Hirche et al, 1975; Steinhagen et al, 197s6)
or through reduced substrate provision. Acidosis may produce
fatigue indirectly through depletion of the high energy
phosphates (Sahlin et al, 1983). It also remains possible
that the predominant effect of acidosis is not on metabolism
directly but mediated through changes in Ca2+ dynamics and

~—

excitation-contraction coupling (Portzehl, 1969; ?abiato and
Fabiato, 1978). .

The work described in this chapter attempted to
comprehengively examine the major energy releasing pathways
?n skg}gial muscle during induced acidosis and contribute to
a more complete understanding of the metabolic effects of
acidosis. The rat hindguarter Preparation is well suited for
this woré since it permits a tight control over all aspects
of the muscle's environment. In this study exogenous fuel
sources were limited such that fuel for energy production was

derived mainly from intramuscular sources during conditions

of normal acid-base status and extracellular acidosis.

4.2 Methods

Fed male Sprague-Dawley rats weighing 283 + 16 g (x

* SD, n=36) were used in the study.

An experimental protocol identical to that described

T b g e Ve s R
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in Chapter 3 (Fig. 5) was used to examine the effects of
“hree experimental conditions; control (C), metabolic
acidosis (MA) and respiratory acidosis (RA), on the
performance and metabolism of the isolated perfused rat
hindquarter.

The perfusion medium anq apparatus were as described
in Chapter 3. The 1initial lactate concentration in the
arterial perfusate was 0.99 F 0.05 mM (n=36). The
erythrocyte lactate production rate in C was 0.24 + 0.04
mM.hr~! and significantly higher in MA (0.43 + 0.06 mM.hr 1)
and RA (0.40 + 0,02 mM.hr~1).

During C the gassing of the perfusate resulted in
arterial PO, PCO,, pH and plasma‘HC03" values of 390 + 11
mmHg, 37.7 + 0.7 mmHg, 7.406 + 0.008 and 23.6 + 0.05 mM,
respectively (Table 8). Metabolic acidosis was induced by
deéreasing the perfusate HCO,™ to 12.9 + 0.4 mM resulting in
a pH of 7.148 + 0.009 at a PCO2 of 38.2 + 1.2 mmHg.
Respiratory acidosis was achieved by increasing the PCO2 to
63;0 * 1.6 mmHg producing a pH of 7.152 + 0.009 at a plasma
HCO3' of 21.3 + 0.8 mmHg (Table 8).

The surgical preparation of the hindquarter,
stimulation and sampling of the perfused skeletal muscle and
analytical methods were as described in Chapter 3.

A paried t-test was used to compare measurements made
on muscle biopsies taken pre and post 30 min of rest

perfusion in each of the three conditions. In perfusions of
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Table 8. Characteristics of the ﬁerfusion mediums under
control and acidotic conditions (mean + SE).

Pad,, PaC0,,  PH  HCO;™, Pgq. [Hb], Hct, Proteini
mntg mmHg mmol/1T mmHg g/d1. % g/dl

C?ntrol ) 390 37.7  7.406* 23.6  27.0%* 13.7 40.1 © 3.9
n =15
+11 +0.7 +0.008 +0.5 +0.5 +0.2 #0.4 +0.1

Metabolic 388 38.7 7.148 12.9++ 26.1 14.1 41.1 3.9
Acidosis l. . .
(n=10) © +#11  #1.2 +0.009  +0.4 +0.7 +0.2 +0.5 +0.1

Respiratory 374 63.0+ 7.}32 21.3 23.9 13.5 40.3 4.1
Acidosis

(n = 12) +10  +1.6 +0.009  +0.8 +0.9 +0.3 +0.7 +0.1

* significantly different from MA and RA; + significantly
different from C and MA; ++ significantly different from C
and RA; ** significantly different from RA.
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S5 and S20 durations the difference between pre and post
muscle measurements were taken and the effects of the
conditions (C, MA and RA) .on the muscle variables were
assessed by a séries of oneway analyses of variance. All
other dependent variables were also assessed by oneway

analyses of variance (dependent variable x conditions).

4.3 Results

1

Perfusate elecg}olyte valﬁes were stable throughout
all perfusions in each condition (Table 9) . L.

Resting arterial perfusion pressures were not
different in-C, MA and RA at similar flow rates of 5.9 + 0.1,
6.0 + 0.1 and 6.0 + 0.1 ml.min_l, respectively (fig. 13) .
During stigulation the respective flow rates were increased
to 18.0 + 0.6, 19.4 + 0.5, and 18.0 + 0.3 ml.min T,
Perfusion pressure was greatest in C, least in RA and
intermediate in MA, )

The peak isometric tensian generated,/by_ the GPS
muscle group ﬁuriﬁg C was 2648/45 55 g. decreasing.to 69.gﬁ

59.7, and 51.6% of peak tension following 5, 10 and 20 min of

- ﬁtimulation, respectively (Fig. 14). Peak tensions during

acidosis were not different from C although RA peak tension
(2737 + 57 g} was significantly greater than MA (2497 + 77

g). -At all time points in the subsequent 20 min of

.

stimulation MA and RA tensions were not different but were
. 7

P

consistently Jdower than C: The tension decay in the initial
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Table 9. Electrolyte data at "rest and during stimulation
during control and acidosis perfusions (mean + SE; A,
arterial; VvV, venous).’
Na* k* I S
mmoi/1

Control 20 min A 148 + 1 5.8 + 0.1 121 =+ 1 2.4 + 0.1
(n = 15) 40 min A 149 + 1 5.7 + 0.1 122 + 1 2.4 + 0.1

40 min ¥ 149 + 1 6.0 + 0.1 121 + 1 2.4 + 0.1
Metabolic 20 min A 141 + 1 6.6 + 0.1 125 + 1 2.6 + 0.1
Acidosis 40 min A 141 + 1 7.1 + 0.1 123 + 1 2.7 +0.1
(n = 10) 40 min V 142 + 1 7.4 + 0.1 122 + 1 2.7 +0.1
Respiratory 20.min A 140 +1 6.5+0.1 118+1 2.6 +0.1
Acidosis A 40 min A 140 + 3 6.9 + 0.2 118 + 3 2.6 +0.1
(n = 12) 40 min V 140 +2 7.1 +0.2 118 + 2

2.7 + 0.1
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5 min was greatest in RA (47.6%), intermediate, in MA (38.6%)
and least in C (30.7%) (Fig. 14). During min 35-40 tension
decay was greatest during C and in the final 110 min of
stimulation tension decayed less than 10% in all conditioqs.
Me decay in tension during the 20 min of stimylation was

o
48.5% in C, 51.3% in MA and 53.7% in RA. s

Resting“Oz uptake—~tended to be lower in acidoéié‘put
was not siénificantly deferent from C (Fig.\iS)a This trend
continued during stimulation with control O, uptake being the
highest at all time points, RA the lowest and MA
intermediage. 'During the final 10 min of stimulaton the 02

uptaﬁe decreased gradﬁélly in all conditions in parallel with
the decrease in tension. e '

At rest, hindquarter lactate release during ¢ was
\significantly greater than MA, while RA was intermediate
xrﬁig.. 16}, '$Qgiéng stimulation the hindquarter lactate_'

release increased in .all conditions; the increase was
greatest in C, least in MA and inte{ﬁediate in RA. During
the first 7 ﬁdh of stimulation, control lactate release was
significantly greater- than both _aéidotici conditons and
remained significantly greater <than MA throughout the
stimulaton. Acidosis produced a slight delay in peak lactate
release as compared to C (Fig. li)ﬁ

Hindquarter glucose uptake at rest was smilar in all
conditions (Eig. 17). Buring the initial 10 min of

‘\—ﬂ" . .
stimulation glucose uptake was slightly higher during
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acidosg{\than control (NS) and constant in all conditions.
In the final 10 min glucose uptake increased dramatically in
acidosis while remaining constant in C. >

Muscle Dbiopsies were taken following 30 min of
perfusion at rest to examine the effect of r;est perfusion
only. 1In all conditions the 30 min perfusion had no effect
on the muscle concentrations of glycogen, lactate, CP and ATP
(ﬁbpendix, D, Table 38). For this reason, biopsies sampled
during stimglation were compared to pre-perfusion biopsies.

Thirty min of rest and 5 min of stimulation (SS) had
little effect on glycogen or lactate levels in the SOL muscle
(Fig. 18)lbut marked changes occurred in the other muscles.
In the PL muscle, both acidotic conditions resulted in less
glycogen utilization and lactate accumulation than in C. 1In
the RG muscle a trend towards lower glycogen utilization and
lactate accumulation was apparent in MA wheréas in'the WG
muscle this trend was most . pronounced in RA. In all S5
samples there was broad agreement between redﬁctions in
glycogen concentration and increases' in lactate
concentration. Creatine phosphate and ATP concentrations in
the SOL muscle were similar in all conditions and virtually
unchanged from pre-perfuéion levels (Fig. 19). 1In the PL and
RG muscles, ijgnd ATP levels decreased to 60-70% and 65-80%
of pre-perfusion values, respectively, in all conditions
(Fig. 19). Creatine phosphate decreased to 30-40% of

pre-perfusion and ATP to 35-50% of pre-perfusion leveis in

L

»
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Fig. 18. Muscle glycogen utilization and lactate
accumulation following 5 min of stimulation during acidosis.
C, control; MA, metabolic acidosis; RA, respiratory acidosis.
* significantly different from C, # significantly different

from C and Ma.

Fig. 19. Muscle creatine® phosphate and ATP concentrations

following 5 min of stimulation during acidosis. Abbreviations -

and symbols as in Fig. 18.
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all conditions in the WG muscle. The greatest reductions in
CP and ATP occurred in the WG muscle in which the greatest
glycogen depletion and lactate accumulation were found.

The amount of glycogen utilized and lactate
accumulated by the SOL muscle was small in all conditions
following 20 min'of st imulation (S20) (Fig. ﬁO). In the PL
and RG muscles glycogen utilization was significantly lower
in MA versus C and RA while the respective lactate
Qccumqlations were not different and only 2-3 fold greater
than pre-perfusion levels. Following S$20 in the WG muscle,
glycogen utilization was 1lower and lactate accumulation
greater in acidosis. Soleus muscle CP and ATP concentrations
were significantly 1lower than ére—perfusion levels only in
the C condition following S20 (Fig. 21). In all conditions
' thehCP and ATP levels in the PL and RG muscles fell to 60-75%
and. 75-85;/\of pre-perfusion concentrations, respectively,
Creatin?‘phosphate and ATP levels in the WG muscle decreased
to 50—63% of pre-perfusion levels, respectively in all
conditions. The WG was the only muscle to show any recovery
in CP and ATP levels during the last 15 min of stimulation.

Thus, between S5 and S20 in the C condition, no
significant reduction in glycogen occurred in the SOL, PL and
RG muscles but the WG showed continued glycogen utilization.
Between S5 and S20 in RA glycogen continued to be used such
that total glycogen utilization was less than C only in the

.

WG muscle, Glycogen utilization in MA was less, leaving
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Eig. 20. Muscle glycogen utilization and lactate
accumulation following 20 min of stimulation during acidosis.
C, control; MA, metabolic acidosis; RA, respiratory acidosis.
* significantly different from C, ++ significantly different
from C and RA.

Fig. 2l. Muscle creatine phosphate and ATP concentrations
following 20 min of stimulation during acidosis.
Abbreviations and symbols as in Fig, 20. + significantly
‘different from MA.
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total utilization after S20 less than the C condition in the
PL, RG and WG muscles: Lactate concentration fell between S5
and S20 in all muscles except the SOL. Little or no chaqﬁe
occurred in the high energy phosphate_concentrations bet;;en
S5 and S20 in all muscles and all conditions.

Acidosis had no effect on the concentrations of ADP
and AMP and the CP/ATP and ATP/ADP ratios in any of the
muscles sampled both at S5 and S20 (Tables 14-16, 41-44).

4.4 Discussion

This study examined the effects of metabolic and
respiratory acidosis on the performance and metgbolism ;f an
isolated perfused rat hindguarter during heavy exercise. The
model permitted precise manipulation of the blood gases and
acid-base status . of the arterial perfusate to produce
experimental conditions of pure metabolic acidosis and pure
respiratory écidosis both at a perfusate pH of 7.15 (Table
8}).

During rest and stimulation, hindquarter flow rates
were held constant to ensure equal oxygenation in all
conditions. Perfusion pressures were lower in acidosis than
control with the logest pressures kobserveé in RA. All
experiments employ aNhyperoxic perfusate which exerted a
constricting effect on t vascular bed. As a result, with a
rest perfusion of 6 ml.min"! the arterial pressure was high

enough to open and oxygenate all vascular beds and maintain
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tissue 1integrity. In MA the ‘increased wt concentration
counteracted the hyperoxic effect to a Small extené and in RA
both an'increased H+ and PCO2 further reduced the
hindgquarter's vascular resistance. However, in all
conditions, increasing the flow rate above ’the reported
- stimulation values produced no increases in 02 uptakg or

generated tension, suggesting that O2 uptake was maximal and
not iim;ted by perfusion flow. Also, to prevent
catecholamines from altering the hindquarter resistance, the
integrity of the sympathetic nervous system was not
maintained during the/ perfusions and no catecholamines were
“added to Ehe perfusate.

The high isometric tensions generated by the
hindguarter muscles suggested that stimulation with

~

supramaximal impulses produced contaction of all innervated
motorunits, The high rate of tension decay in all conditions
during.the first 5 min of stimulation (S5) was attributed to
the fatiguability of the fast twitch, glycolytic (FG) motsr
units  {Fig. 14). Iﬁ the WG muscie, containing predominantly
FG fibers, the lafgequglycogen utilization, lactaée
accumulaton and reductigg§~in CP and ATP levels were seen
{(Fig. 18-19). ~ Similarf%hanges were found in the PL Tuscle,
which contains 50% FG fibers. During acidosis less g}&cogen
utilization and lacta:e{;accumulation was found in these

muscles and isometric tension decay was greater. Hindquaﬁ

0, uptake was also reduced during stimulation iwf?ﬁi@?sis

e

ba
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(Fig. 15).

In an attempt'.to explain these performance and
metabolic changes during the first 5 min of stimulation (S5),
the amount of energy produced by the major energy releasing
pathways was calculated from the measured amounts of 02
utilized (oxidative metabolism), lactate produced (anaerobic
glycolysis{ and CP utilized as outlined by Margaria
(1976)(Appendix A}. The total amount of energy released was
greatest in C, intermediate in MA and ieast in RA (Table 10)
These findings correlated w1th the rates of tension decay, in
RA the decay rate was highest and energy release was lowest;
in C the tension decay was lowest while the enefgy released
was highest; and in MA both were intermediate. The relative
contributiens of the three major sourceefg¥ﬂenergy shifted
slightly towards a lesser dependance on anaerobic glycolytic
metabolism in'acidosis; in MA and RA, 76.6 and 73;3% of the
produced energy was derived from oxidative metabolism and
18.0 and 21.6% from anaerobic glycolysis, respectively. In
C, 71.7% was dezizgd aerobically and 22.7% from anaerobic
glycolysis. Acidosis was associated with a reduction in the
absolute amount'of energy derived from CP stores such that
its relative contribution was unchanged | |

Further calculations were made to estimate the total
amount of glucose made available to the muscles from glycogen

breakdownn and glucose taken up from the perfusate.

Measurement of the total lactate production made it possible
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to calculate what percentage of the available carbohydrates

——

{the ajor source of energy) were metabolized through
glycolysis, leaving the remainder for aerobic use. The .total
amount of available glucose during S5 was greatest in C,
lower in MA and lowest in RA (Table 11). Both a greater .
absoiute amouﬁt and a greater percentage of the available
glucose was wused glycolytically in C. Additionally, a
smaller percentage of the available glucose was derived
exogenously in C (6.0%) versus MA (1i.4%) and RA' (14.2%).
The absolute amount of glucose made available for aerobic use
was consistent with the amount of 0, utilized; ;:-he- greatest
available glucosé cortesponded_ to the highest O2 uptake (C)
and the lowestm-' available glucose corresponded to the. lowest
02 uptake (RA) with ﬁA again intermediate. - ' | _

. These results collectiveiy indicate that glycolytic
metabolism and to a lesser exfent oxidative metabolism
decreased during 5 min of heavy electrical stimulation in
aﬁidpsis 'I'he- energy derived from oxidative me-tabolism
reprgesented 88.1 and 69.2% of C in MA and RA, respectively.
S-imi-larly, the energy derived from glycolysis represented
64.8% of C in both MA and RA (Table 10). It seems likely
that these effects were mediated in large part by a fall ‘in
muscle pH. As the PCO, waé high in RA, it is likely that the
muscle iJH ’was loyer than in C or MA due in part to a higher
muscle PCO2 and in part to impaired removal of CO2 t_;ene.rated
ffom carbonic acid early in the stimulation period.

",
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Table 10. Energy released during 20 min of stlmulatlon under
control and acidosis cond1t1ons. -

, 02 Lactate ~CP ~Total Energy Percent of C

~ U’ti_]ized ~ Produced Utilized Released Energy
Energy released during min 30-35, joules .
kt; / '40.3' 12.8 3.1 56.2 - 3
' (71.7) (22.8) . (5.5) - S
MA "~ 3.5 8.3 2.5 - 46.3 82.4
(76.7) (17.9 (5.4) —
RA 27.9 8.3 2.0 38.2 68.0 ‘
(73.0) (21.7) (5:3). : o

i

Energy released during min 35-50, jo:ﬂe;/
cC 104.8 12.1 - - ®116.9 P
(89.7) . (10.3)

MA 87.0 9.6 . - 96.6 82,6
(90.1) (9.9) . )
A ° 804 14.2\“:, e 9.6  80.9

( (85.0) \s.0)

C, ontroi;,MA, metabolic acidosis; RA, resg?ra;g%x_ac16051s,

4 i s

CP, creatine phosphate. Values.-are per wokkin ndquarter,
Bracketed values are percent of total energy relkased in eagh
cond1t1on. Calculations base on 1.0 ml 3j = 20.9 joules,
1.0 mg ’lactate = 1.0 Joules and 1.0 umole CP = 0.05 joules as
outlined by Margaria (1976). Assumptions; as in Table 5.
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Table .11. Sources and fates of glucose during 20 min of
stimulation under contreﬁﬁand acidosis gonditions.

Sources of Glucose Fates of Glucose
Muscle Exogenous Lactate Aerobic
Glycogen Perfusate Total ° Produced Metabolism -
min 30-35 . umoles
c 149.0 9.5 158.5 70.5 88.0
(94.0) . (6.0) . (44.5) (55.5)
MA 109.1 14.0 123.1 42.1 . 81.0
- (88.6) (ie) N 23) (65.8)
RA 100.0 16.6 116.6 45.5 71.1
(85.8) (14,2 (39.0) (61.013
min 35-50 . _ . -
C 46.9 29.5 76.4 66.6 9.8
. b ) .
(61.4) (38.6) (87.2) ° (12.8)
MA 22.5 48.7 T11.2 53.3 17.9
(31.6) (68.4) (74.9) _ (25.1)
RA 72.1 60.1 132.2 C 78,9 53.3
(54.5) ~ O (45.5) (59.7) (40.3)

Abbreviafions as in Table 10. Values are per working
hindquarter. Bracketed vakues>'are percent of total glucose
provided or metabolized. Assumptions; as in Table 5. Also,
glucose  not metabolized to lactate burned - aeroRically,
exogenous glucose not used for anabolic purposes.
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Performance and metabolism in the final' 15 min of
- stimulation differed markedly from the first 5 min. The rate
'of tension decay was low in all conditions, remaining
virtgaily constant in the final 5-10 min. The generated
~ tension am.i"o2 uptake were consistently higher in C than in‘
acidosis. Following 520 ﬁuscle glycogen depletion remained
less than C only in MA in the Pl and RG muscles and in the WG
muscle in both MA and RA (Fig. 20) {glycogen depletion in C
was essentially complete following S5). Creatine phosphate
and ATP levels did not change appreciably from S5 except in
the WG muscle, in which resynthesis of CP and ATP occurred
(Fig. 21). The lactate production J this time period was
lower than th&€ first 5 min, and im;lar in C and RA, but
reduced in MA (Table 10). Glucose uptake increased
drématically "during the final 10 min of stimulation in
acidosis énly.

The total energy released in the final 15 min of

stimula ion was greater in C than MA qu RA (80% of C)
corrgigt ng with thg greater tensa%n generated in C (E;g. 14,
Table . 1 ); In ail .conditions there was a major shift
towards Ja greater reliancé on oxidative metabolism, between
85.0 anﬁ 90.0% of the energy Eeing derived aerobically. T@e
total amounts of available glucose were not differe;t in C or
MA but higher in RA and the amount of glucoese acéounted for

by lactate production was relatively smaller in .écidosis,

more being available for aerobic metabolism (Table_llf. The

h 2
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aﬁount of glucose obtained exogenously was 68.4% and 45.5% of
the total in MA and Ra, respecﬁively and 38.6% in C. These
calculations reveal that duFidg the final 15 min of
stimulation, aéidative metabolism in MA and RA (83.0 and
76.7% of C, respectively) and glycolytic metabolism only in

MA (79.3% of C) were decreased.

\‘—_J

ntramusculaf TG utilization durifig_the final 15 min

of stqgiiation was not assessed dhring acidosis. However,
more carbohydrate was avgilable for aerobic use'in acidosis
suggesting a smaller Yole fpr TGm metabolism as compaged. to
the C condition (Chapter 3i. | )
The d;ﬂecreased glycogéh breakdown and lactic -apid
production during acidosis'agrees with earlier findings with

"RA in an in situ ra?\breparation (Gimenez and Florentz, 1979)

and ﬁ; MA, with exercising hqmans (Sutton et al, 1981) and

appears to be mediated through changes in the activity of

regulatory enzymes in the glycolytic pathway. A decrease in
pH inhibits the regulatory enzyme phosbhofruétokinase but the

subsequent increase in fructose-6-phosphate tends to 1ift the

inhibition since it acts as an allosteric activator of the

enzyme (Trivedi énd Danforth, 1966). __  The result is an
increased  glucose-6-phosphate concentration which will
inhibit phosphorylase and possibly hexokinase, thereby
reducing glycolytic flux (Toews, f966a3. -

A decreased pH 1inhibits the conversion of

phosphorylase b (inactiv%A to phosphorylase a (acfivé),

+

—

"
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epinephr?ﬁe partially counteracting this effect (Danforth,
1965; Chasiotis et al, 1983). 1In our preparation the lack of
epinephrine may have enhanced the pH inhibition of
phosphorylase and resulted in decreased glycogen breakdown iq
acidosis during the initial S5 min of stimulation.
Epinephrine and muscular contraction exert a dua® control on
muscle glycogenolysis during exercise, contractjon
stimulating glycogenoclysis early and epinephrine stimulating
glycogenolysis later {Richter et al, 1982a).

Acidosis may increase the activity of pyruvéte
dehydrogenase acting to increase the incorporation of
pyruvate into the tricarboxylic cycle. As the pyruvate
dehydrogenase reaction is downstream to both phosphorylase
and phosphofructokinse, evidence of enhanced activity of this
enzyme may be hard to obtain, but this may in part contribute
to lower 1actate'productibn and méintained aerobic metabbdlism
of glucose in acidosis. N

The decreased_isometric‘tension in acféosis may have

~been due to a number of factprs in addition to the reduced

wnergy production. The &us of fatigque could be

. neuromuscular but this is unlikely since tension development

was unchanged by direct muscle stimulation. An increased H'

concentration may exert a direct negative effeét on the

excitation-contraction coupling mechanism.E? inhibiting the
2+

release, binding or uptake of Ca by the sarcoplasmic

reticulum (Nakamaru and Schwartz, 1972; Fabiato and Fabiato,
. /
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1978) or by aIteriﬁg the Ca2+ sensitivity of contractile
_elements (Po:tzéhl et al, 1969). Alternately, the increased
fatiguability associated with acidosis may result f£from an
increased k" conductance of the . muscle membrane again
interfering - with the role of Ca2+ in the
excitation~contraction coupling mechanism (Fink et al, 1982).
(f\) Muscle high-enerdy phésphafe stores‘were Gnaffected
/),/by acidosis in this preparation unlike the flndlngs of Sahlln

-/‘\_,etﬁal (1983) who reported a 66% decrease in CP stores in

isolati muscle following a 90 min incubation with 30% coz.

) : .
The aGthors explained their finding® on the basis of an

ered equiljbrium constant for the Cp klnase reaction due

to the enhanced intramuscular H' concentratlon. While ht is
possible th§t the intramusculér PH was unaltered prior to:
stimulation in the present study ({arterial blood gassed with
. .
5-9% Coz)' our results reveal that CP fell to similar levels
in all conditions following S and 20 min of stimulaE}on, when
the intramuscular pH . must” have fallen.  The discrepancy
between the two‘ studies may be due to-%iifferences in the
severity or duration -of acidosis or in the experimental
Preparations used,

- Hindquarter lactate release was reduced during
stimulation,i; metabolic and respiratory acidosis as reported
in isolated muscle preparations {Hirche et al, 1975; Mainwood
and Worsléy-Brown, 1975; Steinagen et al, 1976) and with

. ) -
exerc151né humans (Jones et al, 1977; Sutton et al, 1981;:
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Ehrsam et al, 1982). 1Two major factors may account for the
lower lactate release in acidosis. First, a reduction in
muscle lactate formation dyE to the inhibition of dlycolysis
in the first 5 min of exercise occurred, when anaerobic
metabolism played an important ;ole in lenergy pro?uction
(Table 10). During the final 15 min of stimulation lactate
production was lower in MA than C but greater in RA (Table
11) and anaerobic metabolism contributed less to the overgll
energy supply in all conditions. Second, lactate . release
across the muscle cell membrane may have been reduced by
acidosis. To establﬁﬁh if lactate release was hampered by
acidosis independent of the decfg;sed production rate, the
total amount of lactate produced (stored and released) 1in
each condition was calculated for the first 5 min and final
15 min of stimulation (Table 12). Although the total amount
of lactate produced was significantly reduced in acidosis

(65% of C) the relative amounts of lacFate which left the

/

muscle during the inftial 5 min were very similar (C, 61.6%
vs 58.5% and 66.5% for MA and’ RA) (Fig. 22). The greater
amount of lactate leaving muscle during RA compared to MA
supports the view that ex;érnal-HCO3- concentration may be an
important .factor regulating lactate efflux y(Mainwood and
Worsley-Brown, 1975). Also, when lactate release rates were
normalized for the isometric tension produced, the lowest

valuyes were found in MA while RA release rates closely

resembled these in C (Fig. 23).
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Table 12. Muscle lactate, lactate released .from mﬁscle and
total lactate produced during 20 min of stimulaticon under
control ‘and acidosis conditiocns.

Lactate Muscle Total Lactate Percent of
Released Lactate Produced C Lactate
min 30-35 umoles
C 86.9 "54.1 141.0 - .
. (61.6) (38.4)
MA 54.0 - 38.3 92.3 . 65.5
-~ (58.5) (41.5)
RA 60.5 30.5 91.0 64.5
(66.5) (33.5)
min 35-50 '
C 163.3 12.1 133.3* -
MA 9g9.7 22.6 106.6* 80.0
RA ‘ 149.6 " 19.2 - 157.5* - 118.2

Abbreviations as in Table 10. Values .are per working
hindquarter. Bracketed values are percent of total lactate
produced in each condition. * Calculation of total lactate
produced = lactate released + muscle lactate - loss in muscle
lactate from min 35 to 50 (upper muscle lactate - lower
muscle lactate). Assumptions; as in Table 5.  Alsoc, lactate
metabolized was minimal due to one-pass perfusbn system.

[y P FUUUPIE I PP
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Fig . 22, Rel_ative lactate release from working muscle during
5 min of stlgnulation under confgrol (C), metabolic acidosis
{MA} and respiratory acidosis (FY) conditions,
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If there is a maximum lactate release rate from rat
skeletal muscle, as suggested by Jorfeldt et al (1978) in
human muscle, which is not simply a fﬁnction of tﬁe muscle to
plasma concentration gradient, it may noE .be correct to
compare acidosis and control lactate reléase rates because of
the different amounts of lactate produced in the different
conditions. If mﬁggle lactate concentration reached a level
above which lactate release cannbt increase early in the C

condition, only a limited amount of lactate might leave 4n

.the first 5 min, whereas in acidosis this‘level may have been

"reached later or not al all.

The lactate release data for the final 15 min of

stimulation are more difficult to interpret, for muscle

lactate concentrations were different at the start of the

period in the three conditions. More lactate left the muscle
in the control study, less in RA and even less in‘MA {Table
12) . These findings are in keeping with the hypothégis that
musélga lactate efflux ié d?creased duiing exercise in
acidosis with MA being most affected due to the decreased
perfusate HCO,~ concenfratiog (Fig. 23).

3

Finally, in applying the present results to exercise

PRy

(ally low (0.5-1.5

in the whole organism it red that the

perfusing lactate concentrati¢
sm. In the exercising
animal arterial lactate concentration increases rapidly and

may influence the rate of muscle lactate release. *



5. GEHERAL SUMMARY .

5.1 1Introduction ,

This chapter é}s designed to briefly summarize the

.

work of this thesis1( 1ghlighting the major observations and

conclusions. Some thoughts concerning future research are

also discussed.

hal

5.2 Observations and Conclusions of the Thesis

The purpose of this thesis was to directly examine
the relative conE;ibu?ions of the major energy releasing

pathways in skeleta muscle during heavy electrical

. i
stimulation,. This required direct and simultaneous

measurements of muscle endogenous and exogenous fuel

utilization, O2 uptake, lactate productién and 'bhosphagen
.

hydrolysis~’ To obtain these measurements from intact -

contracting human muscle would have required an unacceptable

level of invasiveness. Therefore, an isolated’ perfused rat
4

hindquarter model previously used to examine rest$ﬁ§jmuscle

métabolismhwas extended for use during'mhscular'contraction.
A number of advantages ﬁake this model particularly

suitable for this work. The hindquagter consisgs mainly of

skeletai muscle with very little adipos¢- tissue. The muscle

receives exogeneous substrates through normal vascular

137
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channels and the normal bone, muséle“and nerve relationships
are maintained. All components of the arterial perfusate may
be tightly controlled and manipulated. Simultaneous sampling
of arterial and venous perfusates permit the measurement of
uptake and release of énergy‘ substrates and metabolites.
Finally,"pre and post-perfusion muscle biopsies are readily
obtained for the measurement of intramuscular eneréy stores
and metabolites.
) Chapter 2 dealt with the development of the model for
use during muscular contraction. There were two major
: problems associated with extending the model from rest. to
exercise. Firstly, to ensure opt imal musculaf éerformance,
02 delivery to thé working muscles. needed. to be greatly
. enhanced. This was achieved by perfusing with ‘Farefully

prepared fresh RBCs at a normal rat Hb concentration and a

‘c\ -
sufficiently high flow rate. Sedondly, the heavy electrical.

stimulation rate used made it “difficult to guantify the
isometric tension produced. _Adequate stabilization ofYthe
knee and ankle joints alleviated this problem and permitted

accurate tens'ion measurement.

The exercisinﬁ”‘“ﬂrepafﬁtioq_ was carefully

characterized and used to examine numerous uncertainties

regarding the methSIism and performance of skeletal muscle
during heavy contraction. This study as outlined in Chapter

3 demonstrated the improvement in performance of this model .

4

over previous attempts to st imulate the hindquarter (Rennie,
P : -

"
-

ey
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and Hollos2y, 1977; McLane et al, 1981). !

. The working muscles of the hindquarter containing

approximately 50% FG'\EEd 50% FOG fibers with very few SO

fibers were stimulated to contract for 20 min.” Energy
calculations based upon the meésuremenfs- of 02 uptake
(aerobic metabolism), lactate produétion (anaerébiq
glgcolysiS) and CP hy&rolysis (alactic .anaerobiosis) were

made for the initial 5 min of stimulation when isometric

tension production was high but rapidly fatiguing énd for’ihe

final 15 min when tension prudxﬁfhen was essentially

constant. The initial. 5 min of stimulation were

~ characterized metabolically by a rapid increase in 0, uptake

with large amounts of CP hydrolysis and lactate p;oddction in
all fast-twitch- fibers. Total aﬁaefobic-'energyl'product12§
accounted for nearly 30% of £he total energy reléase with the
greatest anaerobic'involvement in muscles éining
SLredominantly FG fibers. Musclehglxcogenofysis prqvidgd the
major substfate fo? both \aerobic metgbolism and anaerobié
glycolysis. The rapid decay in tension producfion appe;red
related to the fatigue of FG motorunits and tiu.e glyéogen
depletion associated with these fibers. .
bDuring fhe final 15 min of st%pgldtion approximately
60% of peak tensions"wgre held. Teﬁsion decay was miniﬁai
suggestiné fdrce prdductionlwas maintained EEiﬁariLy by FOG

fibers. 1In support of this'-o2 uptake remained constant and

aerobic mé®abolism provided- 30% of the total energy release.

A

Pl
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Glycogen utilization was minimal in all fibers anci
o i_ntramusculal:ftriacylglycer§1 became -the predominant fuel for
‘the oxidative fibers (F0G) of the working muscle. . Dur ing
this period appfoximate_ly 62% of 1-:he produced énergﬂr was
derived from TGm, demonstrating that endogenoué fat étores
can, be metabolized.during heavy mqscﬁlar contraction.

i This study demonstrated -theD_Ifuture potential of the

o hindquarter bte;aration and emphasizeé 'the importancé of

\/“":/ tension me:as.urements in addition to 02‘_ uptake, ‘_fuel and

| metabolite.’ chankgesi. The sifniIarit;y between tension and’oz

, uptake changes supported the validity 'of__‘the mei:abqlic
changes as indicating the relative E':h-anges in f_ue'llé;ource's.

These results indicated that the model could be u:sed

N to examine the effects of imposed extracellular acidosis on
J Y -~ :
muscle metabolism and performance. ~Acidosis has been

.~

implicated in the direct inhibition of glycolytic metabolism
(Trivedi and Danfqrth, 1965: Chasiotis et al,- 19_83) and in—
ohtributing  to fatigue .and decreased performance n humans
, \ (Karlssoﬁ, J{‘lla) . : ‘b'

' During both resbiratory and metaboiic acidosis muscle
glycogeﬁxlysis‘and lactate proddctior'{",_.‘wereA signifi\cantly
“reduced durin he initial % min. of st&lation (65% of
control). Tere was a- decrease in glycolytic flux a.nd in 02
consumption. The reduction in energy provisioﬁ from both

aerobic and anaerobic sources was associated with an

ipéreased rate of isometric tension decay in acidgsis. The

a



141

~

reduction in glycolytic flux may have been due to an earlier

: &
#fall in muscle pH during a¢idosis and resultant inhibition of

the ' regulatory enzyme PFK and 7of phosphoryiase -b to a
conversion.

».Total energy from énaerobic andraerobic_soﬁrces were
again reduced during the final 15 lmin of--stimu{ation in
acidosis (80% .0f control). Tension production ﬁaQ
correspondingly lower dﬁring acidosis. Lactate‘release from
.the muscle was réduced during metabolic acidosis.presumaply
due fo the reduced extracellular HCO3" Eoncentfation
(Mainwood and Worsley-Brown, 1975).

;
i

Although a causal relationship .betweén etabolic

-

- _ S
inhibition and enhanced. fatigue is implicated in -acidosis,

qﬁditional and/or alternate sites of acidotic inhibition may
have occurred. Acidosis may exert a direct negative effect

on the excitation-contraction coupling mechanism by

inhibiting ca?? dynamics (Fabiato and Fabiato, 1978),

alferiqg the ca* sensitivity of contractile elements

-

(Portzehl et al, 1969) or increasing K+ conductance.of‘the

muscle membrane (Fink et al, 1982).'

5.3 gugstions for Future Research

-The”adVantages of the perfused iat‘hindquarter model
for the study of .muscle metabolism during exercise were -
listed_  in the previous section. Since all constituents of

the ‘perfﬁsate med ium (fuels, metabolites, hormones and
; . . _
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acidity) are easily manipulated, the muscle's environmént'ﬁan
be altered to simulate any number of physislogical and
clinical - condiEions; | Therefore, iﬁ concerﬁQ\q;th direct
muscle sampling several aspects of.muscle metabolism Quring
exercise;may be examined as has occurredtfoé>resting muscle
metaboliém.  During the course of this work sevéral topics
have been examined with - similar (mofels; glucose uptake .
(Walker et al, 1982a), mﬁsple glycogknolysis {(Richter et al,
1982a, c¢), reduced blood flow (Walker et al, 1982b), iron
deficiency (McLane et a:, 1981) and hypo and hyperthyroidism
(Everts et al, 1981, 1983).

The results of this thesis-demonstratéd that
intramuscula; fat stores were metabolize? heﬁ alternate fuel
sources were depleted or artificially_restricted during heavy
muscular contraction. Little 1is known regarding both the
_ biochemical control of intramuscu}ar lipolysis and the -
mechanism by* which TG hyqrolys{s is regulated and integfated
with the release and uptak#.of alternate substrates, which
are ul timately metabolized by common energy releasing
pathways in muscle. The concentrations of high -eQSiEi/

phosphates, H+, Caz,+ and key metabolic intermediates such as

citrate, acetyl CoA and glucose-6-phosphate are thought to
regulate the level of energy metabolism and the relative
rates of glycolysis and fat or pyruvate oxidation. The

preparation described in this work could be used to examine

some of these unknowns concerning intramuscular TG
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"‘% metabolism. /J

No assessment of intramuscular fat utilization during
acidosis was made in this thesis. It is unknown whether.
‘'enhanced cellular acidity adversely affects TGm 'metabolism.
During the predominantlf aérobic portion‘of the stimulation
(final-ls min), 02 uptake was reduced in acidosis yet more
glucose was available‘.for aerobic metabolism %haﬁ in the
control condition. In the control condition the major
substrate for aerobic metabolism was TGm, accounting for the
higher 02 uptake. Thé suggestion is that during acidosis TGm
metabolism did not make a major contribution‘to the total
energy production. The reason for thié is unkndwn and_may be
linked to the cellular acidity. Clarifying this postulate
would help e}uéidate ,thé‘ controel of TGm metaboiism as
discussed in the previous paragraph.

) During acidosis ~total energy production by the
working muscles was reduced. Both anaerobpic glfcolysis‘énd*
aerobic metabolism were reduceé, most severely.early in the
stimulation. Presumably the enhanced local acidosis exertéd
a direct negative effect on glycolysis resulting in reduced
energy produc£{on and concomitant decreases in ggrformance.
However the direct negative effect of acidosis may be an
uncqupliﬁg of-the excitation-contr;ction process as discussed
in Chap£er 4, Such a problem Qould result in a decreased

energy requirement nd‘consequently reduced metabolism. The

fact that muscle CP ‘and ATP stores were depleted to similar
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le¥els in all conditions ‘supports this premise. Muscular
Performance woauld be reduced in concertfwith the extent of
the excitéﬁion—contraction interfgrehce. Fur ther
investigation of this hypothesis would require the use of
béth the present preparation and a totally isoclated muscle
preparation as described by Jones et al (1982). In an
isolated preparation factors affecting excitation-contraction
coupling,may.be added directly -to the bathing medium while
perfogmance is quantitated. .

Artificially. induced alkalosis has been shown to
‘increase endurance time, muscle glytogenolysis‘ and lactate
efflux from muscle (Hill and Lupton; 1923; Jit&ell, 1928;
Jones et al, 1977; Sutton et al, 198%{). It is bglieved that

the gnhanced alkali delays the buildu® of muscular acidosis
during heavy work re;;iring‘a large anaérobic component. An
examination of ‘artificially induced alkalosis usiné this
modei could encom?ass measurements of muscle metabolites énd

'C)fﬁéls, performance and intramuscular pH to conclusively

investigate the relationships between these variables.
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APPENDIX A

Calculations : . .

1. Oxygen Uptake Calculatién

V02 (ml) = ([Hb] x 1.34 (-% OéSat) + (PO, x 0.0031)

2. Energy'Release Calcula;ions

Calculations represent values for normal acid-base

status perfusions for the entire hindquarter. : Perfused

"hindquarter muscles weighed 13.74 g. The energy conversions -

used in these calculations were as outlined by VMa:garia
(1976) ; :

1.0 ml 0, = 20.9 joules

1.0 mg lactate =:1.0 joules

1.0 umole CP = 0.05 joulés

a) Iotal 0, Utilized |
Average resting 0, uptake (VO5) = 7.47 umol .min~1 (1.0
umol = 0.02545 ml) or 0.1901 ml.min~i.
Total ozlutilized above rest: During the initial 5 min
of stimulation;. 2.5746 ml - resting V02 (6;9505)= 1.9241 ml.
Durin§ the last 15 min .of stimulation; 5.8577 - res?ing va,
(2.8515) = 5.0062 ml. | \ |
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Energy réleased from'combustian'of O2 utilized above
rest: Initial 5 min of stimulation; 1.9241 ml x 20.9
joules.ml'l = 40.3 joules. Final 5 min of stimulation;
5.0062 ml x 20.9 joules.ml™l = 104.8 joules. |

» ' 4 b

b) Lactate Produced

—

Average resting lactate release = 1.37 umol.min~i.

Total lactate productioh above rest: ﬁuring the ihitial
S min of stimulation; Meésured lactate release = total
lactate release (93.8) - resting lactate release (6.9) = 86.9
umoles. The 1actate‘stored in the muscles was estimated from
the measured lactate in the sampled muscles. tTotal muscle
mass sﬁimuléted' was 7.72 g. Wet .wefghts and wet/dry wet

ratios of sampled muscle were measuredj

~ wet wt (g) dry wt (g) ——
Soleus ' 0.117 - 0.020
Plantaris 0.294 0.054
Gastrbcnemius 1.785 0.336 T o °
Remainder 5.524 _ 1.015

[ 3

Total lactate stored was calculated frqom the lactate

confentration in each muscle x its dry .weight to give the

- 5
total umoles in each muscle. The average of the red ~and

~
~

white gastrocnemius lactate concentrations. was used to
estimate total. gastrocnemius lactate storage. The plantaris.
lactate concentration was used to estimate the lactate stored

in the non-sampled stimulated muscle since it best represents

~ R &
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ghe rat hindquart r musculature, being composed of roughly
equivalent numbers of PG and FOG fibers (Ivy and Hoiloszy,
1981) . | '
.'The total lactate stored in ofscle at the end of S min
of stimulation was 54.1 umoles.
Total 1lactate produced during first 5 min of
stimulation ? lactate effluxed (86.9) + ‘muscle lactate
(54.1) = 141.0 umplesf . a
buring the last 5 min of stimulation; Measured lactate
release = total lactate reléésé (183.9) - resting lactate
release (20.6) = 163.3 umoles. Muscle léctate = 12,1 umoles
{actually 42.0 umoles less than after 5 min of stimulation).
Total -lactate produced during 1last 15 min of stmulation =
lactate effluxed (163.3) + muscle 1aqtaté (12.i) - ({(loss 1in
muscle lactate from min 5 to min 20 (54.1 - 12.1 = 42,0)]) =
133.3 umoles,

Energy released through lactate production above rest:
Initial 5 min of stimulation; 141.0 umoles -or 12.8 mg (1
umble lactate =90 ug) x 1 joule.mg"‘l = 12.8 joules. Final §

min of stimuiation; 133,3 umoles or 12.1 mg x 1 joule.mg'l = .

12.%~joules. ' -
-
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¢} Creatine Phosphate Utilized

- During the initial 5 min of stimuLgtion cPp utilized was
62.0 umoles (estimations from tissue levels as in previous
section), therefore total energy released was 62.0 umoles x
0.05 joules.qg‘l = 3.1 joules.

Ddring.the final 15 min of stimulation no further CP

hydrolysis occurred.

d} Glycogen Utilization and Glucose Uptake

During the initial S min of stimulation 149.0 umoles of
glucose were released from giycogen (estimated from tissue
levels as in previous section) and 9.5 umoles were taken up
from the perfusate giving 158.5 umoles of glucose provided.

Total lactate production was 141.0 umoles, accounting
for 70.5 umoles of glucose and leaving 78.5 unaccounted for
or av;ilable for aerobic metabolism (assumption; anaerobic

metabolism of 1.0 mole of glucose produced 2.0 moles of

.

lqctate).

»

Similarly .during the final 15 min of stmulation 46.9

umoles of giucose were released from glycogen and 29.5 were
extracted from the perfusate for a total of 76.4 umoles.
Lactate production {133.3 umoles) accounted for 66.7 umcles

leaving only 9.7 umoles unaccounted for or available for

aerobic use.
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e) Summary
N
These calculations produceé&the data in Tables 5 and 6.
All assumptions inherent in the calculatons appear in Table

S-

Similar calculations were made with the data generated
“in the acidosis study and appear in Tables 10-12.

.,

3. Calculation of Contribution -of Energy Substrates for

Aerobic Metabolism During the Eénal 15 min of Stimulation

From the Ak&iacylglycerolJ/(TG) utilization in the
sampled muscles, the total TG utilization was 1.926 umole,
calculated as described in a previous section. Since 1,0

umole TG = 0.8854 mg, 1.926 umoles = 1.705 mg TG. Each mg
of TG releases 39.6 joules when fully combusteg‘79.46‘ca1 X
4.184 joules) and therefore 1.705 mg TG releases 67.5 joules.
This assumes that all the FFA released from the intramuscular

TG was metabolized locally and the plantaris represents the

non-sampled working muscle.

-

From section 2 of this Appendix, calculations revealed
9.7 umoles of carbohydrate fuel were available for aerobic
metabolism during the final 15 min of stimulaton. 1If it was
all burned, 9.7 umoles or 1.746 mg (1.0 umole glucose = 0.18
mg) would release 30.5 joules of energy since i(mg of glucose
fully oxidized' releases 17.49 Jjoules (4.18 cal x 4.184

joules/call).

‘Burning 1.0 ml of O, to metabolize only fat releases
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19.62 joulés (4.69 cal x 4.184 joules/cal). Therefore the
release of 67.5 joulesr(see above) would require 3.435 ml 02_
Eimi1311Yr burning 1.0 ml O, to metabolize solely
carbohydrate releases 21.13 joules (5.05 cal x 4.184 joules).
Therefofe the release of 30.5 joules would require 1.444 ml
02, ‘

The average O2 uptake over the final 15 min of
stimulation ip the two experiments where stimulation -
persisted for 20 min was 5.415 ml. Therefore 5.415 - {3.435
+ 1.444) = 0.536 ml of O, which was dsgd to burn some
additional fuel. 7

' The only alternative appedrs to be FF@'derived from the
perfusate or from hindquarter adiposé tissue. Using 0.536 ml
" of 02 to burn fat would produde 10.49 joules of energy (1.0
ml fat metabolized produces 19.62 joules). .

These calculations are summarized. in Table 7. The
estimations of ‘0, utilized and energy released from

endogenous “IG and carbohydrates may be slight overest imat ions
due to the assumption of complete combustion. Therefore the

_contribution from circulating FFA is underestimated.

-
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APPENDIX B

Characterization Study Mean Muscle Metabolite Data

-,

Mean muscle metabolite data and calculations are listed
for perfusions of varying lengths. The tables include data
obtained from perfusions employing perfusate of normal

acid-base status as found in Chapter 3. . L

L
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ATP

R, post rest perfusions
SZQ4“Post 20 min stimulation, n
cp

63

~*, significantly dVfferent from PP.
_g]ycogen

umo1.g'1 dry weight

pre-perfusion;

PP

, CREATINE PHOSEQATE AND ATP DATA PRE AND POST THE
S5, post 5 min stimulation, n

2

Lactate

MEAN LACATE, GLYCOGEN
PERFUSIONS (mean + SE;
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ECP

ON (mean
between any
ATP + 1/2 ADP/ATP .

CP/ATP

No significant differences

ATP/AﬁP

TA, total adenine; ECP, energy charge potential
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R, post 30 min rest perfusion

Otf4é DATA AND CALCULATIONS PRE AND POST 30 MIN REST PERFUSI

umo].g'1 dry weight

ADP
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corresponding PP and R valués.
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ADDITIONAL MEAN MUSCLE METAB
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Table 16. oo
ADDITIONAL MEAN MUSCLE METABOLITE DATA AND CALCULATIO
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APPENDIX C

Characterization Study Individual Data

All individual data pertaining to the characterization
- :

{

study in Chapter 3 are presented in tabular form.

r\/
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Table 17.

CHARACTERISTICS OF THE PERFUSATE, INDIVIDUAL DAfA FOR PERFUSIONS OF
NORMAL ACID-BASE STATUS (Chapter 3; Rats 1-8, Rest perfusions; Rats 9-14,
5 min stim perfusions; Rats 15-23. 20 min stim perfusions).

¥

Rat Pa02, PaCOZ, pH | HCO,, PSO;' Hb, Hct, protein, .

# mwHg  mmHg mmo1.17} mmHg g.dl'1 % g.cﬂ'1
1 324 37.5 _7.486 28.3 - 17.3  51.2 4.1
2 381 38.4 “7.462 27.7 - 16.2 - -
3 334 ° 50.4 7.435 . 34.0 - 16.4 4
4 281 43.3 7.404 '27.0 - - 16.4 - 4.0
5 320 44.1 7.364 25.0 - 14.5 °  43.2 3.6
6 300. 47.1 7.423 30.8 - 14.1 40.7 3.2
7 250 46.2 7.357 25.7 - 14.0  40.3 3.3
8 246  40.2, 7.453 28.1. .- " 14.5  41.9 3.4
9 433 36.8 7.386 ' 21.9 gg.a 14.1  40.0 4.3
10 366 32.5 . 7.% 22.5 .5 . 13.4  40.0 4.0
11 333  33.2 “7.4% 22,5  26.5 13.6 40.0 4.0
12 444 41.1 7.397 25.0 29.0 12.4 38.0 . 4.1
13 420 36.6 7.393. 22.2 26.5 14.1 41.0 3.4
14 419 | 40.4 7.398 25.0,, 26.0 12.9 37.5 ' 3.9
15 362 38.3 7.342  20.7 25.0 13.6 40.0 4.3
16 320 38.0 7.452 _26.5 28.0 14.3 41.0. 4.6
17 321 37.0 7.454 “25.8 22.5 13.8  38.5 3.9
18 396 . 36.2 .7.392 21.8 27.0 14.3 42.5. 4.4
19 428 ° 37.9 7.416 24.2 28.0 13.7 .39.5° 3.9 .
20 399 38.4 7.38 23.0 29.0 13.0 39.0 4.2
21 405 37.7 7.377 21.9  26.7 14.7 44.0 3.4
22 390 38.2 7.408 24.0 27.0 13.6  39.5 3.1
23 413 42.8 7.398 26.2. 27.0 14.0 41.0 3.6
£1-23 360 /39.7 7.412 25.2 27.0 14.3  40.9 3.8
12 0.9 0.008 0.7 0.5 0.3 0.7 0.1
. C, A e
£ 9-23 390 37.7 7.406 23.6 27.0 13.7 ~ 40.1 . 3.9
g 11 0.7 0.008 0.5 0.5 0.2 0.4 0.1

[
h—
. g i e B b Tt o bt

P
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Table 18. ' .

ADDITIONAL PERFUSATE AND PERFUSION VARIABLES, INDIVIDUAL DATA FOR . \LL
PERFUSI OF NORMAL AC STATUS (Chapter 3; Rats 1-8, rest perfusions;

Rats 9-14, Bumin stim perflusions; Rats 15- ZQ\kZO min stim perfusions}.

R
v

: Rat "Rét Qt'ﬁ - perfusate ,;Perfusate' Flow Rate

{tactate], Lactate Rest Stimulation
. ~ Zero Time Prod. Rate
- ()~ (mM) (e ly > (mlmin™)
1 266 .6 .0.16 6.0 -
2 265 1.43 0.26 5.9~ -
3 264 1.64 0.37 6.1 -
' 4 264 1.64 0.10 5.8 -
5 276 . 0.76 0.26 5.6 -
6 267 0.94 0.36 6.3 .-
7° 288 © 0.88 0,52 5.7 -
8 419 0.93 jfzo 6.2 -
9 - 282 0.95 B.34 6.6 17.8
10 304 0.79 0.37 5.4 14.5
11 279 1.54 -0.20 . 5.3 14.6
12 284 - 0.70 0.20 6.0 19.2
13 278 1.30 0.11 6.2 18.0
14 - 254 0.62 0.27 5.7 20.0
15 283 0.98. 0.14 6.3 17.0
16 292 0.85 0.26 5.7 15.8 }
17 279 0.71 0.13 5.8 16.0
18 290 0.91 0.34 5.8 21.5
19 302 1.12 0.24 6.1 17.8
20 293 0.86 0.19 6.0 16.5
21 254 0.98 0.46 5.9 16.5
22 252 0.58 0.31 5.7 19.8 :
23 284 0.75 0.46 6.0 -  21.6
X 1-23 283 1.02 0.25 5.9 18.0
+SE 7 0.07 0.03 0.1% .0.6
1 280 0.91 0.24 5.9 18.0
+SE 4 0.07 0.04 0.1 0.5
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Table 19. i
INDIVIDUAL PERFUSATE ELECTROLYTE DATA DURING THE PERFUSIONS (Characteri- 2
zation study, Chapter 3; Rats 1-4, Rest perfusions; Rats 9-14, 5 min stim
perfusions; Rats 15-23, 20 min stim perfusions;.A, arterial; V, venous).
Rat Na® K i catt
_ # Cmmol. 17
20 MIN 1 151 6.0 30 2.9 :
ARTERIAL 2 152 6.0 117 2.7 1
3 151 6.0 117 2.6 :
REST 4 148 5.7 115 . 2.5 j
9 143 5.9 120 2.3
10 145 - 5.6 118 2.3 g
11 147 5.6 120 , 2.3
12 144 5.8 . 118 2.4
13 150 - 5.8 123 2.2
14 139 5.7 . 120 2.0
15 135 5.8 114 2.5 - .
16 134 5.0 116 2.4 ‘
17 156 5.7 124 2.5
18 145 5.7 121 2.5
19 145 5.8 121 2.2
20 143 5.7 117 2.2
21 152 5.7 124 #2.5
22 150 5.7. - 123 2.1.
23 152 5.8 124 2.2
£ 148 5.8 121 2.4
+SE 1 0.1 1 0.1
40 MIN ~ AV A V. AV AV
STIMULATION 15 L .S - 2.5 2.5
16 149 149° 5.5 6.0 120 121 2.7 2.7
17 - - - - = - 2.6 2T
18 147 146 5.7 5.9 122 120 2.6 2.5
19 144 147 5.7 6.2 120 121 2.3 2.3
20 145 145 5.8 6.1 119 118 2.2 2.2
2l 154 154 5.7 6.1 126 124 2.5 2.5
22 150 150 5.7 6.0 124 122 2.1 2.1 -
23 152 150 5.8 6.0 124 122 2.1 2.4
I - 149 149 5.7 6.Q 122 121 2.4 2.4
+SE 1 1 0.1 0.1 0’1 0.1

-1 1
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INDIVIDUAL ISOMETRIC TENSION DATA DURING 20 MIN OF STIMULATION (Character-

ation study, Chapter 3; Rats 1-6, 5 min stim perfusions; Rats 7-15, 20

min stim perfusions).

Rat
#

W0~ Ol P

g b
N e= O

Isometric Tension (g}

peak 31 32 33 34 35 40 45 50
perfusion time {min)
2530 2400 2130 1930 1650 1540 - - -
2780 2600 2100 2030 ~ 1820 1720 - - -
2550 2330 2100 1850 1740 1640 - - -
2700 - - - . - 2040 - - -
2375 2280 2000 1880 1680 1520 - - -
‘2370 2290 1920 1700 1570 1480
2820 2690 2570 2330 2200 2120 . 1740 1590 1480
2850 2650 2500 2240 2130 1950 1600 - 1520 1410
2950 2720 2600 2470 2280 2100 1610 - -
2550 2500 . 2200 2275 1975 1810 1550 1420 1300
2800 -2700 2500 2250 2100 -1950 1640 1500 1400
3030 2870 2500 2250 2300 2270 1840 1780 1610-
2370 2220 2030 1860 1730 1590 1220 1140 1100
2550 2525 2400 - 2200 2000 1940 1510 1360 1240
2500 2420 2270 2100 2000 1850 1530 1440 1380
2648 2511 2273 2098 1960 1835 1582 1469 1365
55 49 .63 60 65 63 57 65 55

A\



Table 21. . .

INDIVIDUAL OXYGEN UPTAKE DATA (Characterization study, Chapter 3; Rats
1-8, Rest perfusions; Rats 9-14, 5 min stim perfusions; Rats 15-23, 20
.min stim perfusions).

-

Rat 02 Uptake (umoi.min'l.hindquarter).
# . Rest Stimulatjon .
12 18 25 33 36 39 44 48

perfusion time (min)

1 6.7 6.4 7.5 - - - - -
2 7.4 8.5 7.9 - - - - -
3 7.0 8.0 8.4 - ‘ - - -
4 8.3 8.6 8.5 - - - - -
5 9.2 8.5 7.6 - - - - -
6 7.1 6.7 6.1 - - - - -
7 .10.4 9.4 973 - - - - -
8. 10.8 10.2 10.6 .- - - - -
g 7.4 6.7 7.0 18.7 - - - -
10 10.9 10.3 8.0 24.3 - - .- -
11 8.9 8.2 7.4 16.3 - - - -
12 7.0 7.2 6.7 23.4 - - - -
13 8.5 -7.7 8.8 23.9 - - - -
4 6.2 7.7 7.2 23.9 - S e e
15 6.1 6.3 6.6 21.1 23.6 23.9 20.9 -22.2
6 7.0 7.6 7.9 122.9- 25.6 23.5 23.4 21.8
17 6.8, 7.6 9.3 24.6 25.4 23.0° 18.4 17.2
18 7.4 7.0 7.4 25.0 22.7 20.4 18.7 15.5
19 .6.4 7.0 6.9 19.2 15,9 15.6 15.2 14.4
20 - 8.1 8.2 7.0 24.7 28.4 21.3 22.0 18.1
21 5.5 6.5 8.3 21.0 20.2 18.5 17.5 16.2
gg— 6.4 7.0 7.6 22.4 22.2 18.9 " 19.5 20.2
6.8 7.4 1.6 26.2 27.0 25.5 24.2 23.2
X 1-23 7.7 7.8 7.8 22.5 23.4 21.2 20.0 18.8
+ SE 0.3 0.2 0.2 0.7 1.3 1.0 - 1.0 1.1
X9-23 -7.3 7.5 7.6
+ SE 0.4 0.3 0.2




Table 22.
INDIVIDUAL ARTERIAL PRESSURE

20 min stim perfusions).

TA (Characterization study, Chapter 3;
Rats 1-8, Rest perfusions; Rats 9-14, 5 min stim perfusions; Rats 15-23,

162

Rat Arterial Pressure {mmHg)
# Rest Stimulation )
10 15 20 25 30 30 35 .40 45 50
l perfusion time (min)
1l 100 100 100 105 105 - - - - -
2 80 85 84 82 85 - - - - -
3 a0 98 100 102 104 - - - - -
4.) 90 90 84 84 86 - - - - -
5 74 72 73 74 76 - - - - -
6 80 80 .80 80 80 - - - - -
.7 72 70 69 ° 71 74 - - - - -
8 72 76 78 78 76 - - - - -
9 86 88 86 89 90 200 204 - - -
10 75 72 76 74 72 136 134 - - -
11 82 82 84 83 83 230 230 - - -
- 12 72 75 74 74 75 192 180 - - -
13 84 84 80 .82 84 182 181 - - -
14 80 86 _ 82 85 85 210 216 - - -~
15 74 74 76 80 82 160 160 160 162 162
16 94 101 94 95 98 182 182 184 190 196
17 92 96 104 - - 210 204 220 232 240
18 72 76 74 76 76 208 . 210 220 236 248
19 84 87 88 80 94 220 232 250 264 276
20 76 70 72 72 74 210 192 194 194 200
21 86 86 84 86 86 180 186 192 195 200
22 98 g6 90 88 Qg 224 236 252 266 280
23 78 80 80 80 8 214 206 212 216 220
X 1-23 82 84 83 85 84 197 197 209 218 225
+SE 2 2 2 3 2 7 7 10 12 13.
- X9-23 82 8 83 8 83
’ 2 2 2 3




Table 23.
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INDIVIDUAL RESTING LACTATE RELEASE DATA (Characterization study, Chapter

3; Rats 1-8, rest perfusions; Rats 9-14, 5 min stim perfusions; Rats
15-23, 20 min stim perfusions).

Lactate Release (umo1.min'l.hindquarter'l) ‘

Rat
# 21 23 25 27 29
~perfusion time (min)
1 2.16 1.56 1.14 1.85 2.10
2 0.71 1.18 0.94 0.53 0.47
3 1.89 1.04 0.94 1.22 1.71
4 1.04 0.29 0.78 0.75 -
5 1.85 1.62 1.40 1.57 1.62
6 2.02 2.52 1.89 0.95. 1.89
7 0.91 1.03 0.86 0.68 0.57
8 -0.43 -0.68 -0.74 -0.37 - -0.47
9 1.06 1.33{2 1.21 —1.42 - 1.12
10 0.97 0.3 1.00 0.97 - 0.54
11 0.48 1.19 0.95 0.58. 0.93
.12 - 3.36 1.92 1.53 2.28. 2.55
13 0.74 0.90 1.30 1.18 1.15
14 3.88 -0.22 1.95 1.88 | 2.22
15 - 0.70 0.73 0.52 1.327  0.90
16 0.92 1.10 1.53 1.48 1.07
17 0.90 1.42 3.13 1.20 1.05
18 0.77 - 0.76 0.68 0.63 0.57
19 0:51 0.63 0.60 0.97 -0.74
20 0.42 0.32 0.35 0.00 0.26
21 0.50 0.75 0.63 0.50 0.44
22 4.15 4.32 3.13 38 8.07 ~
23 2.36 2.34 2.88 2.47. 2.19
¥1-23 1.39 1.19 1.24 1.19 1.21
+SE 0.24 0.32 0.19 0.17 0.18
- X 9-23 1.45 1.26 - 1.43 1.34 ) 1.25
#SE 0.34 0.31 0.24 0.23 0.22
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<)

35 37 -39 41 43 45 47 49
perfusion time (min)

Lactate Release (umo].min'lﬁhindquarter'l)

33

S

“31

study, Chapter 3; Rats 9-14, 5 min stim perfusions; Rats 15-23, 20 min

INDIVIDUAL LACTATE RELEASE DATA DURING STIMULATION {Characterization
stim perfusions)

Table 24.
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Table 26.

)

INDIVDUAL GLUCOSE UPTAKE DATA DURING STIMULATION (Character1zat1on

study, Chapter 3; Rats 9-14, 5 m1n stim perfusions; Rats 15-23, 20 min

166

Cd

(

\

stim perfusions).
_,;;—Rsf"“h- Glucose Uptake (umol.min h1ndquarter 1)
# 31 35 39 43 47 . 49
perfusion time (min)

9 3.05 - - -
10 1.66" - - -
11 i.62 - - -
12 2.19 - - -
13 3.63 - - -
14 3.04 - - -
15 1.22 0.00 - 4.19
16 "?.82 L 2.52- 5.32 4.13
17 ¥y~ - 0.56 -
18 4.36 2.55 - ' 0.82 4.16
19 1.93 - -0.65
20 1.48 2.48 -0.57 "6.11
21 4.00 - 4.40 -
22 2.96 ‘- - 1.08
23 -1.00 3.09 1.77
X 12.50 2.13 g2-11 2.97

+SE 0.41 1.16 0.87

0.54




Table 27.

INDIVIDUAL FREE FATTY ACID RELEASE DATA DURING 30 MIN REST PERFUSION AND
20 MIN STIMULATION (Characterization study, Chapter 3}.

Rat |, A FFA Release (nmo].min'l.hindquarter'l)
# 19 21 .23 25 27 29 ’
perfusion time (min)
REST »
1 105 - 115 97 132 146
2 58 12 54 44 19 33
3 97 87 52 -'52 - 49 45
4. 52 15, 10 38 6 -49
5. 304 153 210 L358 326 270
6 30 7 -2 _ 0° 11 - -16
7 160 110 127 185 184 158
8 115 3¢ 77 0 46 54
4 89 89 87
+SE 20 24 27
31, 33 35 37 39 41 43 45 .47 49
perfusion time (min):. B
STIMULATION T
1. 374 206 15 108 - 108 275 152 . - -
- 0 53 24 w2 17 -11 -159 -145 1 -
3 -91 -175 -106- -160- -233 250 16 -160 138
4 166 0 152 0 41 132 88 79 - -
5 75% 566 545 534 711 612 757 695 446 425
6 15 170 67 131 181 81 140 53 50 53
7 469 45K 368 _ 499 592 475 625 670 - 314 425
8 294 259 345";j1§§ 312 335 189 - 0 146 172
% 220 168 207 205 - 201
+SE 64 56 76 . 718 ', 51.
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Table 28.

\

INDIVIDUAL GLYCEROL RELEASE DATA DURING 30 MIN REST PERFUSION AND 20 MIN
STIMULATION' (Characterization study, Chapter 3).

Rat " @lycerol Release (nmo1.min'l.hindquarter'l)
# 19 21 23 25 27 29
perfustdmtime (min) ~ .
REST , | ‘
1 364 363 276 260 315 301
2 375 375 321 284 268 277
3. -127 167 238 198 182 167
4 573 - 498 " 383 505 485 390
-5 209 233 184 277 301 293 .
6 © 235 196 192 209 196 209 |
7 212 139 95 175 139 139 -
8 54 37 50 19 —/41 37
{ 260 . 229 234
+SE 38 30 30
- v
- . b -
31 733 3% % 39 41 43 45 47 49
. . ) ~ perfusion time (min)
1é, STIMOATeN R | ‘ ]
I' 701 655 423 695 879 370 598. 365 - Oq
2 751 563 778 760 853 778 778 859. 8 -
3 469 ,846 350 182 314 365 410 182 % 350
4 1151 '802 802 755 825 917 778 685 708
5-. 670 495 647 428 560 560 543 . sgo 630 675
6. 425 461 301. 215 253 . 339 511 336 436 326
7 338. 249 338 293 238 239 271._ zsg %33 150
8 121 - 62 121" 74 121 39 o1 ¢,
% 522 248 ‘478 . 488 ' -, 435
\\QEF- f%‘ﬁx_;;}\\fi? 73 63 _ 72
. o - " \ Y .
%b‘k,‘—— ' \ - . -. o
. .o | o ,
Lt ‘
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Table 29.

INDIVIDUAL MUSCLE GLYCOGEN AND LACTATE CONCENTRATIONS PRE AND POST 30 MIN
OF REST PERFUSION (Characterization study, Chapter 3; PP, pre-perfusion;
R, post 30 min rest perfusion}.

Rat SOLEUS PLANTARIS RED GAST. WHITE GAST.
# umol.g"1 dry weight . _
_ PP R PP R PP R PP R
GLYCOGEN ' : . o
1 90.6 124.7 145.4 76.6  134.7 105.0  182.3  138.9
2 174.1 125.5 146.4 166.3 158.3 112.1 . 188.2  136.8
3 159.9 176.7  179.7 153.8  191.7 140.9  207.3  176.7
4  138.7 130.6 251.9 178.3 - 173.7  245.2  231.4
§  170.5 165.5 . 133.0 151.7 177.7 122.8  106.0  8l.3
6  181.7 159.6  162.8 165.0  195.3 138.5  150.0  117.8
7 120.9°154.6° 133.3 154.4 156.5 - 123.2  105.8 - © ]
8  190.5 188.8  69.8 116.5 102.1 83.8  102.9 127.8 !
} R ¢
2.\ 153.4 153.,3 152.8 145.3 . 159.5 125.3  163.1  139.6 :
#SE-O\ 121 8.6 18.1 (117 12.5 11.0 8.1  16.3 \\Nﬁ“‘\\\
LACTATE - | “ S :
1 6.1 9.6 7.8 18.5 9.7 21.6 6.1  26.9 -
2. 7.5 8.7 - 7.1 16.4. 16.4 8.1 10.0' 1§,3
3 8.7 . 6.5 6.3 - 4.7 12.2 6.3 10.2 .2
4 - ::)J.B ‘9.9 5.0 . 10.1 10.1 8.6 8.7
5 .9 +/4.3 9.7 54  12.0 3.6 18.5 4.9
6 101 5.1 3.7 3.3 7.4 4.9 18.6 7.7
7 12.2 4(5 4.2 5.1 10.8 4.7 10.4  10.7
8% 3.6 2. 4.6 4.0 8.1 7.7 . 12.7 9.6
. % 7.3 6.2 6.7 7.8 13 10.8 -84 9.8 10.9. -
#E 1.3 0.8 T0.8 2.1 0 2. 2.5 2.8
— ' ,
) \ g \ .
. :
. o ™ .
. _ 5
- N $
- k7

-\
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Table 30. ]
INDIVIDUAL MUSCLE CREATINE PHOSPHATE AND ATP CONCENTRATIONS PRE AND POST
~ 30 MIN OF REST PERFUSION (Characterization study, Chapter '3; PP, pre-
perfusion; R, post 30 min rest perfusion). i

. Rat SOLEUS PLANTARIS RED GAST. WHITE GAST.
# umo].g'1 dry weight ,
PP R PP R PP R PP R
cP -
1 70.6 8.2  76.9 74.2  86.8 81.8  87.9 53.6
2 73.7 44.5 . 77.0 71.7  70.5 83.7  78.7 BL.6
3 9. 76.1 71.2 78.6 90.6 74.4  82.1 8l.
3 | 66.6 69.6  72.6 82.2  86.1 83.0
5 0 52.5\_ 100.9 117.3 106.2 110.9 110.4 127.1
’ 6 6 76.9 \I26.6 121.2 128.4 112.0  55.9 131.1
7 4 58.1 .4 120.5  97.9 117.3  206.6 113.1
8 8 100.4 7 110.8 905 114.5  107.7 199.2
% 71.6 70.7  93.0\ 95.5  92.9. 97.1 101.9 109.4
+SE 2.8 1.5 8.5\ 8.4 6.6 6.4 16.1 18.8
. ATP |
| 37.0  31.1 | 3.0  39.8 30.7  38.9 31.1
26.0  37.7 |34.3 3.6 37.9  39.3 @72
32.3 3.4 35.9  39.3 35.7  41.0 38.3
2 . %.4  32.4 31.3  39.8 33.2
5 16.3. '13. 0 3.3 34,2 - -
-6 . - 3.6 37.2 37.1w  37.4 44.1
7 24.9 :25.8  31.5 30.4  32.1 32.6  31.6 34.4
84 2.0 7ne 31 332 304 3009 304 375
% 27.4 266 4.5 34.00 35.2 - 33.8  36.9 36.5 .
#SE 2.6} 3.3 ° 1.6 1.4 1.2 1.0 1.6 1.6 ~
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Table 32.

INDIVIDUAL MUSCLE GLYCOGEN, LACTATE AND CREATINE PHOSPHATE CONCENTRATIONS
PRE AND POST 30 MIN REST PERFUSION AND SMIN STIMULATION (Characterization
study, Chapter 3; PP, pre-perfusion; S5, post 5 min stimulation).

Rat SOLEUS PLANTARLS' RED GAST.  ~ WHITE GAST.
. umol.g™} dry weight
P S5 PP S5 PP S5 PP S5
GLYCOGEN _ ‘ '
1  266.5 195.8 ~165.0 82.7 170.0 92.1 176.2 " 43.3
2 209.9 191.8 247.9 97.6 202.2 107.3 192.9 58.1
3. 205.2 202.1 188.5 102.5 202.4 139.9 199.6 45.9
4 156.1 135.0 184.0 73.1 179.0 47.6 178.9 75.3
5  131.5 140.0 149.1 66.1 131.7 70.5 162.9 23.2
6 179.5 151.6 192.4 68.4 175.9 131.5 162.7 44.0
£ 191.5 169.4 187.8 81.7 177.2 98.1 178.9 48.3
+SE 19.3 12.4  13.8 6.3  10.8 14.5 6.2 7.1
'LACTATE : ' - ,
1 20.8 8.1 7.2 32.0 6.1 33.8 6.1 101.6
2 4.5 6.7 8.4 42.1  22.7 24.0 12.2 78.1
3 —~_ 4.8 6.5 .52 59.1 6.1 52.1 9.2 120.3
3 7.3 24.4 7.6 48.4 - 2.8 79.1 5.6 33.6
5 .3 6.8 30.0 7.2 28.2 5.4 83.4
6 3.8. 6.0 8.1 32.9 8.9 24.2 9.3 100.1 g
% 8.0 9.8 7.3 40.7 8.9 39.6 8.0 azaa‘*K\h\-i
. cp -~ . -
1 75.6 82.6 100.7 65.6  99.4 75.5  122.6 51.7
2 . 133.4 89.7 153.5 85.6 114.2 112.2  158.3 34.2
3 94.5 70.0 120.7 71.9  73.2 32.2 ST
3 8.4 64.6 124.8 73.0 138.4 82.5 ~ 98.2 41.0
5 55.9 -66.3  90.0 63.3  86.0 50.2  97.2, 17.8
6 75.5 68.1  97.1 52.2 125.2  92.6 110.% 37.2 )
YR 86.1 73.5 114.5 .68.6 106.1 75.7 .117.3 36.4 _ﬁ//"
B 08 42 9.6 4.6  10.0 11.3  11.2 5.5
B 'lﬁ ' .
. v
\5,j e ) :
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*Table 33. .

INDIVIDUAL MUSCLE ATP, ADP AND AMP CONCENTRATIONS PRE AND POST 30 MIN
REST PERFUSION AND 5 MIN STIMULATION (Characterization study, Chapter 3;
PP, pre-perfusion; S5, post 5 min stimulation).

. — .
.- Rat . SOLEUS PLANTARIS RED GAST. WHITE GAST.
2 umo].g'1 dry weight
N Y PP S5 PP S5 PP S5
ATP |
1 32.7 28.2 ° 36.0 27.8  34.4 29.6  38.7 22.0
2 31.2 33.3  43.8 28.9 42.2 33.8  41.9 19.1
3 24.9 18.6 - 37.3 29.2 - 25.5 . 40.8 29.5
a 27.5 29.2  41.9 33.9  44.8. 34.1. 35.8 12.7
5 19.2 22.2  30.9 24.9  31.6 26.3  32.3 12.2
6 23.1 23.5 - 38.8 20.5  30.0 29.4  37.8 17.8
R 2.4 25.8  38.1 279  36.6 29.8  37.8 18.9
+SE 2.1 2.2 . 1.9 1.8 2.9 1.5 1.4 2.6
ADP . )
1 5.9 5.7 4.1 - 3.2 4.0 3.9 3.9 5.2
2 4.4 45 - 3.6 4.8 4.6 4.5 3.8
3 5.3 - 4.4 4.4 2.2 5.1 5.1 2.5
4 4.0 4.3 4.8 4.6 5.3 6.4 5.2 2.7
5 3.5 5.2 4.6 3.7 4.3 5.8 3.7 4.0
6 4.9 4.9 4.8 57 —~ 51 6.0 4.3 6.3
X 4.7 4.9 4.6° - 4.3 5.3 4.4 4.1
+SE 0.3° 0.2 0.1 /0.4 0.5 0.4 0.3 . 0.6
AY t') '
AMP . : . . . ne T
1 0.56 0.61 _ 0.47 ~0.21  0.43 0.50  0.32 - -
2 0.48 0.30 - 0.30 0.48 0:82  0.36 0.49
3 0.99 0.57  0.44 0.90 . 0.60 0.91  0.46 - 0.33
a 0.37 0.60  0.27 0.47 .0.38° 0.48  0.40 0.67
5 0.68 - 0.51 0.43  0.50 0.78  0.45° Q.78
6 0.96 0.77  0.48 '0.79  0.58- 1.11  0.72 1.68
1 0.67 0.57 " 0.43 0.52  0.49 0.70  0.45 0.78
#E 0.11 0.08 ~ 0.04 0.11  0.03 0.11  0.06 0.22
2



174

£ _ :
Table 34. ‘ :

INDIVIDUAL.MUSCLE GLYCOGEN AND LACTATE ﬁbNCENTRATIONS PRE AND POST 30 ’
MIN REST PERFUSION AND 20 MIN STIMULATION (Characterization study,
Chapter 3; PP, pre-perfusion; S20, post 20 min stimulation).

Rat SOLEUS PLANTARIS RED GAST. WHITE GAST.
# PP 520 PP S20 PP S20 PP 520
GLYCOGEN - |
1 154.8 118.0 171.7 64.0 179.3 81.8 . 243.1 _43.1
2 169.9 139.3 150.5 60.4 159.5 67.8 190.1 ~ 9.7
3 123.0 95.4 178.2 31.7 216.3 46.4 189.8° 17.8
4  138.1 116.7 183.1 51.5 168.7 62.6 181.7 -
5  156.1 68.3 199.5 41.5 223.1 97.2. 191.3 34.4
6  160.3 142.3 185.4 89.2 196.6 85.0 233.4 29.4
7. 125.8 109.8 158.8 70.3 151.7 75.00 201.3 19.5
8  119.9 109.1 166.5 50.8 146.1 54.8 174.8 10.1
9  107.1 85.7 152.2 53.5 163.5 75.6  150.4 25.2
R 13%.5 109.4 171.8 57.0 178.3 71.8  195.1 23.7
#SE 7.2 . 8.0 5.5 5.6 .9.3 5.3 9.5 4.1
LACTATE | ' : -
! 10.8 3.4 - 54 18.2 5.0 21.4 7.5 18.3
2 3.8 4.4 5.9 12.0 5.6 13.0  12.4 3.7
3 2.7 3.3 3.9 18.5 6.8 17.2 5.6 32.0
4. 44 45 147 6.0 154 20.3  10.7 16.4
5 7.7 8.3 7.2 19.0  10.9 10.4 7.4 19.7
6 9.8 4.2° 6.0 17.1. 8.9 19.3 7.8 46.1
7 50 7.9- 4.0 8.9 3.7 25.4 5.0 38.0
8 6.3 12.0 6.3 10.3 2.7 14.3 6.0 26.2
9 3.8 4.7 4.6 8.4 7.5 7.0 9.0 22.6
£ 6.0 58 64 131 .74 16.5 7.9 27.9
+SE 1.0 1.0 L1 - L7 1.3 -1.9 0.8 3.3
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? Table 35. _ .
INDIVIDUAL MUSCLE CREATINE PHOSPHATE AND ATP CONCENTRATIONS PRE AND POST
30 MIN REST PERFUSION AND 20 MIN STIMULATION:(Characterization study,
Chapter 3; PP, pre-perfusion; $20, post 20 min stimulation).

Rat "SOLEUS PLANTARIS RED GAST. WHITE GAST.
# PP S20 PP S20 PP S20 PP S20
cP . '

\ 1 . 74.9 60.7 87.5 57.7 83.0 62.0 92.8 35.5
2 72.0 65.3 80.7 34.5 92.9 47.7 81.2 46.6

3 73.6 57.6 107.6 "50.9 153.4 -81.6 108.4 78.9

<4 51.1 31.5 95.0 88.0 - 69.5 120.9 97.3

5 76.8 35.9° - 105.6 78.4  105.4 101.6 126.1 33.3
6 81.8 70.9  116.8 .52.1 = 104.6 24.6 107.8 29.7
7 73.1 26.6 96.7 70.6 97.2 42.9  105.1 39.4
8 62.3 '63.6 99.3 60.2 86.5 81.5 104.0 48.3
9 79.2  57.8  113.6  73.5 89.0 76.4 111.9 49.8
X $4.7- 52.5 100.3 62.9 101.5 65.3 106.5 51.0
+SE 3.2. 5.4 3.9 5.5 7.9 - 7.9 4.5 . 7.6

e AP o

o1 25.8  23.9 32.4 26.5 33.2 30.6 35.3 29.4
2 24.6 24.9 30.3 26.6° © 37.0 30.5 34.5 19.5
3 26.4  20. 33.5 24.4 390 26.0 38.5 24.8

4 16.4 1673 35.5 34.4 - 26.8 38.2  30.9

5 28.2 12.6 37.2  31.6 40.5 33.3 41.3  20.1
6 25.9 22.0 %.7 31.6 37.4 24.3 36.9 _ 18.0

g 7 25.3° 15.6 31.9 25.5 31.2  27.6 32.0 15.9
8 19.2 19.0 32.5 21.5 28.4 25.2 28.8 16.2

9 26.1__ 21.8 38.1 - 29.4 33.5__31.2 40.6 - 23.3

X 24.2 19.7 . 33.8 27.9 35.0 .28.4 6.2 2290

, +SE 1.3 1.4 0.8 1.4 1.5 _1.0 1.4 1.0

*\ — .
' ¥ N 3 -‘
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Table 37. »

INDIVIDUAL MUSCLE TRIACYLGLYCEROL CONCENTRATIONS PRE AND POST 30 MIN
REST PERFUSION AND 20 MIN STIMULATION (Characterization study, Chapter
3; PP, pre-perfusion; $20, post 20 min stimulation; *, Rats 1 and 7 for
white gast. not included in mean due to adipose tissue contamination).

_Rat SOLEUS ~ PLANTARIS - RED GAST. WHITE GAST.
v ’ umoi.g'l'dry'weight
PP S20 PP 520 PP S20 PP 520
1 73.27 42.88  7.06 5.96  6.31 3.28  5.87 79.32*
2 38.54 16.78  5.65 2.31 - - 9.75 11.61
3 12.43 20.82  7.10 6.88  4.80 2.64 10.57 3.71
4°  46.66 17.28 ' 10.25 9.28 10.01 4.59 < 6.57 8.71
5 10.56 12.77  8.10 8.46  5.88 5.31  6.97 .33
6 23.32 10.24  5.31 4.90 ° .8.92 7.09 4.18 2.08
7 45.74 29.25  9.29 7.57  7.71 6.39  6.01 80.72*
8 25.15 39.94  8.84 7.95 3.86 3.21  2.98 6.0
% 28.21 23.75  7.70 6.66  6.78 4.64  6.84 6.25
+SE 4.95 4.35  0.61%°0.80  0.84 0.64° 1.22 1.41
o -
3
-~
<



: o 178

APPENDIX D

—
Acidosis Study Mean Muscle Metabolite Data

Mean muscle metabollte data ang calculatlons are 11sted

for perfus1ons of varying lengths ’jThe tables include data

-

obtained from perfusions employlng ac1dot1c perfusates as

found in-Chapter 4. T : : : B



5
PP

AMP

5; RA, respiratory acidosis, n
ADP

ATP

cp '
umol.g'1 dry weight

MA, metabolic acidosis, n
PP, pre-perfusion; R. post-30 min rest perfusion; No significant differences between corresponding

and R values}.

.
»

Lactate

Glycogen

MEAN MUSCLE LACTATE, GLYCOGEN, CREATINE PHOSPHATE, ATP, ADP AND AMP-DATA PRE AND POST 30 MIN REST

PERFUSION DURING ACIDOSIS (mean # SE

Table 38.
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6).

ATP

~

?ﬁam DATA PRE AND

. MEAN MUSCLE LACTATE, GLYCOGEN,CREATINE PHOSPHAT
3 PP, pre-perfusion; S5,

cp

t 20 min stimulation, n

= 4; 520, Pos
" Glycogen %
umt:ﬂ.g'1 dry weight

Lactate -

POST METABOLIC ACIDOSIS PERFUSIONS (mean + SE
post 5 min stimulation, n
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CATP

. CP

)

l_dry'heigﬁi

1.9

o

4; 520, post 20 min stimulation, n

' G]ycggen

R

VYt

Lactate

post 5 min stimu]ation,‘n

MEAN MUSCLE LACTATE, GLYCOGEN, EREATINE PHOSPHATE AND ATP DATA PRE AﬁD

* POST RESPIRATORY ACIDOSIS PERBUSIONS (mean + SE; PP, pre-perfusion; S5,
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ECP

ATP/ADP CP/ATP

i PP, pre-perfusion; S5, post 5 min stimulation; TA, total
TA

AMP

umo].g'1 dry weight

+ SE, M4

ECP, energy charge potential = ATP + 1/2 ADP/ ATP +:ADP + AMP).

ADP

.

ADDITIONAL MEAN MUSCLE METABOLITE DATA AND CALCULATIONS PRE AND POST 5 MIN STIMULATION DURING

METABOLIC ACIDOSIS (mean

Table 41.
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cp

ATP/ADP CP/ATP

(AT[ONS PRE AND POST § MIN STIMULATION DURING
TA

Abbreviations as in Table 41).

4

AMP

1 dry weight

umcl.g

ADP

ADDITIONAL MEAN MUSCLE METABOLITE DATA AND CALCU

RESPIRATORY ACIDOSIS (mean + SE, n

Table 42.
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TIMULATION DURING
ECP

CP/ATP

MIN

Additio‘al abbreviations as in

ATP/ADP

-

S20, post 20 min stimulation
TA

*

AMP

umo].g'1 dry weight

(mean + SE, n=6
ADP

Y.

ADDITIONAL MEAN MUSCLE METABOLITE DATA AND CALCULATIONS PRE AND POST 20

METABOLIC ACIDOSIS

. Table 41

Table 43.
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ECP

ATP/ADP "CP/ATP

Abbreviations as in Tables 41 and 43).
TA

AMP

ADDITIONAL MEAN MUSCLE METABOLITE DATA AND CALCULATIONS PRE AND POST 20 MIN STIMULATION DURING
ADP

RESPIRATORY ACIDOSIS (mean + SE, n = 7

Table 44.
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APPENDIX E

Acidosis Study Individual Data

All individual data pertaining to the acidosis study in

Chapter 4 are presented in tabular form.
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Table 45.

CHARACTERISTICS OF THE PERFUSION MEDIUMS. INDIVIDUAL DATA FOR METABOLIC
ACIDOSIS AND RESPIRATORY ACIDOSIS PERFUSIONS (Equivalent data for Control
perfusions found in Table 17, rats 9-23). :

v

Rat Pa02. PaCOZ, pH HCOB, PSO’ Hb, Hct, protein,
i mHg g mol. 17! mmHg  g.d17l 2 g.d17?
METABOLIC ACIDOSIS
1 439  41.9 7.122  13.3 - 13.8 42.0 3.2
2 442 © 37.2 7.149 11.2 - 14.1 42.0 3.6
3 412 36.4 7.155 12.5 - 13.3 40.0 3.6
4 409 38.0 7.150 12.8 - 13.0 40.0 -
5 360 4.4 7.118 11.2 23.5 14.1 39.8 4.4
.6 388 36.3 7.209 14.2 25.5 14.1 39.3 4.1
7 337 35.8 7.178 12.8 25.0 14.1 41.0 3.9
8 367 43.5 7.143 14.5 26.5 15.4 43.0 4.0
9 384 43.7 7.131 14.2. 28.5 14.4 40.0 4.0
10 346 38.3  7.129 12.2 27.5 14.3 44.0 3.0
5 388 38.2 7.148  12.9 26.1 14.1 41.1 3.9
+SE 11 1.2 0.009 0.4 0.7 0.2 0.5 0.1
RESPIRATORY ACIDOSIS
1 353 73.8 7.207 28.5 - 14.1 45.0 4.0
2 éggj:2>72.9 7.155 25.0 - 13.9 44.0 4.0
3 4 58.3 7.117 18.2 - . 11.9 37.0 4.0
4 423 63.2 7.083 18.2 - 12.9 38.0 4.0
5 358  58.0 7.157 20.0 27.3  12.9 ‘38.0 3.7
6 345 59.1 7.158 20.5 27.5 13.2 40.0 4.1
7 359 64.5 7.144 21.5 21.2  13.4 42.0 4.3
8 381 64.0 7.103° 19.3 24.0 13.9 28.5 3.1
9 345 56.7 7.171 20.5 23.0 13.6 39.0 3.6
10 380 58.8 7.178 21.3 23.4 12.7 39.5 4.3
11 342 62.7 7.153 21.3 21.5 14.8 42.9 5.1
12 361 64.1 7.154 21.7 22.0 13.5 40.0 4.5
X 374 63.0 7.152 21.3 23.9 13.5 40.3 4.1
+SE 10 1.6 0.009 0.8 0.9 0.3 0.7 0.1

=
-
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A
Tablie 46.

ADDITIONAL PERFUSATE AND PERFUSION VARIABLES; INDIVIDUAL DATA FOR
METABOLIC AND RESPIRATORY ACIDOSIS PERFUSIONS.

Rat Rat wt Perfusate Perfusate Flow Rate

(Lactate],  Lactate Rest Stimulation
Zero Time Prod. Rate '
# (g) (mM) (mM.hr1) (ml.min~1)
METABOLIC ACIDOSIS .
1 293 0.62 0.06 5.7 18.0
2 316 0.65 0.15 5.7 18.4
3 290 0.55 0.35 6.3 17.7
4 282 0.53 0.22 6.0 23.4
5 258 1.47 0.42 5.5 19.5
6 258 1.54 0.65 5.8 19.5
7 286 1.46 0.31 5.6 20.5
8 288 1.40 0.44 6.5 18.5
9 295 1.96 0.23 6.2 18.5
10 294 1.06 0.50 6.2 20.0
X 286 1.12 0.33 6.0 19.4
+SE 6 0.16 0.06 0.1 0.5
RESPIRATORY ACIDOSIS
1 ‘ 256 1.11 0.48 5.6 17.0
2 265 1.12 0.40 6.0 18.0
3 270 0.76 0.20 5.8 18.0
4 276 0.83 0.26 6.4 18.2
5 295 0.79 0.33 6.1 16.5
6 303 1.12 0.48 6.2 18.0
7 315 1.03 0.32 6.0 20.0
8 297 1.05 0.46 6.2 19.0
9 292 1.01 0.36 6.1 18.0
10 340 0.97 0.43 6.2 17.5
11 282 0.91 0.42 6.3 17.5
X 290 0.97 0.38 6.1 18.0
+SE 7 0.04 0.03 0.1 0.3
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Table 47.
INDIVIDUAL PERFUSATE ELECTROLYTE DATA DURING METABOLIC ACIDOSIS
PERFUSIONS ( A, arterial; V, venous).

Rat Na® K c1 Ca2+
# mol.1 "}
20 MIN ARTERIAL REST :
1 140 6.3 124 2.4
2 142 6.6 128 2.4
3 143 6.1 126 2.8
4 141 6.5 125 2.2
5 136 6.7 124 2.6
6 140 6.8 122 2.5
7 143 6.8 126 2.6
8 - - - -
g - - - -
10 140 6.6 123 3.1
i 141 6.6 125 2.6
+SE 1 0.1 1 0.1
40 MIN STIMULATION AV A YV ALY ALY
5 138 139 7.1 7.2 124 123 2.6 2.6
6 143 142 7.1 7.3 124 123 2.5 2.5
7 145 143 6.8 7.1 125 126 2.5 .2.6
8 141 145 6.8 7.3. 122 120 2.6 2.6
. 9 139 140 7.7 7.9 121 119 2.8 2.7
10 141 143 7.0° 7.4 122 123 3.2 3.1
X 141 142 7.1 7.4 123 122 2.7 2.7
+SE 1 1 0.1 0.1 1 1 0.1 0.1
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Table 48.
INDIVIDUAL PERFUSATE ELECTROLYTE DATA DURING RESPIRATORY ACIDOSIS
PERFUSIONS ( A, arterial; V, venous).

Rat Na® Kt c1” - calt
# mmo1.171
20 MIN ARTERIAL REST
: 1 145 6.4 123 2.4
2 145 6.4 .123 2.4
- 3 144 6.3 123 3.0
_ 3 144 6.3 123 3.0
5 140 6.2 115 2.5
6 143 6.5 y 118 2.3
7 138 6.2 114 2.9
8 143 7.2 122 2.5
9 141 7.0 121 2.4
10 131 6.4 113 2.5
1 135 6.6 113 2.4
12 134 6.0 112 2.6
% 140 6.5 118 2.6
- +SE 1 0.1 1 0.1
40 MIN STIMULATION ALY AV AV A
5 136 133 6.3 6.4 112 109 2.6 2.6
6 143 - 6.7 - 119 - 2.6 =~
7 149 142 7.0 7.0 122 116 2.8 2.9
8 150 142 7.8 7.5 127 123 2.4 2.8
9 184 140 7.5 7.2 124 120 2.3 2.6
10 137 144 7.0 7.5 118 121 2.5 2.5
11 126 141 6.1 7.1 105 116 3.0 2.8
12 137 - 6.4 - 115 - 2.6 2.5
% 140 140 6.9 7.1 118 118 2.6 2.7
+SE 3 2 0202 3 2 0.1 0.1
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Table 49.
INDIVIDUAL ISOMETRIC TENSION DATA DURING STIMULATION UNDER ACIDOSIS.

Rat Isometric Tension (g)
# peak 31. 32 33 34 35 40 45 50

perfusion time (min)

METABOLIC ACIDOSIS

\ 1~ 2850 2375 2040 1760 1620 1560 - - -
2 2300 2200 1875 1650 1550 1450 - - -
3 2500 2275 1975 1710 1570 1460 - - -
4 2580 2280 1930 1660 1540 1400 - - -
5 2150 1980 1440 1260 1160 1150 ~ 1110 1070 1120
.- 6 2250 2080 1860 1580 1480 1400 1210 1190 1170
7 2370 2370 2200 1980 1810 - 1690 1400 1260 1160 °
8 2650 2350 2100 1860 1740 1680 1540 1400 1240
9 2850 2830 2150 1900 1820 1790 1640 1490 1440
10 2870 2600 2125 1975 1820 1760 1470 1340 1260
4 2497 233¢ 1970 1734 1611 1534 1395 1292 1215
+SE 77 77 70 69 65 63 82 62 54

RESPIRATORY ACIDOSIS

1 2550 - - - - - - - -
2 3080 2652 2142 1703 1596 1518 - - -
3 2550 2346 1816 1485 1320 1237 - - -
4 2754 2550 2193 . 1703 1485 1394 - - -
5 - - - - - - - - -
6 2900 2625 2225 1975 1840 - 1750 1600 1430 1390
‘ 7 2650 2425 1600 1120 1110 1140 1070 1050 1050
8 2600 2350 1900 1320 1360 1400 -1260 1260 1320
9 2670 2350 1400 - - 1190 1540 1400 1380
10 2950 2500 1900 1620 1520 1690 1480 1350 1200
11 2670 2400 1920 1720 1620 1590 1410 1310 1270
X 2737 2466 1900 1581 1481 1434 1393 1306 1268
+SE 57 40 91 94 78 73 80 56 52

AN
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Table 50,.
INDIVDUAL OXYGEN UPTAKE DATA DURING ACIDOSIS.

Rat : 0, Uptake (umol.min'l.hindquarter'l)
Rest ' StimsPation
12 18 25 33 36 39 - 44 48

-

perfusion time (min)
METABOLIC ACIDOSIS '

1 6.8 6.9 7.0 25.5 - - - -

2 9.3 9.0 9.6 28.6 - - - -

3 4.7 5.7 6.2 21.5 - - - -

4 7.6 8.1 8.5 26.5 - - - -

5 8.1 7.6 7.9 16.2 12.9 17.2 12.2 13.0

6 5.6 5.3 5.1 16.1 13.9 17.0 16.6 15.7

7 6.0 5.9 6.3 16.3 15.0 20.8 19.5 14,6

8 9.5 8.2 8.1 18.5 19.2 18.3 19.1 16.7

9 6.9 7.4 8.2 22.1 20.0 19.8 23.7 21.8

10 5.6 5.0 7.? 17.1 20.8 21.9 19.5 19.4

4 7.0 6.9 7.4 20.8 17.0 19.2 18.4 16.9
+SE 0.5 0.4 0.4 1.5 1.4 0.8 1.6 1.3
RESPIRATORY ACIDOSIS

1 - 8.0 7.4 18.7 - - - -

2 - 10.4 9.8 26.9 - - - -

3 - 7.2 6.9 17.9 - - - -

4 - 5.5 5.3 19.5 - - - -

5 6.0 6.5 8.3 Co- 20.6 20.6 18.8 19.0

6 5.2 4.9 6.3 15.3 - 15.9 16.7 14.8 13.5

7 5.7 5.3 6.1 10.2 10.5 11.7 14.0 13.0

8 5.5 4.9 5.1 8.4 11.3 14.2 14.6 16.9

9 5.0 4.5 4.7 10.9 12.6 - 14.0 16.6 18.4

10 9.4 8.8 8.3 24.0 29.4 26.0 24.0 -

11 5.5 6.1 6.3 18.8 19.7 19.4 19.2 15.8

4 6.0 6.4 6.7 16.9 16.4 16.3 17.2 15.7
+SE 0.5 0.5 0.4 1.6 2.0 1.6 1.2

. 1.0




Table 51

INDIVIDUAL AE}TE

RIALh PRESSURE DATA DURING ACIDOSIS.
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Rat Arterial Preﬁiﬁre (mmHg)

# Rest . Stimulation
10 15 20 25 30 30 3% 40 45 - 50
perfusion time (min)
METABOLIC ACIDOSIS .

1 96 100 94 94 94 176 17 - - -

2 108 100 98 98 98 180 180 - - -

3 88 8 88 8 84 166 164 - - -

4 74 74 74 712 72 180 174 - - -

5 75 70 68 68 70 180 184 188 195 196
6 70 74 76 712 - 66 180 180 182 186 194
7 ,68 70 70 66 63 184 188 190 196 202
8 92 75 75 75 80 165 170 178 184 -190
9 80 75 75 78 75 178 179 179 180 180
10 88 8 8 8 85 180 177 179 180 185
X 8 81 8 79 79 177 177 183 187 191

+SE 4 4 3 4 4 2 2 2 3 3

RESPIRATORY ACIDOSIS

1 7% 75 75 715 75 169 176 - - -
2 86 8 83 83 83 162 162 - - -
3 9 .72 72 712 72 163 162 - - -

4 81 83 ‘86 8 86 180 176 - - -
5 90 95 90 88 88 190 184 202 215 228
6 8 92 90° 92 92 180 177 182 192 200
7 476 74, 72 70 150 142 142 145 145
8 75 8 8" 77 77 190 178 165 - 160 160
9 75 75 72 70 70 150 150 147 147 150
10 70 70 75 .-73 73 150 156- 158 160 170
11 75 70 75 73 70 1147 150 155 156 159
X 80 81 80 80 79 167 165 164 170 173

+SE 2 3 2 3 2 5 4 . 8 g 11




Table 52.

INDIVIDUAL RESTING LACTATE RELEASE DATA DURING ACIDOSIS.

194 .

Rat - Lactate Release (umol.min'l.hindquarter'l)
# 21 23 25 27 29
perfusion time (min)
METABOLIC ACIDOSIS
1 0.91 0.91 0.71 0.71 . 0.17
2 1.51 1.37 - 1.85 1.60 - 1.23
.3 0.57 0.55 20.66 0.20 0.19
“ g 2.49 2.34 1.92 1.89 1.62
5 -1.46 -2.07 -1.89 -1.77 -2.32
6 -0.54 0.00 -0.16 " 0.16 -0.32
7 -0.12 -0.52 0.40 0.35 0.12
8 -0.37 -1.74 -1.55 -0.50- -0.43
.9 -0.41 -0.06 0.17 -0.58 0.23
10 0.00 -0.06 =012 0.37 0.17
R 0.26 0.07 0.20 0.24 0.07
+SE 0.36 0.42. 0.39 0.34 0.33
"~ RESPIRATORY ACIDOSIS
1 © 2.35 2.05 2.07 1.99 1.62
2 4247 3.20 2.70 2.63 2.20
3 1.76 1.62 1.33 1.16 1.41
4 1.44 1.52 1.47 1.28 1.49
~ 5 1.08 0.20 0.20 -0.41 0.00
6 -0.19 -0.63 -0.89 -0.32" -1.08
i 7 0.62 -0.37 0.62 0.56 0.62
8 1.00 1.00 -« 1.00 -0.24 0.49
91 - 0.31 -0.31 -0.38 -0. 75
10 1.29 1.47 . 0.68 1.23
11 ~-1.44 -0.94 -0.31 - -0.31
v b 1.15 0.86 0.77 0.88 0.57
+SF/ 0.45 0.38 0.33 0.36 0.35

N/
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Table §3.
INDIVIDUAL LACTATE RELEASE DATA DURING STIMULATION UNDER ACIDOSIS.

Rat | Lactate Re]ease'(umol.min'l.hinﬁquarter'l)
# 31 33 ‘ 35 - 37 39 41 43 45 4? 49

perfusion time (min)

METABOLIC ACIDOSIS
7.4 15.1 - 13.3

1 - - - - - - -
2 8.7 14.6 13.4 - - - - - - -
'3 3.4 13.6 11.2 - - - - - - -

4 16.4 20.9 19.7 = - - - - - - -
5 4.9 14.6 12.5 13.1,12.3 7.3 6.0 2.4 5.1 3.5
6 39 12.4 14.7 14.4° 12,0 7.2 4.9 52 4.9 3.9
7 - 15.3 17.5 18.1 10.8 8.0 7.8 3.4° 4.2 4.1
8 1.5 14.1 13.7 13.7 9.6 9.4 4.9 4.9 2.4 3.8
9, 6.7 11.7 11.7 7.9 12.3 13.2° 5.9 4.4 5.2 5.6

10 1.1 9.9 12.3 9.1 4.3 3.3 3.0 55 0.7 2.3
X 6.0 14.2- 14.0 12.7 11.2 8.9 5.8 4.3 3.8 3.9
+SE 1.6 0.9 0.9 1.5 1.8 1.5 0.7 0.5. 0.8 0.4
RESPIRATORY ACIDOSIS

1 10.6 11.2 15.1 - - - - - - -

2 11.6 19.1 18.0 - - - - - - -

3 9.3  13.2 . 14.3 - - - - - - -

4 10.6 16.3 14.7 - - - - - - -

5 3.4 13.6 13.8 11.8 12.6 1:0.6 9.2 8.2 10.0 7.2
6 5.3 17.5 16.3 1.2 11.2 8.8 6.0 5.4 5.3 3.0

7 6.0 19.8 21.7 17.0 15.2 12.6 10.9 8.9 - 5.6
8 2.2 13.1 20.2 17.1 13.1 13.0 10.4 8.1 7.7 7.2
‘9~ 7.2 2.1 22.6 10.8 11.2 11.8 8.0 8.6 10.8 6.8

10 9.9 22.8 22.1 12.5 18.7 13.9 10.2 7.6 - 3.6

11 2.2 11.7 .19.6 18.2 18.0 16.2 11.5. 8.8 6.1 -

£ 7.1 16,2 18.0 14.5 14.3 12.4 9.5 7.9 8.0 5.6.
+SE 1.1 1.2 -1.0 1.1 1.2 0.9 0.7 o. 1.1 0.8

S
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Glucose Uptake (umo].min'l.hindquarter'l)

.-

Rat

INDIVIDUAL RESTING GLUCOSE UPTAKE DATA DURING ACIDOSIS.

Table %4.

29

27

25

23

21

perfusion time (min)

METABOLIC ACIDOSIS

—-HONM OO

RESPIRATORY ACIDOSIS

-----------
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Table 55. =~ '
INDIVIDUAL GLUCOSE UPTAKE DATA DURING STIMULATION UNDER ACIDOSIS.

~ Rat Glucose Uptake (umo].min'l.hindquarter'l)
# 32 36 40 44 48

pe}fusion time {min)

METABOLIC ACIDOSIS

1 1.37 2.24 - - -

2 6.05 4.12 - - -

3 4.32 0.83 - - -

4 3.88 4.59 - - -

5 1.85 0.74 1.21 1.84 3.98
6 0.90 4.07 . 5.69 6.29 8.07
7 0.36 -3.30 -0.18 -0.78 3.02
8 6.60 5.89 6.06 5.22 8.97
9 4.67 7.49 3.61 3.60 8.40
10 7.72 2.11 2.28 5.07 4.92
X 3.77 2.88 3.11 3.54 6.23
+SE 0.81 0.97 1.11 1.17 1.14

RESPIRATORY ACIDOSIS

1 4.97 5.22 - - -
2 2.84 0.23 - . -
3 8.58 9.08 - - -
4 8.31 .6.83 - - -
5 3.15 2.98 2.70 4.20 4.80
6 0.40 1.81 . 3.15 5.33 5.52
7 1.53 2.52 3.40 4.90 6.78
8 4.68 5.95 . 5.58 6.60 7.00
9 -2.19 -2.01 -0.36 -0.04 3.70
10 4.42 4.52 4.79 5.01 9.74
11 8.08 6.93 6.62 7.64 7.98
{ 4.07 4.01 3.70 4.81 6.50
+SE 1.08 0.98 0.86 0.92 0.77
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Table 56 :

INDIVIDUAL MUSCLE GLYCOGEN, LACTATE AND CP CONCENTRATIONS PRE AND POST 30
MIN OF REST PERFUSION DURING METABOLIC ACIDQSIS (PP, pre-perfusion; R,
post 30 min rest).

Rat " SOLEUS PLANTARIS RED GAST. WHITE GAST.

umo'l.g'1 dry weight .
# PP R PP R PP R PP R
GLYCOGEN
1 - - - - - - - -
2 - - - - - - - -
3 92.4 97.9 114.4 138.1 151.2 140.7 166.7 146.4
4 75.3  78.6 118.6 134.1 142.9 124.4 128.9 119.3
5 119.0 115.3 146.1 133.4 162.3 113.4 145.2 117.8
X 95.6 97.3 126.4 135.2 152.1 126.2 ~ 130.3 127.9
+SE 12.7- 10.6 10.0 1.5 5.6 8.0+, 8.3 9.3
LACTATE
1 12.7  12.1 9.4 8.1 8.4 10.6 - 9.3
2 8.9 9.9 11.5  11.2 14.1 13.2 15.1 16.7
3 3.4 3.3 3.7 3.0 19.6 3.5 5.3 4.0
-4 3.4 7.7 6.5 7.3 4.5 6.4 6.9 17.3
5 - 7.9 7.5 - 5.9 19.5 6.0 26.0
X 7.1 7.8 7.7 7.4 10.5 10.6 8.3 14.7
+SE 2.3 1.4 1.3 1.7 2.8 2.8 2.3 3.8
cp | .
1 44.6 83.3 80.5 128.0 83.1 112.7 - 97.7- 118.2
2 87.8 61.4 75.0 96.4 90.9 92.7 81.5 90.3
3 63.4 65.4 84.4 123.5 93.7 85.9 78.4 97,2
4 58.3  90.1 96.0 73.4 140.0 83.9 89.0 79.3
5 87.4 8B.8 183.7 107.4 87.1 92.0  74.4 715
X 68.3 77.8 103.9 105.7 99.0 93.4 84.2 91.3
+SE 8.4 6.0 20.3 - 9.9 10.4 5.1 4.1 8.0
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INDIVIDUAL MUSCLE ATP, ADP AND AMP CONCENTRATIONS PRE AND POST 30 MIN REST

PERFUSION DURING METABOLIC ACIDOSIS (PP, pre-perfusion; R, post 30 min

Table 57
rest).

PLANTARIS RED GAST. WHITE GAST.

SOLEUS

Rat

umol.g'1 dry weight
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DIVIDUAL MUSCLE GLYCOGEN, LACTATE AND CP CONCENTRATIONS PRE AND POST 30
F REST PERFUSION DURING RESPIRATORY ACIDOSIS (PP, pre-perfusion; R,
post )30 min rest).

SOLEUS PLANTARIS RED GAST. WHITE GAST.
umo].g'1 dry weight
PP R PP R pPp R PP R
GLYCOGEN
1 96.5 92.4 150.6 139.2 137.8 125.3 175.6 162.3
2 05.4 98.1 122.7 131.4 175.6 169.4 190.7 185.0
3 84.6 90.5 173.6 159.7 154.3 162.5 145.6 147.3
4 93.4 101.6 125.8 134.5 162.5 149.8 - 155.8 152.0
5 01.9 107.3 155.4 153.9 143.9 145.7 161.1 164.8
X 96.4 98.0 145.6 143.7 154.8 150.5 165.8 162.3
+SE 3.6 3.1 9.5 5.5 7.0 7.6 7.9 6.5
LACTATE
1 4.3 4.9 4.0 7.3 12.4  11.7 11.6 - 15.4
2 9.7 8.3 7.8 8.2 9.8 6.3 9.3 5.2
3 6.0 7.1 10.4 5.6 11.6 9.0 6.0 10.3
4 7.2 6.4 7.9 8.3 7.4 12.4 10.8 8.4
5 5.9 10.0 5.6 6.4 15.4 9.1 8.9 11.3
X 6.6 7.3 7.1 7.2 11.3 9.7 9.3 10.1
+SE 0.9 0.9 1.1 0.5 1.3 1.1 1.0 1.7
cP _
1 75.4 84.3 101.5 98.4 111.5 106.7 95.9 103.2
2 63.7 75.2 117.9 118.6 101.6 98.4  93.5 94.1
3 74.9 64.6  94.8 90.4 82.4 96.5 89.2 77.8
4 68.7 60.0 104.6 105.9 79.3 78.6 106.0 105.3
5 76.0 65.6 68.2 75.3 94.7 102.1 109.3 101.9
X 71.7 69.9 97.4 97.7 93.9 96.5 96.8 96.5
+SE 2.4 4.4 8.2 7.3 6.0 4.8 5.0

4.9
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WHITE GAST.
PP

(00, pre-perfusion; R, post

RED GAST.
umo].g'1 dry weight
PP

PLANTARIS
PP

SOLEUS

PP

Rat

INDIVIDUAL MUSCLE ATP, ADP AND AMP CONCENTRATIONS PRE AND POST 30 MIN OF

REST PERFUSION DURING RESPIRATORY ACIDOSIS

Table 59
30 min rest).
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Table 60

INDIVIDUAL MUSCLE GLYCOGEN, LACTATE AND CP CONCENTRATIONS PRE AND POST &
MIN STIMULATION DURING METABOLIC ACIDOSIS (PP, pre-perfusion, S5, post 5
min stimulation).

Rat SOLEUS PLANTARIS RED GAST. WHITE GAST.

umol.g'1 dry weight
# PP 55 PP $5 PP s5 PP 55
GLYCOGEN .
1 123.3 14976  160.8 104.1  160.7 62.6 152.7 40.0
2 163.0 148.5 180.8 80.1  166.4 117.4 171.5 51.3
3 90.7 84.7 126.3 54.3  130.9 78.6 164.4 ' 31.0
4 96.3  109.5  141.0 74.2 126.7 84.1 154.3 46.5
X 118.3 123.1 152.2 78.2  146.2 85.7 160.7 42.2
+SE 165 15.8 11.9  10.2 10.1 11.5 4.5 4.4
LACTATE
1 14.3 10.0 4.6 26.2 8.1 42.6 5.2  93.2
2 10.7 5.1 7.0 33.0 11.3  29.6 9.8 63.0
3 5.0 10.9 3.0 21.8 5.4 16.6 7.6 112.3
4 5.5 6.0 5.6 22.0 4.8 14.7 3.5 67.8
X 8.9 7.9 5.0 25.8 7.4 25.9 6.5 84.0
+SE 2.2 1.4 0.9 2.6 1.5 6.5 1.4 1.5
cp :
1 - 63.7 107.2 93.2 93.9 47.3 116.6 30.3
2 91.6 72.6  105.8 78.1  117.4 79.5 131.2 55.3
3 72.8 88.4  117.1 67.6  109.5 110.7 ~ 96:9 65.3
4 91.1  115.9  116.7 67.1  134.2 93.4  116.3 38.6
X 85.2  '85.1 111.6 76.5 113.7 82.7 115.2 - 47.4
+SE 6.2 11.5 3.0 6.1 8.4 13.4 7.00 7.9
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S5

WHITE GAST.
PP

55

RAD GAST.

PP

umo].g'f1 dry weight
S5

'PLANTARIS
PP

S5

SOLEUS

pp

Rat

STIMULATION DURING METABQLIC ACIDOSIS (PP, pre-perfusion; S5, post 5

INDIVIDUAL MUSCLE ATP, ADP AND AMP CONCENTRATIONS PRE AND PQOST 5 MIN
min stimulation).

Table 61
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Table 62

INDIVIDUAL MUSCLE GLYCOGEN, LACTATE AND CP CONCENTRATIONS PRE AND POST 5
MIN STIMULATION DURING RESPIRATORY ACIDOSIS (PP, pre-perfusion; S5, post
5 min stimulation).

Rat SOLEUS PLANTARIS RED GAST. WHITE GAST.
umol.g'l dry weight .
# PP S5 PP S5 “pp S5 PP S5
GLYCOGEN
1 160.8 104.1 146.5 87.5 175.1 122.1 155.1 45.1
2 150.7 104.0 130.2  93.5 162.5 75.2 136.5 36.0
3 101.2 83.7 118.6 - - - 135.3  46.0 140.7 43.6
4 183.8 113.1 129.4  90.2 183.2 94.1 143.4  50.2
X 149.1 101.2 131.2  90.4 164.0 84.4. 143.9 43.7
+SE 17.4 6.2 5.8 1.6 10.5 16.0 4.0 7.3
LACTATE g
1 12.2 4.6 8.6 17.4 7.7  36.0 13.7 56.5
2 1.8 2.8 9.9 13.0 7.5 31.2 11.8 62.3
3 2.3 1.8 3.2 51.8 3.7 48.5 12.5 49.6
4 3.0 0.8 8.2 12.7 10.2  33.2 17.1 82.4
X 4.8 2.5 7.5 23.7 7.3 37.2 13.8 62.7
+SE 2.5 0.8 1.5 9.4 1.4 3.9 1.2 7.1
cP .
1 59,3~ '37.2 77.8 52.5 47.6 31.9 77.6 43.9
2 53.2 43.4 67.1 42.4 67.9 48.5 78.5 30.0
3 50.9 42.4 75.3  35.3 75.9 47.0 74.8 11.0
4 40.4 43.8 73.7 58.8 89.9 46.2 83.9 1.0
X 50.9 41.7 73.5 47.3 70.3 43.4 78.7 21.5
+SE 4.0 1.5 2.9 5.2 8.8 3.9 1.9 9.6
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S5

WHITE GAST.
PP

S5

PP

(PP, pre-perfusion; S5, post 5
RED GAST.

urno].g'1 dry weight
S5

PP

PLANTARIS

S5

SOLEUS

PP

Rat

INDIVIDUAL MUSCLE ATP, ADP AND AMP CONCENTRATIONS PRE AND POST 5 MIN

STIMULATION DURING RESPIRATORY ACIDOSIS

min stimulation).

Tabie 63
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Table 64

INDIVIDUAL MUSCLE GLYCOGEN, LACTATE AND CP CONCENTRATIONS PRE AND POST

20 MIN STIMULATION DURING METABOLIC ACIDOSIS (pp, pre-perfuqion; S5, post
5 min stimulation).

Rat SOLEUS PLANTARIS RED GAST. WHITE GAST.
umo].g'1 dry weight -
# PP 520. PP S20 PP S20 PP S20 -
GLYCOGEN
1 144.4 95.8  144.4 52.4 129.8 55.8 228.2  46.1
2 136.6 43.9  128.5 73.2 126.1 76.1 131.8 28.1
3 103.7  166.5 97.9 66.2 111.1 70.4 115.9 25.6
4 137.3 148.5 208.8 69.7 267.3 82.1 226.3 34.2
5 129.6 117.1 187.9 75.6 172.6 88.6 187.7 45.2
6 90.2  124.4  150.7 64.6 150.7 74.0 183.8 9.7
X 123.6 166.1 153.0 67.0 159.6 74.5 179.0 31.5
+SE 8.8 17.6 16.4 3.4 23.2 4.6  19.1 5.6
LACTATE _
C1 7.7 - 40,8 7.2 46.0 10.4° 21.2  11.9  61.6
2 12.9 18{3 10.8 28.9 19.8  20.1 7.3 46.
3 8.1 100 14.8 . 12.2 11.9 16.5 7.7 31.5
4 8.8 5.7 7.0 18.2 9.7 42.4 12.6 57.5
5 7.5 7.3 13.0  15.3 6.0 16.5 10.4  35.2
6 5.4 8.6 8.3 22.1 6.8 21.1 6.8  34.5
X 8.4 15.1  10.2 23.8 ~10.8 23.0 9.4  44.5
+SE 1.0 5.5 1.3 -~ 5.0 2.0 3.4 1.0 5.2
cp
1 74.7 80.9  131.8° 75.9  107.2 57.0 100.9 107.0
2 79.8 96.5 118.4 57.3 98.6 93.4 94.9  50.3
3 87.4 79.9  115.6 76.4 86.4 111.3 124.3  69.2
4 51.9 40.4  102.9 46.4 84.8 330 - 85.6  36.2
5 55.9 61.7 _ 71.8 62.0 116.8 .1 113.6  34.5
6 67.0 68.5 75.7  66.4 9.4 K1.3 100.6 64.9
X  69.5 71.3  102.7 64.1 98.4 75.7 103.3 60.4
+SE 5.6 7.9 9.9 4.7 * 5.0 11.3 5.6 11.0
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S20

WHITE GAST.
PP

S20

» pre-perfusion; S5, post 5
PP

umol.g ™ dry weight
S20

PP

/PLANTARF\ RED GAST.

S20

SOLEUS

PP

Rat

INDIVIDUAL MUSCLE ATP, ADP AND AMP CONCENTRATIONS PRE AND POST 20 MIN

STIMULATION DURING METABOLIC ACIDOSIS (PP

min stimulation).

Table 65
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Table 66

INDIVIDUAL MUSCLE GLYCOGEN, LACTATE AND CP CONCENTRATIONS PRE AND_POST-20
MIN STIMULATION DURING RESPIRATORY ACIDOSIS (PP, pre- perfusxon $20, post
20 min stimulation).

-* ’ - -
Rat SOLEUS PLANTARIS . RED GAST. o WHITE GAST.
gmo].g'l dry weight ' -

# PP $20 PP S20 PP S20 PP "S20

GLYCOGEN : - : '
154.£\ 110.8 173.6  79.1 186.5 '88.6 170.0 123.8

1
2 160.2° 127.2 193.3 72.6 178.9 50.2 . 140.4 17.4
3 149.1 ° 118.2 164.2 71.2 + 179.1 76.7 -178.9  50.3
4 109.2  91.5 169.7 -53.1  149.0 54.6 179.9  32.9
5 108.8 118.7 190.8 46.7 147.5 43.5 160.7 7.9 *
6 212.5 228.3 185.0 35.7 309.3 135.1 290.6 35.0 -
7 1657 169.2  190.7 74.1 199.4 71.7 192.4  28.2
£ 1514 137.7 181.0 61.8 192.8 74.3 187.6 42.2
#€ 13.5  17.5 4.4 6.2  20.7 11.8 18.3 14.5 |
LACTATE ' : .
1 6.9  20.9 9.3% 34.7 208 26.9 11.7 4.3
2 8.2 6.4 7.8 13.2 5.0 8.5 .9.9 33.1
3 80 7.3 - 7.4 11.0 10.5 17.3% 20.4 66.8
4 5.9  10.2 7.0 16.4 8.8 20.0 11.0 43.8
5 4.2 5.9 5.9 12.1 6.3 8.9 9.4 37.4
6 4.9 7.0 6.5 36.6  32.3 29.0 20.7 62.5
7 4.8 5.7 5.0 89 6.7 9.4 8.4 38.7
X 5.7 9.0 7.0 19.0  12.9 17.1 13.1  46.7
$SE 0.5 2.1 0.5 4.4 3.8 3.3 2.0 4.9
cp |
1 60.7 45.6  80.7 40.0  54.5 39.6 121.0  36.7
2 835 448 114.2 64.5 8.8 50.7 121.9 21.2.
3 74.2 583  92.6 85.0 8.1 73.6 109.3 68.7
4 69.2 653 107.1 63.8 ,.76.9 73.2 95.5 47.9
5. 50.7 72.5 79.0 74.8 ' '88.5 68.7 84.4  66.8
6 71.6  78.3 105.8 18.3 113.3 47.3 121.6 -
7. 709 57.3  106.7 77.0 110.5 82.5 88.4  74.8
X 6.7 6.3 .98.0 60.5 B88.2 62.2 106.0. 52.7
#E 3.9 4.8 5.3 .8.9 7.1 6.1 6.2. 8.0
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PP

.WHITE GAST.

520

PP

RED GAST.

umol.g'1 dry weight
S20

PLANTARIS
PP

S20

SOLEUS

PP

Rat

STIMULATION DURING RESPIRATORY ACIDOSIS (PP, pre-perfusion; S20, post 20

INDIVIDUAL MUSCLE ATP, ADP AND AMP CONCENTRATIONS PRE AND POST 20 MIN
min stimulation).

. Table 67
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APPENDIX F

Rat Hindquarter Dye Perfusion Data

All indivi§Za1 data pertaining to the dye perfusions

of the rat hindgquarter as referenced .in Chapter 3 are

presented in tabular form.

id
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