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RIS

eXperimenta] ahima]s.' The muscle group was surg1ca11y isolated aﬁd

ABSTRACT -
In order to 1nvesti ate metab011c correlates to the character1sf1e.
pattern of tension dec11ne seen with rhythm1ca11y work1ng muscle the .
surgically 1so1ated electrica]]y stimulated dog gastrocnen1us musc]e

group was used'as an exper1menta1 mode] Twenty-n1ne‘dogs served as

\w

,r‘ o

stimu]ated maximally using tra1ns of 1mpulses (5 ms D.C. square waves,

22 Hz,,maidtained'for 0 7 s, 28 times per minute) de11vered to the

.muscle belly. Est1mates of arter1ovenous d1fferences of free fatty
_ acids glucose, lactate and plasma water were obtained at selected inf
vterva1s.a10ngtthe‘tenSion—time curve. In addition, muscle concentrates

‘of-glycogen, ATP, CP, ]actate, pyruvate,,thydroxybutyrate and aceto-

acetate, were measured in. freeze-clamped muscle samples taken when the
muscle had attained a specified percentage of original tension.

; The highest corre]ation between any single arteriovenous parameter

L[] =}

"'and tens1on time parameter was, that between lactate A-V d1fference and

time from beginning of stimulation (r=. 63 p<.001). Lactate A-V d1f-

ference was s1gn1f1cant]y corre]ated Cp'( 01) with ension-time

parameters, wh1ch was not the case with any other S g]e -V parameter: ,.

The h1ghest correlation when relating muscle metabei

te c:ieeptrat1ons
-to tension?time parameters was between muscle lactate conCentration and

the rate of tension dec11ne at sample time (r=.80, p<. 1). Quantitative

i
g]ycogen est1mates revealed a graJUa] dec11ne during the contract1on
period, while f1bre g]ycogen ut1112at1on patterns 111ustrated a high
rate of depletion in fast-twitch relative to slow-twitch f1bres

Est1mates of m1tochondr1a1 [NAD ]/[NADH] ratios suggested well-

" oxygenated mttoehondr1a throughout the contraction per1od, while




cytop]asm1c [NAD ]/[NADH] was 51gn1f1cant1y (p<<.0$) decreased at the

'per1od of- most rap1d tens1on decline (80%)

The relat1onsh1ps between lactate parameters and tens1on time in-
d1ces suggest that lactate presence in muscle tissue may exert an in-

- fluence on the ab111ty of musc]e to ma1nta1n tens1on during continuous -
contrqct1éhs. _The dynam1cs of m1tochondr1a] end,cytop]asm1c [NAD']/[NADH] !
ratios'suggest_thét'a”méjbr_portion of the lactate prodU¢ed wds*not”due

‘to‘muscle"hypoxia, but to "aerobic glyCOlysis". ‘it %s posdeated'that':
the initial rapid deciine in tension duriﬁg maximal confractions fs
re]ated to lactate 1nf1uence on the contractw]e mach1nery, and that the
final attainment of steady statéktens1on is related to glycogen |

‘deplet1on.
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INTRODUCTION
The investigation of the factors limiting human physical pertor-

mance, and the adaptability of the human organism in attempting to off-

_set these factors, has been the scope of a vast amount of reaearch in

this century. In particular, the study of the physical and biochemical
LS

occurrences in skeletal muscle in response to contractile activity con-

gtitutes a major area of endeavour aimed at defermining the role of the

muscle in imposing 11mitationg to ‘the total human organism during exer-

cise. This area has, in itself, been the focus of several comprehensive

.texts and symposia (Simonson, 1971; Keul et al., 1972; Keul, 1973; Howald

- and Poortmans, 1975). The resulting proliferation of knowledgé has served

to emphasize the complexity of the response of muscle tissue to contrac-
tion,‘especially in light-of the varioué forms, intensities and durations
of contractions possible during exerciée. This 1line of research has

also pesed the suggestion that the major liﬁiting cémponents to exercise
of cerfainiintensitiea and durations may reside in the muscle tissu;M/“
1t8elf, as opposed to .limitations in the cafabilities of the cafdio-
vascular respiratory, and other support syatems. . This latter possibility
is especially lucrative in light of the research evidence generated

within the last decade which 1llustrates the metabolic adaptability of

muscle tissue toﬁvarious kinds of chronic activity (Keul, 1972; Holloszy,

1975, Howald and Poortmans -1975) . Ifris an acknowledged fact that human

S

—
voluntary exercise involves the interaction of working muscle tissue with

® ‘ .
the cardiovascular, respiratory and temperature regulating systems” How-

ever, the examination of the response of muscle to continued contraction

seems fundamental to an uhderstanding of its role in the chain of events
leading to fatigue( eapecially 1n types of exercise where the primary

limiting factor may resgide in muscle tissue itself.

1. .

{



e

Improveﬁents in ;e;hﬁiques for the sampling and assay-of muscle
tissue within the léSt decade have Fesulfedin the proposal of several
hypotheses relative to musclé metab;lic factors limiting continuous
contractioﬁs. ‘Fachrs“such as deplegion of”high—enefgy phosphates

(Hultman et al., 1967; Gubjarnason et al., 1970; Karlsson et al.,

1971; Spande and Schottelius, 1971), depletion of fibre glycogen con-

-tent (Gollnick et al., 1973; Armstrong et él., 1974, Gollnick et al.,

"1974), the accumulation of lactate and the concomitant decrease in

muscle pH (Karlsson et al., 1971; Hermansen et al., 1972; Hirche et al,

©1975; Hulten et al., 1975; Sahlin et al., 1975), alterations in muscle

tgmperaéure (Brooks‘ég_gl., 197l§ Edwards Ef_él:’ 1972; Saltin et al.,
1972; Schafer, 1973) or electrolyte‘balanée‘(Bergstrom gﬁ;gl., 1971;
Hudlicka, 1973), .and changes in the structuralvinfegfity of muscle en-
zymes (Hultman and Bergstrom, 1973; Sahlin et al., 1975) and mitbchon;
dria (Gollnick et al., 1971; Schafer, 1973; Gale, 1974; Gonzalez-
Serratos gﬁ;gi,, 1874) have all been put forth as possible‘muscie
fatigue mechanisms during exercise. |

Simonson (1971) has categorized these possible mechanisms into

.four fundamental processes: the accumulation of waste substances; the

depletion of sﬁbstances neceséary for act}vity; changes in thelphysic“
ochemical. state of the 8ubstra£e; and disturbance Qf'regulation and
coordination. It is now recognized that the primary factor in muscle
which is limiting to continued performance may be specific to the in;

tensity, duration, and the type of exercise considered. In addition,

in view of the heterogeneity of fibre types that can exist in any
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:muséle (Peter_gg_gl., 1972), the limiting components ﬁéy well be
localized to a séecific popﬁlatioqnof»muscle fibres be;pg recruited
during that activity (Armstrong_ggﬁgl., 1975).

1The'investigation of the muscle metabolic factors which limit con-
tinuous exercise is plagued with technical and theoretical difficulties,
especially when‘gtilizing an exérCising humén 6: animal as the exper-—
imental modél., Measuréments‘undér #hese cénditions are, of necessity,
taken at "volifiénal fatigué", and ﬁhe point'of ceSSation of exercise,
as well as the 1evél of blood and muscle metabolites, are dictated to
some extenﬁ by the,psfchological sensations which have prgcedéd the
cesgqtioﬁ; "Although research in this area must eventually attempt to
explaiﬁ the physiolbgical-changes during exercise which produce the
psychblogical desire to stop exercising, the "volitional"véspect of
fatiguing exerqise may bebconsidered a confounding variablé when exam-
ining the phySiologicai»changes alone. 'In addition, the use of volun-~
tarily exeréising animals or humans makes the extrication éf muscle ‘
tissue sampleg of sufficient size or-with'sufficient speed too difficult
"to warrant adequate conclusions felative to the metaﬁolic state of the
muscle at fatigue,r This is especially significant in the case of the
more viable metaboiites, guch as ATP and CP (Lowry and Passdhneau;
1972).

The inveétigation‘of'metabolic occurrences in igolated mammalian
muscle preparations, electrically stimulated ﬁo elicit rhythmic con-
tractions, has furthered our understanding of muscle energy'f%u& during
increased contractile activity (Stainsby and Otis, 1964; Kugelberg and
Edstrom, 1968; DiPramperd et al., 1969; Edgerton et al., 1970; Burke .

et al., 1971; Baldwin and Tipton, 1972; Edington et al., 1973; Hirche

o



et al[, 1975). However, no systematic approach has been used to at-
'fempt to relate crucial arteriovenous and muscle metabolic changes with
simultaneous measurements of the tension decline of a rhythmically con-

tracting muscle.

Purpose of the Study

The purpose of the investigation was to determine the metabqlic

- basis for the reversible tension decline of an in situ muscle prepar-
ation during eliditéd rhythmi§ contéactions. More specifically; es-
timates of the blood and muscle éoncentrétioﬁs ;f specific meﬁébolites,
as well as muscle fibre récruitment patterﬁé, were monitored during the

working period, and relatezéfw tension decrément patterns.




METHODS AND PROCEDURES

Experimental Animals

Twenty-nine healthy mongrel dogs were acquired as unclaimed dogs

qthrough the municipal dog pounds, under the authority of provincial
legislation. Before being used as an experimental animal, each dog had -
been quarantined for 2 weeks at the University of Alberta Animal Center;
During this period each dog was vaccinated against canine distemper and
hepatv is:ébathed deflead and wormed. Dogs were maintained on a diet
of Burgev/éita (Standard. Brands Montreal; Append ix B) and water was
administered ad libitum. Each animal was fasted for 24 hours before

the experimental procedure.
Anestheaia' .

All experimental animala'were anesthetized with halotnane

(Fluothane, Ayerst, McKenna and Harrison Ltd., Montreal) Initial
induction was achieved via a SZ mixture of’ halothane and air (Si}itres
per min) administered through a nose-cone to the restrained animal.
Following induction, the dog was intubated, and anesthesia was main-
tained with a 1.5 to 2.0 per‘cent mixture of‘palothane and air (1.5 to
2.0 litres/min). | |

Surgical Isolation of Gastrocnemius Muscle Group

Following shaving.of all surgiCal sites, an incision was made on | ///
v”the medial aspect of both hindlimos from the stifle joint to the ’ /
“achilles tendon, approximately three centimeters proximal to the cal-

e
caneus, and the skin retracted The branches of the medial saphenous
artery and vein imbedded In the superficial fascia were doubly ligated
with cotton and severed between the ties. The remaining fascia and

connective tiasue were dissected away, exposing the superficial

5’



éusculatufe., £,
| The gracilis,.medial sartoriua,.semitendinosus,‘and the two bellies
of the semimembranosis muscles were bluntly dissected away ftom‘sur-
rounding fat and cOnnective,tissue;‘do&bly ligatedbnear the insertions
~on the.tioia, and severed7between cotton ties. | |
| ThervenoUBadrainage from the gastroCnemius—flexor digitorum super-
ficialis muscle group uas isolaﬁed by sequentially ligating all venous
conneCtions-witH the popliteal vein which‘were not draining-the muscle
. gfoup specifically. The arterial supply to this area was left intact.
‘X~rays of similarly isolated gastrocnemius muscles infused with 30%
Hypaque (Winthrop Laboratories, Montreal) attested to the success of
this procedure in effectively isolated muscle venous drainage
(Appendix C, Plate I). '
The branch of the sciatic nerve ihner?ating the gastrocnemius-
' flexor_group was freed of'fat, doubly ligated:approximately 3 cm from
the caudal border of the gastrocnemius muscle with cotton, and severed
between the ties. The muscle groups of both legs were freed as much as
- possible from surrounding connective tissue (Appendix C, Plate ILA).
Throughout the surgical procedures bleeding was controlled using
an electrical fulguration unit (Birtchet Electro-surgical Unit, Model
755). | |
Following the initial surgical procedures on both hind legs, the

wounds were packed with salfhe—soaked gauze and closed with towel

o

clamps. '; o . ' S

Pteparatlon of Left Muscle Group for Stimulation

An incision approximately 8 cm\in\length was made along the

achilles tendon, from a point 4 cm proximal to the calcaneus, distally

%

A



over the calcaneus'snd‘along the continuation of the tendon of the,-..
flexor digitorum‘superfiéiglistoward the hindpaw. The calcaneus and
achilles tendon were freéd'fromAunderlying fat and connective tissue
by blunt diesection.~:The calcaneus wssnhand drillediwith a 1/8 inch
bit, perpendicular'to.the plane ofithe achilles tendon, and the drill
bit was left in place. Thelcalcaneus was then severed from the hindpaw
'Qith s’bonesaw, thereby disconnecting the gastrocnemius-achilles-
calcaneus system_from‘the hindpaw. . ' : .

The femur directly above the origin of the gastrocnemins—flesor
mnscle'grOup wasgdrilled transversely with‘a»1/4.inch drill bit (10.5
inches in length) andzthe\drill bit left in place. »

Agspeciallx designed‘clamp~(Appendix C, Plate IIIA) to which was
attached a 1/8vinch'stee1“cable, was used to clasp_the ends of the drill
in the caléhneus. A hook at‘the end of the cable was attached to a
'myograph-linear displacement transducer complex (Appendix C Pléte IIIA).
The femur drill was clamped on both sides of the femﬁr using clamps

~screwed onto the ends of 1/2 inch steel rods. These rods were in turn

' clamped to 2 upright 1/2 inch steel rods bolted firmly to a’ platform
of 3/4 inchospruce plywood. A turnbuckle strut was placed between one
of the upright rods and the myograph post 'in an attempt to minimize
flexing of the units during high-tension contractions (Appendix C,
Plate IIIB). |

During the;process of fixing the femur, an attempt was made to
mimic as closely as possible the-nstural'angle of the Rneevand hip
joint;_in order tofensoébiadequate femorsl arterial:and Venous blood

: dynahicst 'Once_the femur nss fixed, the steel cable attached to the o

' calcaneus was hooked to the myograph-linear displacement transducer



system and the muscle loaded with a tension of l\kilogram. All clamps
were then tightened with pliers (Appendix c, Plat IVA) .

The myograph—linear displacement transducer system wasvcalibrated
periodically by hanging a preweighed bucket, containing water of~known'
nolqme'and temperatnre,-from the myograph bar'ueing\e pulley-and cable.
The response 55 this'system was linear (t 2%) up to a\force:of 20 kg.

During extensive pillot experiments, attempts were made to deter-
mine to what degree shifting of components ‘in the tens*on monitoring
system was contributing.to;the apparent‘decline in tension development
of the'muscle'g;bup dnning continuous contractions. Recovery exper-
iments indicated that,‘following al30’minnte recovery period, resumption

/oﬁ stimulation elieited muscle tensions which reproduced in magnitude

* those which hed ocourred during the £irst minute of the initial con—'
traction neriod, even when the preViousicontraction period had decreased
the”initial tengion development to 50 per cent. In addition, in no
Qekperiment‘was therevenidence of a decrease'inﬂthe-baseline tension,
,which one would expect to occur if.snifting of components in tne system
were to take plece, ‘dn the basis'of_these‘results it was concluded
:thet any change'in the tension recording was eue solely to alterations

'»15 the ability of the muscle group-itself to meintain the initial
tenaion denelopment during eontinnous eontractions.

Measurement of Muscle Blood Flow

)

' Measurement of the flow of Venous‘blood‘draining the gastrocnemius—
flexor muscle group was performed via an electromagnetic square-wave
flowmeter (Model SWF-1M, Zepeda Instruments, Seattle, 'Washington) with
a3 mm flow~through probe. The left cephalic vein was isolated and

catheterized with polyethylene tubing (I D. 2.5 mm) filled with saline \



ahd stoppered with a three~way stopéock; which was subaequently uaedias
a venous aampling'port. The stopcock was/ then attached to the outflow
side of the flow probé with polyethylene‘tubing (I.D. 4.0 mm) and the
stopcock was closed

The exposed femoral vein was occluded and catheterized with
polyethylene tubing (1.D. 2.5 mm) such that the mouth of the catheter
was situated approximately at the junction of the popliteal and femoral .
‘.veins. The femoral vein was tied proximal to the entry of the catheter;
and the catheter secured with a cotton ligature (Appendix»C; Plate"IB):\
The opposite end of the'catheter was immediately,attached to the inflow
side ofithe flow probe and thevoccluaion to‘the vein releaaed, allowing
the venous blood from the muscle to flow through the catheter, through
the flow probe, and return to the animal via the cephalic vein. The:
time of occluaion of venous flow was 30 to 40 seconds. The drop in
vertical distance from the catheterized femoral vein to the flow probe
was approximately 12 to 15 cm,"and the probe was horizontally level
with the entrance of the outflow catheter into the cephalic vein
(Appendix c, Plate I1IB).

Blood was rendered incoagulable with an initial dose of‘heparin
(Sigma Chemical Co., St. Louis, Mo. ) of 500 units/kg, with additional
doeea of 200 units/kg every hour.

The flow meter was calibrated during each experiment by timed
| collections of blood into a graduated Cylinder through the venous sam-.
pling port. The meter was zeroed by blood flow occlusion using the
'atopc0ck. Preliminary calibration of the flow meter before the experi-

mental series illustrated the meter to yield a linear response up to .

flow rates approximately 200 ml/min. Although there appeared_to be some

N
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electrical interference with the flow signal when relatively high
stimulation voltages were used for muacle“stimulation,nthe interference

‘was minor, and appeared to fluctuate around the true signal.

‘Meaaurement of Muscle éompartment Temperature

Muscle compartment temperature was monitored using a copper-
"conatantan thermocouple imbedded in a 19 gauge needle grounded to the
recorder. The coupler contained an internal reference junction.‘ The
thermocouple was calibrated with water of known temperatures.

Ih the initial pilot experiments, the needle thermocouple was im—
bedded in the muscle belly to obtain a record of internal muscle tem~
perature. However, in view of the bleeding that occurred from the
resulting muscle wound during the longer contragtion periods, it was
felt that damage to the muscle tissue might affect muscle performance.
For this reason, during the experimental series, thé thermocouple probe
was placed in the cavity which resulted from the blunt dissection of

;
the muscle group from the small muscles lying along the tibia. As a
' result, a measure of the temperature of the.compartment itself, as
iropposed to actual internal muscle tamperature was obtained

An infrared lamp focussed on the covered 1imb was used to bring
the muscle compartment temperature to rectal temperature during the

prestimulation period

Measurement of~Recta1<Temperature

Rectal temperature was monitored via a mercury thermometer in-
serted in the dog 8 rectum to a depth of 14 ecm. Core temperature was
-maintained at 37 to 39°C using an adjustable heating pad secured to the

idog's’chest'and upper abdomen. ‘ » u .

U



Measurement of Arteria; Blood Pressure
Arterial blood pressure was monitored contiﬁuglly by means of a
- Statham pressure gauge (Statham, Hato Ray, Puerto Rico). The.preséure‘
measured was that of the éafotid a:iery. which was isol#ted and J
catheterized with polyethylene tubing (I.D. 2.5 mm) filled‘wifh saline
and attacﬁed'to the transducer. |

R Th:bughout the.experiment, an attempt was made to maintain initial
blood_preséure levels using an intravenoug_drip of Ringers solution
into the right cephalic vein, at a faté of 4 to 6.ml/min.

vThe pressure tfansducer waa calibrated'regularly using'a manometer

(Thistle, Model C80216).

_ Recording of Parameters
A schematic‘representation of the.éxperimental ﬁodel'is presénted
bgn Figure 1. o ' S | S

| The parameters of muscle tension development, muscle venous blood
flow, muscle compér;mént température,'and carotid arﬁerial blood pres-
sUre,wére recorded continually\on a 4—channel;Beckman'Type R‘Dynograph
 (Beckman Instruments inc., Offnér Division, Schiller Pafk, Ill.)-
(Figuré 2). ' , - ; |  ‘ E | ,

- Prestimulation Period

 After thelpreparatory procedures, the muscle group was allowed
to reét fo£ At least 30 minutes, and until muscle blood flow had
' stgbilized and mdscle'compartment(temperature was equal to rectal tem-
perat;re. ,During»this period the mdscléqgroup Qas covéred,with saline
soaked‘gauzo and a slow continuous qfip of isotonic saiine was app;ied

to the gauze to keep the compartment moist. Excess saline was drained

from the muscle compartmeh: by means of a 12 gauge needle inserted
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throughvthe skin on the lateral aspect of the compartment (Appendix C,
Plate IIIB) : : ' . r

In addition, a supplement of 95% 02/5z CO2 to the anesthetic mixture
was initiated during thia period. The oxygen was administered via a |
polyethylene tube‘(I;D. 2.5 mm) which was attached to the endotracheal
tube along its length, st a‘rste of 500 to 1000 m1/min., Pilot studies
indicated that this oxygen supplement, administered at a rate which was
proportional to the weight of the dog, could be controlled to elicit

arterial p0, values of 80 to 110 mmHg. : x,,w

Experimental Design ' ‘ ‘ \l

During the calibration and'prestimulation period, each dog was
randomly assigned to one of four conditions, depending on tne level of
tension decline to which the muscle group was to be subjected. In the
"802“—group, thée muscle group was stimulated continuously until the
tension development.during contractions had decreased to 80% of the

- tension occurring upon‘lnitiathn,of contractions. Two other groups
were similarly.designsted as "65%" and "50%" groups. A fourth group
was,designAted ss'a-"lesel—off"‘condition (SOiL), in which the muscle
was stimulated. to contract cbntinuouslybuntil the change ln tension was
'less than Szvover a 30 minute period. This- 1evelling off was witnessed \
to occur at/spproximately 50% . in pilot experiments, th refore, the
difference between the 30% group and the SOZL group was the time during
which the muscle group worked at this level. It Weﬁ hoped that the

b4

pincorporation of both a "503" and "level—off" group would aid in dis—

&

tinguishing between tension~ and time—associated metabolic changes.

-~ Muscle Group Stimulstion . T // -y

2

The muscle group was stimulated to contract using'an Electronic

/’/
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Stimulator (Model 751, American Electronic Labs, Inc., Philadelphia,
‘Penn.), modiffed to yleld trains of impulses. The stimulating electrode
consisted of a pair of 1 mm stainless steel wiraalwhich were {nserted
through the mid-portion of the muscle belly approximately 2 cm aparc.
Pilot experiments which were congucted using electrical atimulation
to the distal nerve stump versus direct stimulation to the muscle belly
presented doubt as to the maintenance of viability of the nerve during
the‘longer stimulation periods; therefore, direct muscle stimulation
was employed throughout the experimental series.

The delivery of impulses to the muscle was in the form of trains,
' lasting for 0.7 seconds, each of which wasg compo%ed of 5 msec duration
impulses delivered at a rate of 22 per gecond. One contraction occurred
”every 2.2 seconds; therefore, the muscle contracted 28 times per minute
te%anicaily. Muscle shorteniﬁgAduring high tension contractions was no
larger than 5 mm. g

This pattern of muscle scimglation was chosen for a number of
reasone. It has been speculated that a high proportion of in vivo
muscle contractiéns are most 1 ly tetanic, as opposed to twitch, in
natﬁre (Stainsby and Barclay, g::Z; Barcla§ et al., 1974). 1In addition,
piiot studies iqgicated that this contraction pattern resulted in
ﬁuscle metabolic levels ﬁhich were primatily aerobic, as evidenced by
the relatively low venous 1actate valuesg and oxygen uptake 1evels below
\reported maximum values (Welch and Stainsby, 1967; Hirche et et al., 1975).
Finally, this contraction pattern resulted in tension decrease curves
‘,which allowed sufficient time for blood and tissue sampling during the
in{tial pe§iod“of rapid tension decline, while at the 3fme time keeping

.thg total time of the 1qnger experiments to approximatély 90 to 120

- minutes,
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Blood Sampling Techniques ' o o _ o

Figure 3 illustrates the protocol for the collection of muscle and
blood samples during each of the 4 experimental conditions.

During the prestimulation period and at the designated inteIYals
during the contraction period, 5 ml samples of femdral veﬁous bloedq
were collected into 5 or 16 ml glaes syringes 1ubricated~with paraffin
oil via the stopcock in the venous circuit. Each sample was collected

at a rate which.approximaﬁed that indicated by the preceding uninter-

rupted blood flow recording. The syringe was capped and immediately

transported to the adjaeent lab for processing. Arterial blood samples

were taken through a small polyethylene catheter (I.D. 1.0 mm) inserted

in the right cranial femoral artery. The sampling end of the catheter

was fitted with a 3-way stopcock. Arterial‘samples (5 ml) were drawn
I _-‘ Yl

at the same times as venous samples.

Tissue Sampling Technig_es

At the end of each experiment, tissue samples were taken from the
experimental left muscle and from the contralateral right muscle for
the quantitative measur ement of muscle metabolites and the éualitative
assessment of mescle fibre composition and ;eeruitment. Since the
tissue concentrations of the muscle metabolitee measured (ATP, CP,
lactate, pyruvate, acaioaeetate9‘ﬂ—hydroxybutyrate) can change dras-
tically upon cessation of-exercise (A@lborg_ggﬂg&., 1972; Lowry and
Passonneau, 1972), it was deemed necessary to stop all metabolic
prqcesses as soon after contraction as possible. For this purpose; a
peir of tongs was designed which, when ceoled to liquid N, temparature,

would cool a 1.0 to 1.5 gram clamped piece of tissue to -50°C within

1.5 seconds. At the time of sampliﬁg, the precooled tongs were used
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to clamp a‘éortidn of the medial head of the left gastrocneﬁius muscle.
Once clamped, the tissue within the tongs was dissected free from the
rest o£ the muscle with a scalpel. The tongs, wiﬁh the sample, Qere
plunged immediately into liquid'N2 for 10 to 15'seconds, after whicﬁ
time the sample was'gransferred to a'polyethyleng vial which had'been
precooled in dry ice. The vial was capped.and set in a covered Dewar
flask containing &ry ice until being transferréd‘to a low témperature
cabinet maintained at ~60°C. Pilot st?dies using a thermocogple iﬁ— ‘
bedded in the muscle to be sampled illustrated that the time‘périod
betﬁeen the'ceséation of a contrgction and cooling of the clamﬁed tissue
sample to -50°C was a?pfoximacely.l.S to 2.0 seconds. A freeze-clamped
tissue sample was taken from the contfalateral right muscle immediately .
following left muécle sampling.

After coilecting.the freeze-clamped samples, the remaining poftion
"~ of the entire muscle group from each leg was excisedvand'placed in»
‘saline. Thetmedial and lateral héads of the gastrocnemius, and the
flexor digitorum superficialis muscley were separated, trimmed of fat,
blood vessels and tendon, and weighed. A portién from the mid-belly
from each head of the muscle group was removed,.cooled for 15 seconds
"in isopentane cooled to its freezing point in liquid Né, placed in
test :ﬁbes précéqled;in dry ice, and éfoppered. . The test tubes were
stored in a covered Dewar flask containing dry ice untilﬁtransfer to

a low temperature cabinet maintdined at -60°C.

Blood Analytical Techniques
Paired arterial and venous blood samples were analyzed for p02,
pCOz, and pH (Radiometgr blood,gas.apparatﬁs - pH meter 27, Radiometer

Co., Copenhagen), hemoglobiﬁ (cyanomethemoglobin technique, Davidsohn

\
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I3

and Henry, 1969)‘and hematocrit (microhematocrit technique) immed}ately
following traocport of samplcs to the lab, A portion of whole blood

¢! ml) was deproteinized in 8% cold perchloric¢ acid for analysis of
blood lactate (Sigma Chemical Company, 1968). The remaining portion of
each blood sample was centrifuged, and the plasma-frozen. Subsequent
analyses for plasma glucose (Sigma Chemical Company,:1973) and olasmc_
free fatty acrds (Pinelli, 1973) were performedion the thawed plasma.

«Tissue'Analyticai Techniques

The freezc-clamped tissue plugs were trimmed of tissue which had
‘not been'clamped, were weighed, and trénSporrcd in liquid nitrogen to
a cold room maintained‘at 4°C. The plugé Qere ground to powder using
a porcelain mortar and pestle at liquid nitrogen temperature, and
perchloric acid extracts of the samples were made according to Lowry
and Passonneau (1972). The extract from each tissue sample was stored f
in 6 to 8, 3 ml polyerhylene snap-top tubes at —60°C until anglysis.

ﬁgalysis of tissue ATP, CP, lactate and pyruvate were performed on
separate samples of extract according to Lowry and Passonneau (1972).
The extracts were also analyzed for acetoacetate and[!-hydroxybutyrate
concentration using the methods modified from Edington, Waxd, Soville
(1973). The latrer techniques were modified for larger volumes, and
/’—hydroxybutyrate was analyzcd using.Tris buffer at pH 8.5. Measure-
ments of recctions were performed at 340 mm using a Pye Unicam SP 1800
‘spectrophotometer (Pye Unicam Ltd., Caobridge, England).

Muscle glycogen analysis was performed 05‘35 to 50 mg campleo of
muocle takcn from the isopentane-cooled samplcs, cmploying the method
of Lo, Russell andVTaylor'(1970)§ | |

 The isopentane-cooled frozen tissue samples were transported to



an Ames Lab-Tek nicrotome—cryoatat (Ames Lab-Tek, Inc., Westmont, Il1.)

-where they were aIIOVed to warm to cryostat temperature (-20°C). Serial

sections 10 and 16 microns in thickness were cut and mounted on 25 X 75'

mm microscope slides and allowed to dry overnight. Sections were in-
cdbated for the demonstration of myosin ATPase (10 micron section) and
- NADH diaphorase (10 micron sectionl activities according to Dubowitz
and Brooke (1973). The periodic acid-schiff (PAS) technique to illus;
" trate glycogen content was performed according to Dubowitz and Brooke
(1973) on the "16 micron sections. Fibres were classified according to
speed of contraction, from the myosin ATPase stain, and oxidative cap-
.acity, from the NADH diaphorase stain, using the criteria suggested by
‘Peter et al. (1972). o o | ' \

Calculations ’

To-determine‘muscle oxigen uptake, arterial and venous pO2 values
were first converted to ¥ hemoglobin saturation using the nomogram of

Astrup et al. (1965). Oxygen content of arterial and venous blood was

then determined from the arterial hemoglobin values, and oxygen uptake .

-determined using the Fick principle (Rushmer, 1970). The Astrup et al.

nomogram and formulae used for oxygen uptake determination are presented

“in Appgndix D.
To determine respiratory quotient (R.Q.) total 002 content of arw-

-terial-and venouslbldod was determined from p002 and blood pH values

20'

>

using the Siggaard~Andersen Alignment Nomogram (Siggaard-Andersen, 1963).

Respiratory quotient was then calculated using the formula as outlined
by Consolazio, Johnson and Pecora (1963) : The Siggaard-Andersen
Alignment Nomogram and the formula for R.Q. determination are included

in Appendix D. !



‘The determination of arteriovenous differences of all blood
metabolites was performed using the correction for plasma water loss
suggested by Schlein et al. (1973) The formula used is included in
Appendix D. |

Cytoplasmic and mitochondrial [NAD’ ]/INADH] ratios were determined
nusing the . formulae suggested by Williamson et al. (1969) and presented
in Appendix D.

All muscle concentration and arteriovenous differences were ex-
pressed per unit of wet tissue weight.

Statistical Analysis

The significance of differences between pre- and post—stimulation
control parameter means was estimated using t-test for correlated gsam-
ples., T—tests for independent samples were used to test for differences
between arteriovenous measurements, and between control and stimulated
musclegmetabolite concentrations. Single-factor analysis of variance’
Qaé usedito test for~significant differénces among control muscle and
stimulated muscle means across groups. |

Separate correlation matrices wére constructed”for arteriovenous
and tissue metabolite parameters in an attempt to determine the- degree

of relationship between these variables and muscle tension parameters.

All calculations were performed by an IBM 360/67 computer Progtammes

for statistical analyses were taken from DERS computer programme library

(Department of Educational Research Services, University of Alberta).

Post Hoc Data Considerations
During some of theaexperiments randomly assigned to the 50%ZL condi—
tion, it was found that level-off temsion occurred at relative tensions

significantly higher than 50%. - These experiments were subsequently

1



comtined as a 651L group, since the mean leLel—off tension approxi-

mated 65%. Comparisons of arteriovenous and muscle metabolite para-

meters were made between the 65L and - SOZP groups in an attempt to

determine possible metabolic correlates to this difference in level-
‘ , I

off tension.

22,
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A general description (age, weight, se?, breed, and assigned ex-
perimental condition) of each dog employed during the experimental
series is contained in Appendix E, Table XVI.

The tension development-time relationship of the stimulated gas-—
:trocnemius-flexor muscle group is illustrated in Figure 4. The muscle
'group elicited an initial high rate of tension decrement, followed by
a slower tension decline until an apparent "steady state" of muscle
tension development occurred |

The date in Table I‘are a summéry”of ‘the meen tension levels and
‘times at which muscle samples were taken for each experimental group.
During the experimental series, it was noted that, in gsome preparatioris
randomly assigned to the 50ZL condition, the elicited tension during
continuous contractions levelled off at a tension development level
‘which was higher than 502 '-Theée experiments wereieubéequently grouped
together as a "65YL" group as opposed to the "SOZL" group, since the
mean level-off tension closely approximated 6SZ (Table I).

o T-tests for-correlated samples were conducted on selected'control
‘parameters measured at the beginning and end of the level-off experiments:
A summary of these data is contained in Appendix E, Table XVII - Sig-
nificant changes with time were noted in-arterial,pcoz, arterial blood
va, diastolic end systolic blood pressurés, arterial lactate and free
fatty acids, and arterial hemetocrit.f However, Subsequent analyses

ad releting these'changes.tovtension paremetere suggested lack
!ficant‘reletionships (Tnblee’xx and XXI).

S
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MUSCLE TENS ION TIME FROM

DEVELOPMENT AT END BEGINNING TO.
i OF STIMULATION END OF STIMULATION
~ GROUP (% OF ORIGINAL) . © (MINUTES)
© 80% (N=5) ~79.0 + 0.8 3.2 4 0.4
65% - (N=5) 62.9 + 1.2 9.1+ 2.6
* .50% (N=6) 48.9 + 1.5 45.7 + 13.4
502L (N=7) - 49.9 + 1.7 . 86.7+ 7.8
65%L . (N=6) 7 66.3 + 2.0 82.4 + 4.6
TABLE I MUSCLE TENSION DEVELOPMENT

AND TIMES OF TISSUE SAMPLIN

a Values are 3(. + SEM
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ARTERIOVENOUS DYNAMICS DURING CONTINUOUS CONTRACTIdNS

Arteriovenous dynamics at rest and at different tension levels
during contraction are summarized in Tables II and III.

‘As a reault of initiation of continuous contractions, muscle blood
flow increased approximately 3.5 times the level recorded during the

EY

prestimulation period (Table II). The highest mean blood flow occurred
at the 702 measurement interval, although statistically there were no h
differences among the contraction means (p<.05). All blood flow means
‘ during the stimulation period vere aignificantly higher (p<.01) than
the corresponding resting means.

| , Muscle:oxygen uotake increased from rest to a maximum vaiue at

802 of original tension development, which was approximately 12 times
the resting mean (Table II) From 80%, there tended to be a gradual
decrease in oxygen uptake throughout the remainder of the contraction
period although statistically the means were not significantly dif-
 ferent (p> 05) All oxygen uptake means during the contraction period
vere significantly higher (p<l 01) than the corresponding resting means.

Oxygen arteriovenoue differences measured during th contraction

. period were all” ‘significantly higher (<. 05) than the rresponding
" resting means (Table II). The trend of oxygen A-V) data tended to
mimic_that for muscle oxygen uptake 1in thatvt e highegft value was
recorded at the 80% level, pfter nhich a steady decline in (A-V) oxygen
difference appeared to occur.

In the venous blood draining the muscle group, initiation of con-
tractions reaulted in a decrease in pO2 and pH, which remained sig-
nificantly lower (p'( 01) than the corresponding resting means,,at all

tension development levels (Table 1I). The decrease in both of these



27.

(10* > d) ueau waﬁumwu wnﬁvcomwmuuou Wo1j JUSIIFIFP hﬁuchﬁwﬁawﬂm *«
(60* » d) ueau SBuypisaa wcﬂvcoummuuou WOl JUDABIIFP hﬂucmuawaawﬁm ¥

zmm + X a21e santeap-

R 134
2SNOTLOVNINOD ONI¥NG STIAAT NOISNAL TATIVIAY INTMALAIA IV NV 1STd IV ,
SOILSI¥AIOVNVHD QO0Td SAONIA NV NOILAWNSNOD NADXXO ‘MOTd @o01d 11 47avl
ZT°0 91°0 TI'0  80°0 1T°0 ST:0 €T°0 , |
+ + + ¥ + - F + , : (*0°y)
08°0 16°0 66°0 YI'T %80 7 9T°T YT JusFzendAz03eirdsay
¥x2020 %7070  *¥T0'0 - %1070  ¥x20°0 , xT0°0 1070 |
T+ + S+ + + + +
0z°¢ 12°L 8T°¢L 8T°L - 8T 91", €L Hd poolq snousp
¥xl'€ *x7°€  xx¥’€ *¥Y°C *¥1 Y ¥%8°7 0T
+ + . + + 0+ o+ ¥ _ _ (8H wm) -
[AKA TR A 49 6°6S 9'29 ., £°€9 %799 g L 0od pootq snouay
#x0° Y ¥x0° Y ¥%8°7 ¥x2°7  %x8'T w¥l'T 91 ’ . |
+ + + S+ +. o+ + . 7 (8 mm)
0°2¢ 8 vg 9°L2 Lit 1°52 ARY St Ly od pooTq snousp
¥xl € ¥x¥°€ %€ ¥¥%°C ¥¥1 Y *%8°C 0-1 :
+ o+ + + + -+ + : (3q wm)
1A¥4Y 4 665 9°29 - €°€9 %99 8L 90U I3 I TP (a-v) wo3kxo
x$7°9 ¥%8°9 ¥¥0°8 ¥¥96  xxG°8 ¥x0°6 Lo :
4 + o+ + + -+ + " . Aaﬂa\w\ﬂsv
€86 ° 8°€9 9'8L (A YA L°€8  0°w8 . 1L oxmuas ueBAxo S728my
¥x(0°0  ¥x[0°0  ¥x90°0  ¥x90°0  ¥xZI'0  ¥¥80°0 - 20°0 . |
o+ + + T+ + o+ + © (urw/3/Tw)
79°0 $9°0  #9°0 €9°0 €L°0 99°0 * - 2TT°0 MOTJ PooTq STISmy
120 %06 209 259 0L - %08 1STY . WALINVEVA

(IVNIOINO 40 Z) TAAAT NOISNAL ) S B

—




28,

L.

(T0° > d) uesw Zurissx Suypuodssliod wWO1J JUIISFITP A13uedTITUSTS xx
(so* > d) ueom 3urissx Suypuodssiiod wmoiy JuU9I33JFP ATIUEOTIFudrs 4

: . . WIS + X 91e sanyep e
eSNOILOVILNOD ONIdNG
STHAIT NOISNZL ATIVIHY INI¥ALAIA IV ANV IST¥ IV
SOIWVNAQ SNONFAOTYAINY ¥AIVM NV ALITOGVIAW  III TT4VE
v'g 15X SRR A« ¥¥8°%  xx8'Y *¥%°G T
+ + + + + + L+ A (urm/3/1n)
0°¢ €'y 8'¢- . 6'¢1 £°S1 6°6T1 1 EELCRER #94 (A-V) 33BN
€ 1L 09T 1°€8 €92 809 1°0S 1°0T - |

+ + + + + + + ~ (urm/3/bau) souaia3IIp

88 66 €65~ 49 2'9¢L 1°05 1°02- (A-V) spTo® Kajey o1y
02:0 %9020  ST0 900 TI:0  °  60°0 200 o -

I o 3 s ; F ¥ | (uTu/3 /3m)
ST°0 12°0 . S€'0 0T°0 11°0 €00~ - €0°0 JDURIBIFTP (A-V) 2509nTH
$0°0 €220  ¥¥6020  ¥x90°0  #x0T20  xx{0°0 .  20°0 T

+ + + + + + + . T (utw/8/HN)
£0°0- 8€°0- - 0S'O- 0s'0- €5°0- zL00- €0°0- ©  9JUaI3IITP (A-V) 3IEIDET

1205 08 209 289 0L 208 . 1S3y NALIRVEVE

(TVNIOINO 40 %) TIAAT NOISNAL -




J9.

parameters was most pronounced at the 80X sampling tntevval, with sab

sequent venous p0O, and pH means gradually Increasing towards the cor

2
responding resting means as contraction continued.

Venous pCO, was significantly higher (p< .0!) than rest at all

2

sampling intervals during contraction (Table 11). As with the PO, pHal
oxygen uptake and oxygeA (A-V) difference, the highest deviation {rom
the resting state was.witnessed at 80% of original tension development .

Analysis of the respiratory quotient (R.Q.) data demonstrated no
differences between any of the contraction means and the corres%é}dlng
reating means, although there was a tendency towards a decreaseNln R.Q.,
cqmpared to rest, in the longer experiments (Table II1).

The muécle demonstrated a slight lactate output during the pre-
stimulation period (Table I1I). Upon commencement of contractions,
lactate output increaséd-significantly (p<€.01) to a level which was
appfoXim;tely 14.5 times that measured during rest. Lactate output at
subsequent sampiing times illustrated a gradual decline towards resting
levels. By the 50% sampling interval, lactate output had decreased to
a level which was not significantly different from the resting mean
(»>.05).

The muscle demonstrated a slight blood glucose uptake during the
pre-stimulation period (TaBIe III). A glucose uptake significantly
'higher‘than rest (p<.01) wés witnessed at the 50% sampling interval.
The_glucoae uptéke levels measured at all other-sampling intervals,

except for 807, illustrated a tendency towards levels which were higher

-

than the corresponding resting means.. At 80%, a glucose output, not
signifiCanﬁly different (p‘).OS) from the resting mean, was recorded.

. Free fatty acid‘dynamics across the muscle failed to illustrate



any discernible trend when considnred as a function of muscle tension
developuent and showed a high degres of variation (Table III).

© The éuscle took up slight amou;ts of plaéma water during the pre-
stimulation period (Table III). Upoan initiation of contractions, the
musgle began to accumulate/relatively large amounts of plasma water, as
witnessed by the significantly higher (p<§.01) positiye water (A-V)
difference measured at 80%Z. This accumulation decreased to smaller,
but significant Q)(}Ol) A~V differences at the 70% and 657 levels. By
the 60% samﬁling interval, water (A-V) difference was not significéntly
different (p> .05) from the resting mean, and remained statistically

unchanged from rest throughbut the remainder of the contraction period.

Correlations Between Arteriovenous and Tension-Time Parameters

A éummary of significant correlations (p<£ .01) is contained in
Table YV. The entire correlation matrix is included in Appendix E.

The highest correlation between any single arteriovenous parameter
and tenslon parameter was between érteriovenous lactate and time (r=.63,
p< .01) (Figure 5). Lacﬁate arteriovencus difference was significantly
correlated (p€ .01) with all other tension parameters, alﬁhough cor-
relation coefficlents were lower than the coefficient of lactate (A-V)

]

difference with time. . It was noted that the parameters of svasteli.

. . . i S
bleod pressure, dlastolic bleod pressure, and arterial pO? ATy §
zipuificantly correlated with any tension parameters (p > .05).

Correlations Among Arteriovenous Parameters

Significant correlations (p £ .0l) among individual arteriovenous
parameters are presented in Table V. The highest single correlation
wae between arterfal hemoglobin concentration and arterial hematocrit

(xr=.97, p £.01). Art&r:’hovenous‘o2 difference (mmHg) and arterial p02



NUMBER OF PROBABILITY
- PARAMETERS CORRELATED OBSERVATIONS T THAT =0
LACTATE (A-V) DIFFERENCE
(uM/g7/min) VS: '
Time from beginning of stimulation (min) - 75 .63 .001
Muscle tension development (kg) : 75 -.41 .001
Muscle tension development (¥ of original) 75 ~.37- . 001
Muscle tension development (g/g) 75 ~.37 .001
Rate of tension decline (g/g/min) 75 ~.37 .001
Rate of tension decline (%/min) 75 - =.35 .002
Rate of tension decline (g/min) 75 -.35 .002
MUSCLE BLOOD FLOW
" ﬁml/g/min) VS:
Rate of tension decline (g/min) 74 . =.35 - .002
Rate of tension decline (%/min) 74 _ ~-.34 .003 .
Muscle tensidn development (kg) 74 -.34 . 004
Rate of tension decline (g/g/min) 74 -.33 . 004
VENOUS BLOOD pH VS:
Rate of tension decline (%/min) 75 - 42 .001
‘Rate of tension decline .(g/min) 75 -.41 .001
Rate of tension decline (g/g/min) 75 ~.39 .001
Muscle tension development (kg)/, ’ 75 ~. 30 . 009
"VENOUS BLOOD pCO,H
{mm Hg) VS:
Muscle tension development (kg) . 75 , .61 .001
Muscle tension development (% of original) 75 46 .001
Time from beginning of stimulation (mln) 75 -. 44 .001
Rate of tension decline (g/min) 75 .38 .001
Rate of tension decline (g/g/min) : .75 .35 . 002
Rate of tension decline (%/min) 75 .33 004
VENQUS - BLOOD p02
(mm Hg) VS:
Time from beginning of stimulation (min) 75 .28 .001
OXYGEN (A~V) DIFFERENCE
(mm Hg) Vs: :
Muscle tension development (kg) 75 .39 .001
TABLE IV - SUMMARY OF SIGNIFICANT (p < .01)

CORRELATIONS BETWEEN ARTERIOVENOUS
'AND TENSION-TIME PARAMETERS



NUMBER OF-
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PROBABILITY
PARAMETERS CORRELATED "OBSERVATIONS T THAT =0
ARTERIAL HEMOGLOBIN CONCENTRATION
(g%) Vs:
Arterial blood hematocrit (g%) 74 .97 .001
OXYGEN (A—V) DIFFERENCE
(mm Hg) VS:
Arterial blood pOy (mm Hg) - 14 .83 .001
» Lactate. (A-V) difference QHM/g/min) 75 .38 . 001
Muscle oxygen uptake (ul1/g/min) . 74 .37 .001
Venous blood pCO; (mm Hg) ' 75 .30 .009
VENOUS BLOOD pH VS
Venous blood pC02 (mm Hg)- 75 .54 . 001
Muscle blood flow (ml/g/min) 74 .34 .003
Lactate (A-V) difference (yM/g/min) 75 .31 . 006
VENOUS BLOOD pC02
(mm Hg) VS:
Diaséolic blood pressure (mm Hg) 75 45 .001
Lactate (A-V) difference gﬂ%/g/min) 75 43 .001
Respiratory quotient 66 .37 r002
VENOUS BLOOD POy
(mm Hg) VS:
Oxygen (A-V) differeﬁce (mm Hg) 75 .52 .001
Muscle blood flow (ml/g/min) 74 .39 .001
MUSCLE OXYGEN UPTAKE =
qul/g/min) VS:
Muscle blood flow (ml/g/min) 74 53 .001
Respiratory quotient (R.Q.) 66 .32 .008
SYSTOLIC BLOOD PRESSURE
(mm Hg) VS:
Muscle blood flow (ml/g/min) 74 .33 .004
Diastolic blood pressure (mm Hg) - 75 .31 .008
TABLE v SUMMARY OF SIGNIFICANT (p < .01)

CORRELATIONS AMONG ARTERIOVENOUS

. PARAMETERS
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(mmHg) also showed a .high degree of relationsvhip (r=.83, p<.01)

(Figure 6). This latter relatively high relationship occurred in spite
of a lower but significant (p<.01) relationship between muscle 02 up-
take (ml/gm/min) and arteriovenous O2 difference (mmHg) (r=.37, p<.01).
This suggests ‘the ability of the muscle to autoregulate blood supply
to metabolic demands within the ranges of arterial p02 involved in the
nresent study.

MUSCLE TISSUE CONCENTRATIONS

‘Muscle ATP and CP Concentration

The ATP and CP concentrations are’ aunnnarized in Table VI. Single-—
factor analyses of variance performed on: right control leg ATP and cp
concentrations illustrated no significant differences (p).OS) among
control muscle group means for either patamete . -

Individual t-—tests performed on right cgntrol vs. i~eft stimulated
ATP concentrations for each ‘group illustrated gnificant differences
(p€.01) in the 80.4 and 65% groups, and in the 507 and 507L groups
(p<.05). However, analysis’ of variance performed on the left stimulated
muscle means Showed no significant differences (p > .05).

Muscle cp concenfrations were significantly lower (p <.0l) in the
left stimulated muscles when compared to their right controls in all
tension gfoups, and no differences‘were present among the left muscle

group means (p ) .05).

Muscle Glycogen Concentration -

The musclle glycogen data is summarized in Table VII.
Single factor analysis of variance indicated no significant dif-
ferences among right control leg means (p) .05). Individual t-tests

o

performed on right vs. left muscle glycogen concentrations for each group
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"~ ATP

. Cp .
CONCENTRATION CONCENTRATION .
 (ut/ g) (uM/g)
RIGAT ~  LEFT RIGHT LEFT
801  4.01 + 0.38  2.54 + 0.20%%  7.55 + 0.58  3.58 + 0.23%k
657 4.21 + 0.22  3.34 + 0.30%%  8.29 + 0.92  3.70 f 0.25%
504 4.38 + 0,33 3.21 + 0.40%  9.93 + 1.16  6.15 + 0.43%
SOAL 3.63 + 0.43 2,31 + 0.42%  9.06 + 0.83  5.28 + 0,22%%
TABLE VI MUSCLE ATP AND CP' CONCENTRATION IN

RIGHT CONTROL AND LEFT STIMULATED

MUSCLESa

a Values are X + SEM

* Significant difference (p € .05) between left stimulated :

and right control muscle

** Significant difference (p € .0l1) between left stimulated .

and right control muscle
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A

TOTAL MUSCLE GLYCOGEN

2 Values are i'f SEM

CONCENTRATION A
(82) TOTAL GLYCOGEN
. - LEFT/RIGHT UTILIZED
~ GROUP RIGHT LEFT - RATIO (8%)
802 0.22 + 0.05 0.15 + 0.04 0.71 + 0.05  0.07 + 0.02
65% 0.16 + 0.04  0.09+ 0.02  0.62 + 0.09  0.07 + 0.02
50% 0.12 4 0.03  0.06 +0.01*  0.59 + 0.10  0.06 + 0.02
0L~ 0.16 # 0.04  0.06 + 0.02%  0.48 + 0.09  0.10 + 0.03
TABLE VII ~ MUSCLE GLYCOGEN CONCENTRATIONS,

GLYCOGEN RATIOS (L/R) AND TOTAL o
GLYCOGEN UTILIZED IN RIGHT CONTROL
AND LEFT STIMULATED GASTROCNEMIUS

‘MUSCLESa

* Significanﬁ difference (p  .05) between left stimulated
and right control muscles
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-~

showed significantly 1Eﬁerwglycogen values in the left muscles of the
502 and 50%L groups (p .05). , Analyses of variance performed on left
muacie gdycogen, glycogen (L/R) :atios and on total glycogen utilized
revealed “that the le;el of glycqgen utilization among tension groups
was not significéntly different (p .05).

Muscle Lactate Concentration

A summary of the muscle lactate concentration data is contained. in

Table) VIII,

Analysis of variancejtevealed no significant differences (p .05)

among groups in rigﬂ{;control muscle lactate ébncentration{ Although

ere was a tendency for muécle lactate levels in the right control mus-

to decrease with time, this trend was considered physiologically |

insjignificant. This was supported by pilot studies which 1llustrated

.t musclé 1actéte levels in riéht versus left unstimulated muscle were

. similar, and within normal values réported elsewhere (Appendix B),
Analysis using t-tests revealed>significéntiy higher. lactate cdncenfra—
tions than control valués in the stimulated muscles of the 80Z (p .01)
and 652 (p .05) groﬁps. No sigﬁifican% differences Qere evident betwéen
cqqtrol and. stimulated muscle lactate qJncentrations in the 50% or 50%ZL
groups. This result ﬁas substantiatéd £y_aﬁalysis of varianée performed

on ﬁhe left muscle lacfate means, in that signifdcant differences (p .01)
'exisﬁed when comparing the 80% and 65% means with those of the 50% - and

SOZLtgroups. : -_' _ : &

Muscle Pyruvate Concentration § o

The muscle pyruvate concéntration data is summarized in Table VIII.
Analysis of variance indicated that no significant differences ..
(p .05) existed among either the right control or the‘left stimulated

muscle concentration means. T—tésts‘performed on individual group data
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MUSCLE LACTATE | " MUSCLE. PYRUVATE
CONCENTRATION : CONCENTRATION
(uM/g) (utt/ )

RIGHT LEFT " RIGHT ) LEFT
807 1.534+0.57  9.94 + L.AL%* . 0.16 + 0.03  0.28 + 0.15
65% 1.01 +0.22  6.99 + 2.26%  0.15 + 0.02 ~ 0.16 + 0.01
50% 0.81 +0.23 1,42 + 0.49%k%  0.14 +0.02  0.21 + 0.07
50%L 10.92 4 0.22 1.17'#+ 0.30%%% 0,16 + 0.01  0.16 + 0.02

TABLE VIITI MUSCLE LACTATE AND PYRUVATE
. CONCENTRATION IN RIGHT CONTROL
~ AND LEFT STIMULATED GASTROC-
NEMIUS MUSCLES@

Values are X + SEM

* Significant difference (p £.05) between left stimulated and right
control muscles

*%k Significant difference (p €.01) between left stimulated and right
control muscles

F*kk Significant difference (p<.0l) when compared to 80% and 65% left
muscle mean :
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CYTOPLASMIC MITOCHONDRIAL

[NAD+]/[NADH] - [NAD+]/ [ NADH]
RATIO | RATIO

| RIGHT LEFT = RIGHT LEFT
80% 1561 + 603 237 4+ 126% . 23+ 15 20 + 11
65% 1592 + 435 750 + 596 31+ 16 9+ 2
50% 1913 + 525 2049 + 938 .18+ 7 36 + 10
50%L 1328 + 182 1448 + 561 46 + 30 16 + 4

TABLE IX  ESTIMATED CYTOPLASMIC AND MITOCHONDRIAL

[NAD']/ [NADH] RATIOS IN RIGHT CONTROL
AND LEFT STIMULATED GASTROCNEMIUS MUSCLES?

a Values are iit SEM

* Significant difference (p € .05) between left stimulated and
right control muscles. : ‘
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showed no differences (p .05) between left and right means in any of -
the ténsion'groups.'

Cytoplasmié [NAD+]/[NADHJ

Tablé IX contains the means for the estimated cytoplasmic [NAD+]/
[NADH] ratio.

B No significaﬂt differences (p .05) were showﬁ to exist among con-
-éfol muscle or stimulated muscle means using adélysis of variancé;
Individual‘tétegts'performed on the’data for ééch ténéion group illus~-
trﬁtéd a signifiéantly lower (p .05) ratio in the left ;uscles of the
_80% group #s compared to the right‘con;rol rétio. Differences between
COntrolland stimulated muscle rétios in ail other tension groups were

not significant (p .05).

Mitochondrial [NAD+]/[NADH]

A summary of the estimatédv[NAD+]/[NADH] data is included in Tableb

IX.
. Analysis of variance on control and stimulated muscle means, and
t—-tests performed on control vs. stimulated muscle means for each ten-
. , ‘ .

sion group, indicated no significantnﬂifferences ( .05).

Muscle Fibre Composition and Recruitment

Table X contains a summary of data résulting‘from;;he classification

of fibre composition and recrultment in ‘the gastfocnemius-flexor muscle

group. 'Muécle fibres were classified as fast or slow twitch based on a
positive (fast) or negative (slow) response to the myosin ATPase stain,
as outlingd by Peter et.al.'(1§72). |

.’All slbw éwitch fibrés\stainéd darkly and evenly on the NADH-
diaphorase stain, attesting to the high oxidative potenﬁiéi of theae
“fibfea’(see Appendiﬁ F). The slowvtﬁitch fiﬁres in the control muscles

also elicited the lightest relative staining intensity on the PAS stain
) . . 2 .
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NUMBER OF ‘
NUMBER F IBRES TOTAL % FAST
: / OF . COUNTED PER  FIBRES TWITCH
SAMPLE SAMPLES MICROGRAPH COUNTED FIBRES
Right Gastrocnemius 22 157 + 8 3451 SL.7 + -
Left Gastrocnemius 22 149 + 8 3277 52.3 -
Total : 44 153 +°5 6728 52.0'+ 1.5
TABLE X FIBRE COMPOSITION OF GASTROCNEMIUS

MUSCLE (MEDIAL HEAD)?2

a Values are X + SEM



'R

for glycogen content.

The fast twitch fibres, however, showed some variation in the NADH
. .14;

4

diaphorase and PAS stains. The vast majority of theee'fibraé‘stuinud
moderately on the NADH diaphorase stain, ellciting the 8hbsdrcolenmui
depositing of formazen granules characteristic of thé fasi«gxidétivuw
glycolytic (FOG) fibre as described by Peter gﬁmgl“(l9725.i‘ﬂo§ever;
there were fast twitch fibres which stained aé’darkly on'thg oxidét1ve
stain and as lightly on the PAS stain as the slow twitch fibres. In
qpité of the temptation to classify these latter fibres as FOG fibres,
anc the former as FG fibres, thé decision was made to merel&lclassify
all fibres on the basis of twitch characteristic; based oﬂ £ge myosin
ATPase stain, aﬁd regard all fibres as having relatively higﬁ oxidative
potential. |

The fibre composition of the gastrocnemius muscle (medial head) is
. X . «:ai,(,ym-f.'

outlined in Table X. Pilot data relative to fibre com

that the medial hgﬁd was repreéeﬁtatf@e of the'éntire mugcle group. It

the lateral head and flexor component of ghe musc

was also &eemed necessary to utilize theifibreodata*ffom the medial- head
as this was alsg‘the gite of the freeze—ciamped samples.
Analysis using t-tests revealed no significant differences (p .05)
between the fibre‘proportions in left and right medial gastrocnemius.
Subjective evaluation of fibre recruitmént based.on,PAS staining
intensity suggested a fecruitment of all fibres with electrical
stimulation (see Appendix F), due to the fact thg:e"wés abdécrease in
the staining intensity in all fibres compared to fhé,non—stimulated
' control muscle. In the 50? group muscles,_all‘faat,tﬁitch fibres -
showed either a very lightdor a nggativeystaining inﬁensity on the PAS
etain, with the slow't_v;itc‘h fibres staining darker‘ than the fast twitch
v o s . .

4
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fibres,. but lighter than the slow fibres in the cérreSponding contro%i;
muscle. ’

The 50%L fibre profile suggested az continued recruitment of the
slow Zibres with time, as witnessed by z further ;lighu decrease In the
general stainjng intenmsity of these fibres compared to the 507 group.
No étatistical analysis was performed on the data.

Correlations Between Muscle Metabolite Concentrations and Tension-Time
Parameters ‘ :

Table XI includes, all those correlations which indicated_a:signifw
tant relationship (p .01). The;coﬁpléte correlation matrix Zs Included
mpendix E. ’
The highest single correlation was between the rate of tension
ne (g/min) and muscle lactate conceﬁtiétion (r=.80, p .001).
relationship is illustrated in Figure 7. The three highest cor-
iation coefficients involved relationships between muscle lactate

concentration and rate of tension decrement (Table XI}.

Comparison of 657L and S507L Groups

Table XII contains a summary of means for selected parzmeters
"o

measured dur:ing the period f "steady state' in tensicn developmernt in

Meggay omente irdicotea were tzlkern during the

stimulation. No significant differences (n  .0F) were

noted hatween the 6525 and 507L groun means,

3

paramecers did not significantly influence the tension at which thesc

& summary of arteriovent:  dynamics as weasured during the steady-
state period of tenslon develozment in the two level-off groupe is in-
cluded in i&blevXIII. No significant differerces (p .05) in zny of the
artudiovegouﬂ pavameters were evident, zs8 indicated by statistical

analy;ia using t-tests.
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o NUMBER OF . PROBABILITY
PARAMETERS CORRELATED OBSERVATIONS T THAT r=0
LEFT MUSCLE LACTATE CONCENTRATION
(w/g/min)  VS:
~ Rate of tension decline (g/min) 28 .80 . 001
Rate of tension decline (g/g/min) 28 .78 . 001
Rate of tension decline (%/iin) 28 .76 . 001
Muscle tension development |
at sample (kg) 28 .63 . 001
Time from beginning of stimulation (min) 28 -.63 . 001
MUSCLE TENSION DEVELOPMENT AT SAMPLE
(% OF ORIGINAL) VS:
Left muscle CP concentration (pM/g) 23 ~.63 . 001
Left muscle glycogen concentration (gZ%) 29 .52 . 004
MUSCLE TENSION DEVELOPMENT AT SAMPLE
(XG) Vs: :
Right muscle weight (g) 26 66 .001
Left muscle +zight (g) 25 .62 .001
Muscle glycogen concentration (g%) 29 .57 .001
TABLE “XI SUMMARY OF SIGNIFICANT (p £ .01)

CORRELATIONS BETWEEN MUSCLE METAROLITE

CONCENTRATIONS AND TENSIOHN-TIME PARAMETERS
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GROUP

PARAMETER 50%L ~ 65IL
Arterial blood pO2 91.9 f 2.9 94,2 f 6.1
(mm Hg)
Arterial blood pCO, 39.3 + 3.1 39.2 + 2.5
(mm Hg) '
Arterial blood pH ‘ : 7.23 + 0.02 7.25 4+ 0.02
‘Arterial blood hemoglobin . 12.8 + 1.0  12.8 + 0.8
concentration (g%) ' : .
Arterial blood hematocrit . 38.0 + 3.2 137.3 + 2.3
%) E
Systolic blood pressure ' 98 + 6 92 + 3
(mm Hg) ‘ .
Diastolic blood pressure - 40+ 4 51 .—_l: 5
(mm Hg) _ A , p
Muscle compartment temperature ' 39.3/f 0.5 40.0 + 0.6
°c) -

TABLE XII  COMPARISONS OF SELECTED PARAMETERS
' MEASURED DURING THE LEVEL-OFF PERIOD
IN THE 65%L AND 50%L GROUPS& '

a Values are X + SEM



PARAMETER

LEVEL-OFF GROUP

(R.Q.)

65%L 50%L
Muscle oxygen uptake 72.2 + 4.5. 58.3 + 6.2
(ul/g/min§ > - -
Muscle blood flow 0.94 + 0.16 " 0.64 + 0.07
~(ul/g/min) : - 0 = ‘
Lactate (A-V) difference 0.05 + 0.20 -0.07 + 0.05
(uM/g/min) ‘ - -
Glucose (A-V) difference '0.14 + 0.17 0.15 # 0.2F -
(uM/g/min) . ' '
Water (A=V) difference 22.1 + 8.9 5.0 +8.4
(uM/g/min) .
FFA (A-V) difference 47.4 + 32.6 8.8 +71.3
(neq/g/min)
Respiratory quotient 0.92 + 0.19 0.80 + b.lZ,

TABLE XIIIX

50%L GROUPS2 -

a Values are fi SEM

ARTERIOVENOUS DYNAMICS MEASURED
FIVE MINUTES PRIOR TO THE END OF
THE LEVEL~-OFF PERIOD IN 65%L AND

48.
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The data in Table XIV summarize the muscle metabolite profiles in

the 65%L and 50ZL groups. “T—tésts perférmed oh left vs. right ggﬁceﬁ-
trations Of.muscle‘glycogéﬁ, muscle ATP and.musclé cp conéentrations
‘showed éimilar significant(decreasés GS(.OS) in the left muséles for
both groups. .Thé cp concentfation decrease in the.SOZL grdup was sig—
nificant (p<:;01). Mﬁscle lactate concéntration was significantly
lowér (p €.05) iﬁ the ieft as opposed to the right muscle of the 65%L_
group, while no difference (p }.05) exis;ed between the left and riéht
muscle means iﬁ the 5OZL grdﬁp. ‘The t-tests performed sepérately on the
right control muScle,cbncentratiéns (65%L vs. 50%L) and on the left
stimulated muscle concentrations (65ZL vs. 50%L) indicated no sig-
nificant differénces (p>.05) between pairs. of meéﬁs.

fable XV contains a list of the highest correlation coefficients
found between specific arterio§enous parameters or muscle-parameteré,
and the percent of original tension at which the muscles in the 657L
and the 5OZL groubs levelled off. The highest single correlation, and
the onlj one showing a éig%}ficant relationship (p< .01) wés that
relating percent of Qriginal tension at which level-off occurred and
the lactate (A-V) difference measured at 6SZ of original'tension
(ru.82; .p=.003) (Figure 8). All otﬁer correlation coefficients were
lower and not significant (p > .05). |

Examination of fibre recruitment patterns in the 65%L and 50ZL
groups (see Appendix F) suggested a slight differenée in fibré glycogen
utilization in these‘groupé. .In the\SOZL g;oup\the fast twitch fibres
appéared to be devoid of glycogen, as witnessea by a negative reactis -
to the 'PAS stain, with the slow twitch fibres stéining elther very

lightly or,.in some cases, negatively. Examination of the 65%L muscle
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GROUP |

657L . 50%L
PARAMETER RIGHT LEFT RIGHT : LEFT

|
|

' Muscle glycogen .= ‘ v
‘concentration (g%)  0.18 + 0.03 0.08 + 0.02* 0.16 + 0.04 0.06 + 0.02

Muscle glycogen

(L/R) - ——= . 0.49 + 0.05 ——  0.48 + 0.09

t+

Muscle glycogen : -
utilized (g%) —— 0.10 + 0.03 - 0.10

{

0.03

1+

Muscle ATP
" concentration o _ ' ‘ S
(uM/g) ‘ 4.65 + 0.31 3.19 + 0.44* 3.63 + 0.43 2,31 + 0.42%

Muscle CP
concentration

(EM/g) . 8.77 4 1.42 5.26 + 0.52% 9.06 + 0.90 5.28 + 0.22%%

1+

- Muscle lactate
concentration

(uM/g) . : 1.71.

Muscle pyruvate
concentration -
(uM/g) - ' 0.15 + 0.03 0.14 + 0.03 0.16 + 0.01 0.16 + 0.02

.22%  0.92 +.0.22 1.17 + 30

i+

0.30 0.59

14
o

Cytoplasmic

[NAD+]/ [NADH] 962 348 3186 + 1296 1328 + 182 1448 + 561

1+
i+

Mitochondrial ) o .
[NAD+]/[NADH] 17 +5 97 + 74 46 + 30 16 + 4

Fast twitch _ : o '
fibres (%) —— 53+ 5 --= 58+ 3

Slow twitch :
fibres. (%) —_— 47 + 3 L - 42 + 3

TABLE X1V MUSCLE METABOLITE LEVELS IN THE LEFT
AND RIGHT GASTROCNEMIUS MUSCLE IN
65%ZL and 507%L GROUPS? ' 7
? Values are f’f SEM
* Significantly different from right muscle (p < .05)

** Significantly different from right muscle (p4< .01)
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_ . NUMBER OF PROBABILITY
PARAMETER OBSERVATIONS T THAT = r=0
Lactate (A-V) difference (uM/g/min)
measured at 65%2 = 10 .82 ¢+ .003
Muscle blood flow (ml/g/min)- ‘ »
measured at 65% 10 . .57 .084
Plasma water (A-V) difference (ul/g/min)
measured at level-off B - 10 W57 .054
Muscle lactate concentration o :
(uM/mg) . 11 -.52 .099
Muscle blood flow (ml/g/min)
measured at level-off - S 12 .50 . 097
TABLE XV - RELATIONSHIPS OF SELECTED PARAMETERS

TO TENSION AT WHICH LEVEL~OFF OCCURRED
(% OF ORIGINAL) DURING CONTRACTIONS
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sectioﬁs revealed fast twitch fibres which stained negatively, for the
most part, although evidence éf’small amouﬂts of glycogen was present
due to lightly sfaiﬁing fast twitch fibres. All slow twitch fibres
tendedAto contain relatively High amounts of glycogen aé witnessed by

a darker_staihipg intensity in these fibres compared to the slow twitch

fibres of the 507L muscles (Appendix F).
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DISCUSSION .
The progressive reversible decrement_in the ability‘of electrically
‘stimulated or roluntarily recrulted muscle to maintain hign levels of
tension output is‘well documented.(Stainsby ano Welch, 1966; Welch and
Stainsby, 1967; Hirche et al., 1970; Hirche Eﬁ_él:’ 1971; Simonson,
1971; Baldnin and Tipton, 1972; Fitts et al., 1973; Fitch’gtﬂgi,, 19}5;
Morganroth et al., 1975). The pattern of this decrement is dependent
~upon whether contractions are sustained or rhythmic (Simonson, 1971;
Stainsby and Welch 1966 Hirche et al. 1975),.the muscle.fibre com-
position (Baldwin and Tipton, 1972), and the rate of‘stimulation of the
muscl: (Steinsby and Welch, 1966; Welch et et al., 1974) The tension .
‘decline patternshof the working muscles witnessed in the present inves~
tigation are similar to those reported by other investigators using in
situ muscle preparations (Welch and Stainsby, 1967; Hirche et al., 1970;
Hirche EE_QL" 1971; Baldwin and Tipton, 1972; Fitts et al., 1973;
Morgenroth EE;Eln"1975)s demonotrating an initial rapid decline‘in‘
tension followed by a ‘'progressively slower decrease to’an apparent
steady state in tension deveiopment This pattern has been illustrated
in voluntary contractions (Simonson, 1971), and it has benn ill ustrated
that humans can perform 1sometric contractions from 15 to 50 per cent
of maximum voluntery contraction, for periods up to 90 minutes when
contractions are of short duration, rhythmic, and interspersed with
‘short_rest intervals (Gollnick et al., 1974). This pattern is comparable
to the level—off phenomenon witnessed in the present ;anestigationr

Maintenance of Viability of the Muscle Preparation

An attempt was made in these experiments to outline metabolic cor-

relates to tension decline in ajmaximally stimulated in situ muscle
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preﬁaration. This necessitated thé:use of a preparation which could be
ﬁaintained at a consistent degree of viability threughout the experiment.
Apy physiological deterioration on the part og the anesthetized animal
or the muscle preparation itself might potentially affect the metabolic
and ceniractile properties of the working muscle, thereby limiting any
conclusions as to intramuscular metabolic roles in tension decline
during continuous contractions. For this reason, methodological at-
tempts Qére.made at preventing such deterioration from occurring.

Of prime conce;h was the role played by the stimulated nerve trunk
and at the neuroﬁuscular,junction, in the g:adualbtension"decline’of
. the working muscle group. Results from-pfevious research involving in
§1£g_muécle (Hirche g&_él;, 1970} Stainsby, 1970) as well as human
muscle in vivo have ‘@liminated the neuromus;ular junction as a possible
site of fétigue during‘indirect stfmulation, unless the nerve trunk
stimulation was uninterruptéd, at a tetanizing frequgncy, for 15 fo 60
mosntes (Simonéon, 1971). Aithough‘étimulation of the'severed‘nerve
tr.-k has been shown to elicit muscle tension decrement curves com-
barable to those Qitnessed when using direct muscle belly stimulation
(Stainsby, 1970; Hirche EE_élf’ 1970), this was not the case in the
‘pilot experiments'conductéd prior to the eXﬁerimental series in this
investigation. Changing immediately from nerve trunk stimulation to
muscle Belly stimulatién during continuous contractions resulted in a
3 to 4 fold increase in muscle tensién development. The reason for the
. lack of similarity in teﬁsions elicited via indirect an& direct muscle.
stimulation 1s unexplained, bqt may Have been due to inadequate main—.
tenance of nerveytrunk'viability, incoﬁp;eée stimulation of the entire

nerve trunk, neuromuscular failure, or a combination of these factors.



For these reasons, direct electrical stimulation delivered to the muscle
belly was utilized throughout the experimental series.

In the 1eve1~off experiments, which cbnstituted the longest ex-
periments in rhe series, selected parameters were measured to give in-
dications as to the physiological constancy of the preparation. Rectal
temperature, arterial blood glucose concentration, hemoglobin, and ar-
terial pO2 remained unchanged during the prolonged experimental manipu-
lation (Appendix E). However; there were significant decreases in both
systolic and diastolic pressure? which reflected the gradual loss in
bloed volume as a result.of surgery, and perhaps some decrease in ayier-
iolar and venomotor tone with time under anesthesia. However, no
significant relationships (p. ».05) %’ere evident between either of the
pressures and individual tension parameters (Appendix E). .n addition,
the significant changee in arterial.bleOd pCOz, pH, hematocrit, lactate
.and free fatty -acids could not account for differences in level-off " -
‘tension in these experiments (Tables XII and XIII), and can be attributed

most 1ikely to a dilution effect of the intravenous Ringer's drip, and

o altered respiratory patterns during anesthesia.

The maintenance of the ability of the muscle to autoregulate its

" own blood supply to metabolic demand in spite of denervation, is a
krwell known index of muscle preparation viability (Stainsby and Otis,
/31964 Duian and Renkin, 1974) . Maintenance of autoregulatory ability ‘
of the muscle preparatidns used in the present study was suggested by
the relatively low correlation o= 24 p=.04) between arterial ;\2 and
.muscle oxygen uptake, compared to the high degree of relatiOnship

(r-.88; p&£.01) between arterial pO, and (A-V) 02 difference (Figure 6).

2
" Thus, althoegh arterial p02 dictated to a large degree the extent of



extractlon of oxygen from:arterial blood, this Intluence did not appemn
to significantly affect the oxygen consumption of the muscle during
contractions, probably due to the ability of muscle to Increase itq
blood supp‘ly relative to metabolic demand. This Interprotatlon ta oo

sistent with thie research of Stowe et al. (1975), who attributed the
local control of working muscle blood flow to altered p02 and pH of the
‘effluent blood and their effects, either independent or combined, on
vascular smooth muscle tone, and therefore, rcslf tance to flow. This
autoregulatory ability of denervated muscle has been illustratcd by
Stainsby and Otis (1964). who deiwv:nstrated 1in a similar dog gastroc-
nemius muscle preparation, that muscle oxygen uptake was maintained con-
stant in the contracting muscle, in spite of arterial pO2 levels below
normal, until a critical arterial pO2 of AOcmmHg was reached. In no case
in thencurrently discussed series of experiments was the arterial pO2
during contrivtimns below 60 mmHg (Figure 6).

Recently, Barclay and Stainsby (1975) illustréged in isolated canine

gastroc‘ %ns muscle that increasing spontancous blood flow through the
muscle group while it was contracting at a steady level of tension develop-
ment resulted in an increase‘in both tension development and oxygen uptake.
Their calculations indicated that the resulting increase in oxygen de-
livery to the working muscle was of the same rw>gnitude as the increased

Qxygen ~delivery resulting from arterial pO, elevation, which resulted

2
no change in tension development or oxygen uptake (Stainsby et al. 1970,
Thus, of the two conditions in which the rate of oxygen delivery to the
'muscleiwas enhanced, -the artificial increase in ﬁﬁscle blood flow caused

increased muscle oxygen consumption aﬁawcpntractile capabilities, while

the artificial increase in arterial oxygen content did not The conclusion

£,

4



of Stalusby et al. (1972) was that muscle tension and oxygen uptake are

ndenz upon muscle blood flow rate, ‘and that the mechanism does not

invoive the rate cof oxygen delivery. Although, ,the ramifications of
these findings to the present study are not entirely clear, the results

~

from the current series of ehperlments suggested no significant ef

F-h

of pressure alterations on tension éeqrement in any of thé experimencs
{4ppendix E) or in the tenSién‘gt which level off éccurred in the level
off groups (Table XIII). Ia addition, althouzh significaﬁt,correlations
existed between muscle blood flow and selected tension indices'(Table
iV), the correlations wefe not as high as those involving metabolic

aters to be discuzsad.

‘uscle.Metatbolic Rate During Contractions
The rest ing omygern consumption and blood flow measurements taken
during the prestimulation period are consistent with previous repori

o

ssing similar preparations {Stainsby and Otis, 1964; DiPuampero et al.,
1268 Pi iper et al.. 31968; Hirche et et _al., 1971): Alchough the merimum

IUYY rrcapabirity of each working muscle was not directl

irairzce evidence sugperts vhat the stimulzation

o wascle metebolic nlght be congt

vxygen consuunilon of ihe

b

worbing wugcle of 84.0 ~ 9,020 /g/min dewonstrated in the present in-

Is selew the meximum values which have heon reporited clge-

whers at and VWelch (1966) rewourced ther the oxygen upcake of

sell oo

Tag dog gestrocnemiug muscle group performing oo

cractions reached 2 o simum level of opproximetel . 30 times coot, which

well over the wimately 12z folo increace cbed hessoin. Al

and

selute oxygen u-
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Piiper et al., 1968; Hirche et al., 1971; Stainsby and Barclay, 1972
Hirche et al., 1975) are generally accepted as maximum for this muscle
group, during both twitch (Welch and Stainsby, 1967; Piiper et al.,
1968) and tetanic (Hirché et al., 19?1; Staiﬁsby and Bafcla?, 1972)
types of rh?thmic cdﬁtractions. In addition, reported muscle blood
flows at these high metzbolic ratés have beenhin excess of those-
reported in this study (Piiper et al., 1968; DiPramperoigE_él., 1969;
.Hirche 25_21,211975). Further evidence suggesting the muscle was
working at a submaxiﬁal metabolic rate‘is evident upon examination of
the arterial and venous pO2 dynamics during the contraction périod.
Stainsby and Otis (1964} have reported that the critical venous pOZ
draining the vorkipg muscle 1s approﬁimately‘lO mmHg, below which there
are indications‘of decreases in developed tension and oxygen consumption

due to Ilnsufficient cxygen availability. Measurements of venous pO,

o

values during the contrection period in this investigarion illustrated

mean p0, levels well above this critical level (Table II). In, addition,

2

arterial pO? values during contractions in all experiments were main-

teined close to normal unanesthetized levels and in no instance fell
below 60 mmHgL(Figure 6,, wnich is ﬁéll above the critico! esrterial
pCz of 40 mmiyg below which oxygen becomes limiting during contractions
{Stainsby and Otis, 1964).

Although significant increases in resistance to muscle blood flow
?ﬁve been reported for this muscle group hen performing sustained iso-~

\'"\ "
metric contractions, Rirche ev al. {1970} have illustratsd that duriag
T

rhytlmlc isometric contractions similar to the type utilized i  his in-
vestigation, there is nc significant vresistance to flow., In fz-t, Hirche

et al. (197G, claim that flow is facilitated by the cowpression of
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veins during contractions. Had flow limited oxygen conéumption in this

series of experiments@ jt would have been shown by an approach ¢i venous

pOz levels to tﬁe critical level du?ing periods of high tension decre-
ment (80% sampling interval) and by a strong relati-aship between flow
~~and»oxygén uptake. A significant, although low, relatlwn,hip appeared
to exist between blood flow and oxygpn)consumptlon (r=.53, p & Ol),
phenomenon which has been illustrated | . Barclay and Staipsby (1975) in
this muscle group when céntracting at a steady%state of }ension produc-
jtioﬁ. This relationship, however, a; ~ared . to 5e independent of tension
development indices, és illustrated'by the relationships-of blood flow
and oxygén consumption td.tension indices'(Appendix E).
The maximum mean muscle lactate concentration reported in this
investigation (9.94 + 1. 41 M/g in 80% group) is below the levels
‘reported by Hirche et al. (1973 1975), which approached 17. 5 + 2.1

ng/g after 2 minutes of contraction. These data, in addition to the

comparatiye oxygen consumption, blood flow and blood pO2 results
previously outlined, strongly suggest “hat (i muscles in the present
study werz working at a metabolic rate bel -~ rimum capacity, in the

presence of sufficient quantities of oxygen, at least at the 807% sam—
pling interval and thereafter.

Arteriovenous Parameters and Tension Decrement

The data reported op. tha arteriovenous dynamics have been corrected
for alterations in plasma water content of- the blood passing through
the muscle, using the formulae of Schlein et al. (1973) (Appendix D).
Therefore, the arteriovenous results cannct be directly compared to

those reported by other imyestigators who have used the Fick principle
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(Ruehmef, 1970) without this~correcti§n; although trends should- be
comparable. |

By using this formula, it was possible to estimate the uptake and
release of water by the woiking muscles. The uptage of plasma watef
of 19.9 + 5.4p41/g/min is lower in magnitude than the maximﬁm level of
33.9 + 8.0p1/g/min reported by Schlein et al. (1973) in their working
dog sartorius muscles. This may possibly be due to hiéher metabol;ci
rates than those found in this investigation, although these were not
reported by Schlein et al. Increases in intrac;llulaf and interstitial
water content have been reported in human qpadriceés.muscles during
heav& bicycle ergometer work (Bergstrom et al., 1971). Jécobsson and
- Kjellmer (1964) suggested that this phenomenon of water uptake by work-
ing muscie is due to the osmotic.gradient generated by the addition of
lactate to the intracellular and interstitial sPaées, thus causing
watér moyement frém plasma into the muscle. ‘In'spite ofbthe tendency
of the water arteriovenous dynamics during contractions to follow the
tension decline patte;:»p the highest iudividual correlation relating
(A-V) water difference to Eny tension parametér was low compared to
other metabolic factors (r=.27; p=,02) between arteriovenous water dif-
ferencé and tension in kg at sample time, see Appendix E), It is pro-
posed tha; the plasma water influx during the inifial periods of high
tensiqn»decreﬁent was merely a consequence of other metabolic and/or
cardiovascular ;hanges during confractions vhich were themselves more
closely related to tension decline.

There were no significant relationships between arteriovenous water
differences and arteriovenous léctate differenée measured at the same

time (Appendix E, Table XIX). This does not preclude the in®  .f
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plasma water‘into contracting muscles due to lactate accumulation,
ag Lt has been shown tﬁatblactatc may accumulate in working muscle
at the beginning of contraction, and not be reflected in magnitude
via (A-V) lactate differences (Hirche et al., 1973) Since water
arteriovenous difference,and muscle lactate concentration were not
measured less than 5 minutes apart, it was impossible to estimate
ythis relationship. - Therefore, nater influx during contractions may
have been due to the osmotic effect suggested by Jacobsson and
Kjellmer (1964), and may also have been facilitated by an increase.
in capillary pressure during contractions, which has been shown to
Atesult‘in muscle edema in contracting canine gastrocnemius (Hirche
et al., 1970). Whatever the re~son for the atteriovenous water
dynamics witnessed in this investigation, they cannot be proposed as
being significant in tension decline in the working muscles.

The muscle lactate output measured 'during the prestimulation
resting period is within the renge of values which have been reported
by other investigacers using a similar preparation (Stainsby and Welch,‘
1966; Hirche\gt_al., 1971; Hirche et all, 1975). The highest working
muscle lactate output was recorded during the initial 80% sampling in-
terval, after wnich lactate output‘gradually declined to resting‘
levels (Table III). The absolute arteriovenous difference of -0.72
+ 0. O7r¢M/g/min recorded at 80% is below ‘the lactate output levels of
above l.OFAM/g/min (Welch and Stainsby, 1967; Hirche et al., 1973a)
and as high as 3.0paM/g/min (Hirche et et al., 1975) reported for similar
preparations working at higher metabollc rates. The fact that lactate
(A-V) difference, unlike any other single arteriovenous parameter, was

significantly correlated with all tension—-time indices (Table 1IV),
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Suggests a possible role of lactate production in muscle tension
decrement. Although correlational data does not infer cause and effect,
the relationships between arteriovenous 1actate and tension indices
strongly suggest that lactate may be involved eitbcr as a direct affector

or 'as an indicat@r oP\enother factor which is invoived in influencing
tension. The simgle highest correlatior was between lactate (A-V)
difference end time (r=.63,1)<«01). ‘hus appears. that the accumu-
lation of lactate in muscle tissue during the initial phases of con—
traction, and failure of the circulatory System to remove it as quickly
as it was being produced, may have taken place.» This phenomenon of |
insufficient renoval of muscle-produced lactate has been attributed to
the musgcle membrane constituting a barrier to the non—ionized forn of
lactic ac1d (Hirche et al., 1975).  Such a limitation to lactate
efflux from muscle during periods of high lactate production could
result'in.a’time—related phenomenon, with lactate (A—V) dynamics fail-
ing to reflect muscle metabolic sfatus at any given point in time.

This relationship is suggested by the present results (Table IV).

‘The slight glucose uptake (Table III) by the resting muucle found
in the present investigation has been reported elsewhere (Chapler and
Stainsby, 1968; DiPrampero'gE_gl., 1969; Hirche EEL£E£'> 1970; Costin
et al., 1971; Schlein et al., 1973; Chapler and Katrusiak, 1974).

The neéative glucose arteriovenous di‘ference witnessed at the 80%
sampling interval (-0.03 + 0.09'4M/é/miu), suggesting a;tendency towards
glucoee output during this initial period of tension dccliﬂe, has also
been shown by Corsi et al. (1969) in tetanized muscle. Their reboféﬁd
glucose output levels- during the initial perlud of contraction (30 sec

into the contraction period) were in gome cases more than’ twice' the’
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i
mean value obtained in, the present investigatior. Similarly, Bergstrom

and Hultman (1966) found that there was'no positive A-V) dlfferenceﬁﬁ&
glucose across the legs of humans working on thevbicycle ergometer,
thereby suggesting a tendency towards glucose release, or. nonutilization.
More recently, Schlein et al. (1973) have illustrated glucose up-
take by contracting muscles when a correction is made for plasma water
uptake by muscle. The standard Fick principle.without this correction
erroneously indicated a net glucose release from the muscle., The pre
sent investigatlon is the first to illustrate a tendence towards glucose
release by contracting muscle early in the contraction perioa even
when the correction is made for the increased glucose concentration of
venous blood due to plasma water flux into the muscle.’ This glucose
output appears tc¢ coincide with increased leuels of'glucose—6~phosphate
in working muscle (Corsi et al., 1969; Hultman and Bergstronu;l973)
during periods of high glycogenolysis (Corsi et et al., 1969; Hultman and
Bergstrom 1973) Indeed, Hultman and Bergstrom (1973) have measured
increased levels of free glucose in the quadriceps muscles of humans
performing heavy bicycle ergometer work. They attribute this to the
fact that glucose produced by the action of l,6~amyloglucosldase may a>
not be phoéphorylated at a rate concomitant with its production,
After this initial output, glucose uptake increased although not

Jsignificantly, to a level of 0.35 + 0. ISP&M/g/mln by 60%, which is
higher than the maximum values that have been reported in muscles per-

forming twitch contractions of 1 to 4 per second (Chapler and Stainsby,

1967; Costin et al., 1971) and is comparable to that reported?at twitch

rates of 5 per second, and during high 1ntenslty rhythmic tetanic
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5/,
and Katrusiak, 1974). However, the degtree offvariation in the glucose
data was large, and failled to illustrate significant relationships

with any tension decline or time indices, thus eliminating it as a
possible limiting factor itself, or indication of any limiting factor
related to its respective uptake, metabolism or release.

The only comparable result in ghe arteriovenous FFA data was an
output of FFA by muscle at rest. This phenomenon has been‘reported by'
previous investigators (DiPrampefo et al, 1969; Keul gﬁ_gl.,‘l974)-_
During the contraction period; there abpeared fo be no consistent trend
relative to FFA uptake or release and the vafiability was extremely
“high, Similarl&, the R.Q. estimates, élthough indicating a trend-
towards fat metabolism toward the end of the contraction periods in
the prolonged experiments, showed a large amount of inte;-animal var-

iation, Conéeqﬁeﬁtly, no discernible relationships of either arterio-

venous FFA or R.Q. with tension-time indices were demonstrated.

Musgle Tissue Concentrations and Tension Decremen£

Measured muscle lactate concentrations during contractions
(Table VIII) were lower than those reported in s%?ilar preparations
(Hirche/gg_gi., 1973a; Hirche et al., 1975), in stimulated rat gas-

érocnémius muscle.(ﬁdington et al., 1973), and in the quadriceps muscle

' of humans pérforming at 75% of maximum aerobic capacity (Karlsson et al.
1971) . During the wérking period muscle lactateconcentration was

more highly related to tensioﬂ decrement indices than any other single
metabolic parameﬁer (Table XI, Figure 7). This result, in conjunction
with the arﬁeripveno;s lactate daté, support the suggestion that lac-
tate accumulated in the muscle during the initial period of‘contraction,‘

either constituted, or was in some way intimately related to, a factor
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limiting the ability of the muscle to maintain a high degree of work
output. A limiting aspect of muscle lactate accumulation, mediated via
a concomiltant increase [n intramuscular hydrogen ion concentration, has
been proposed by a number of invgc igators (Karlsson EE,Ei" l97b;
Karlsson et al., 1972; Hermansen et al., 1972). Katé (19705, on the
basis of researchldn acidotic heart muscle, proposed the éoncept that
the negative inotropic effect of acidosis may reflect a decrease in

"

the number of active actin-myosin interactions due to displacement of
N :

troponin-bound calcium ion by hydrogen ion.  Fuchs et al. (1970) invest

gated ~his possibility in vitro by examining the binding capabilities

-

of isolated rabbit skeletal muscle troponin and calcium, which decreased

at pH levels near those reported in the muscle of ezercised humans -
(Hermansen et al., 1972). Recently, Hirche et al. (1975) ﬁave
presented data which further-support this concept. 1In their inves-
tiéation, the pﬁ of the artérial blood supplyihg the working gasﬁroc-
nemiuskmdscle preparatioh was altered by infusiop. of either sodium
bicarbonate or hydrochloric acid: ‘During the work period,iboth con-
-ditions resulted‘in.éiﬁilar muscle lactate concentratipns. Following
the first 5 to 6 minutes of work, the condition of increased blood pH
resulted in a ﬁigher érteriovenous laétate difference, a cbrresponding
faster decrease in muscle lactate concentration;vand'a slower decrease
in muscle oxy~~n uptake and work power‘per t ime than the acidotic con-
dition. Their conclusion was that lactate accumulated in the muscle
cell and impaired work performance early in the work»ﬁeriod,»an& that
the alkaline condition enhanced removal of this limiting metabo;ite
‘dhring the ensuing work period, thus decreasing its influence or the

influence of H+ on tension development. This proposed negative
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influence of muscle lactate acéumﬁiation or decreased pﬁ on WVSCle
tension development is supported by the results of the present étudy,
and also Helps to explain the lack of relationship,between lactate ar-
teriovenous differencé and tension decline at any tiﬁe during con¥
vtractionsr

The éoncept of production of large quantities of lactate under
conditions of aeroBic‘sufficiency has been pfﬁposed (Jobsis and
Stainsby, 1968) and opposed (Hirché EE;§£°’ 19735. Jobsis and Stainsby
(1968),‘qtilizing a fluorimetric technique for ;ontinuously monitoring
the redox state of pyridine nucleotides iﬁ mitochondria‘of canine
muscle, illustrated a continued oxidation of NADH during twitch and 5
second tetanic contfactions, in spite of lactate‘produétion. This

result, in conjunction with the measured increased reduction of pyridine

nucleotides with forced hypoxia during contractions, supported their

claim that iéctate was produced in muscle during periods when mitochon-
dria vere well-oxygenated. This deéiease in reduction of mitochondrial
pyridine nucleotides began immediately upon initiation of contractions,
thus suggesting the absénce of hypoxia evén durlng the initial period
of cogtractile acti&ity.» Edington et al. (1973) have more recently
shown a progressive increase in muscle iactate concéntratibn ﬁo levels
as high as 34 pM/g, during 10 minutes of stimulation in rat gastroc-
nemius mﬁsgle, in spite of evidence.of welléo#ygenated mitochondria.

The results of the present study support the concept of lactate prod-

uction by "aerobic glycolysis'" (Hivche et ai., 19735, in light of the

- fact that there was no evidence of mitochondrial hypoxia at 80% of

- original tension development (2 to 3 mirutes from beginning of stim-

ulation) in spite of high muscle lactate levels, negative arteriovenous
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lactate differences, and repid tension decline.

Hirche Eﬁeééf\(l?73’ 1975)‘bése their claim of no aerobic prod-
uction of .lactate on t£2‘ observation that estimated lactate production
calculated by comparing ;ZLcle lactate decrease and lactate arterio—
~ venous difference during thg same period, did not occur after the
inftial period of 0 dekicit Qalculations (Table III) from t'.

\\_
results of the present study suggest bﬁat in fact, lactate was being

produced 1in these muscles after the initial hypoxic period during con~-
tractions. The time period between the attainment of 50% of original
tension and the measurement of mus.le lactate at the end of the SO/L
experiments was apprﬁximately 36 minutes (Table I). The mean lactate
decrease in muscle during this time was. 0.25 /AH/g (Table III). If we
agsume ;ﬁ average lactate arteriovenous difference during this period
of -0.0Z;pM7g/min (Table III), then the totai'efflux of lactate from
the muscie ipﬁo fhebblood during -the 36 minute period would approach
2.52/4Mfg./fSince chis estimate of lactate efflux is more than 10 times.
thatIWhich/can be accounted for by merely a washing eut of muscle ac-
cumulated lactate, it‘must be assumed that lactate is still being
produced by the muscle in spite of evidence of attainment of a met~
abolic and contractile steady state. ‘th. magnitude of lactate prod-
uctiod calculated fromvthe present experimental'data is probably gross-
ly underestimated, since the lowest. lactate arteriovenous difference
during this period was . . aed to be the average for this period

(Table III), and no account was made for disappearance of some of the
lactate produced via oxidation by the working muscle, which has been

shown to occur using isotopic lactate (Jorfeldt, 1971). It is sug-

gested that the lactate output from the muscle as estimated by Hirche



et al. (lé?Ba) may- haye involved relatively large errors in(éstimate
due to their failure to account for the rather dramatic changes that
appear to occur in plasma @Lter content of the blood perfusing the
muscle duriﬁg high metabolic rates. FolloWing the initial high period‘
of water influx during the first 3 to 10 minutes of contraction (Table
I1I), a subsequent release of this acéumulated water from the muscle
could produce an apparentvuﬁderestimate-of muééle lactate efflux /
thfough a\venous diiution effect, which might account for‘the incon-
sistency of the results of'Hirché et al. with those of the present
study. | |

The attainment of a steady state in muscle ATP concentration after
2 to 3 minutes of qontracfile activity has béen shown to take place
relatiVely independently of work rate'(Karlséon et al., 1971). An
attainment of s#eady state ATP concentration by 80% of original ten~
sioh‘development occurred in’thcvcurrent invéstigation. fhe subséquent
ATP level remained statistically uhchanged aZter the 80% interval,
in‘Spite of varying_deérees of tension decrement at th- -imes when
tissue sampieSVWere taken (Table VI). This situation, exemplified
by the lack of significaﬁt correlation between tissue ATP concentra-
tion and tension decline, is suggestive of the minor role played by

ATP depletion in the tension capabilities of the muscles contracting

-]
in this experiment. If it is assume: ot the majority of ATP in
the muscle cell exists in the cytopagmic . upartment, as is the case

in the liver cell (Krebs, 1973), then the muscle tissue appears to
maintain a relatively constant level of cytoplasmic ATP, after an
original drop to a steady state, which is not limiting to contractile

capability. It is understooq‘that metabolite concentration, as




”“-eétiﬁ&ted‘aﬁfpny given point in time, does not yield di#ect information
hconcerning métab01ic turnover. It can be assumed, nonegheléSs, that
.ag the level of the contractile machinery, the concentration of ATP
1mmediate1y before contraction would dictate the tension of the sub-
sequent‘qontraction.‘ If this assumption,is valid, a period of rapid
‘tenslon decrement would be associated with decreased ATP levels, if
ATP availébility alone were the limiting component. Theréfofe, the
lack of relationship b=tween ATP conqgntfation and tensibn decrement
dﬁring contractions supporis a concept invoiving interference of the

contractile process, perhaps modianted through lactate accumulation,

independent of the availab:i. ol ATP. This 1s further supported by
evidence (Cerretelli et al 17459) that ATP levels during contractile
activity can be decreased . leve: 1owér thén ?hoSebmeasure in the

present study.

It is accepted that crz t‘ne phosphate (CP), while not constituting

a direct~§nergy soufée for contractile actiVity, serves as a source of
high energy phospﬁate for the rephosphorylation,of ADf (Lohmann, l§34).
Decreases in CP as a result éf muscular activiti are generally more
pronounced than decreases in‘ATP qoﬂcentration. Thié phenonnhon ié
most likely due to its faciiity in tra#Sphosphorylating ADP + ia the
créatine kinase reaction (Sahlin fﬂijﬂk-i 1975); and the necessity of

" its rephosphorylation only via ATP durihg the‘period immeidately follow~
ing contractile activity OKcGilvrey,‘l97S). As opposed to ATP decrease
patterns, CP conceﬁtration can approach depletion levels as a result

of high intensity contractions under forced -hypoxic cpnditions
(ﬁultman'gg_gi., 1967; Karlsson et al., 1971; Fitch et al., 1975).

The results of the present study illustrated CP levels above théce

v
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‘réported in muécles contracting at highex metabolic rates (Cerretelll
et.al., 1969; Edington et al., 1973; Fitch et al., 1975) in splic of
‘resting values which are relatively low compared to data reported lrom
similar preparations (Pilper gg_gg,; 1968; Piipet andySpiller, 1970;
Hirche et al., 1973). This suggests a sufficiency of high energy phos-
phate for contractile activity, especially in view of the lack of
relationship between rate of tension decline anl CP concentration at
any point during rhythmic'contractioﬁs. The fact that'CP concen;ration
was significantly related to percent of original tension, and not to
rate of fensionvdecline; reflects fhe stress put on this CP high energy
phosphate étore during the periods of highest ATP_hydrol&s;s and need
for ADP'rephosphorylation, during the periods of highest work thput.
The cyt&plasmic andﬁmitochondrial redox states of'thé pyridihe
nucleotides are within the ;aégs outiined by Krebs (1967) in rat liver,
| illustrating a,cytoplasmic‘INAD+J/INADH] ratio which is much higher -
than the mitochondrial ratio, Dﬁring tﬁe contriction period, the
finding of an gpchanged mitochondrial [NAD4 ADH] ratio appears to
vcontradict thV/results reported by Ediﬁgton_ggiil. (1973). However,
. the fact that their muscles showed no apparent'fatigueimay account
for part of this difference, as well as the fact "gt rat %uscles were
uged in their experiments. Jobsis and Stainsby (1968) have shown in-
creased levels of pyridine nucleotide oxidation during contractions,
as have Jobsis and Duffield during very short contractile periods (1967),
in both cases utilizing a fluorimetric monitoring technique wgich is

relatively selective for mitochondrial NADH (Jobsis and Duffield, 1967). . -

Edihgton et al. (1973) claim such an increase in mitochondrial NAD+
. N “; - N
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compared to the reduced form is Zadicative of limitations in the suppiy

of reduced carrierc to the respiratory chain, although this limitation

work performance decrements. The results

. of the present study suggest an abundant availability of reduced ecuiva-
lents duriﬁg contreztion, as evidenced by an unchanged mitochondrial
[NAD+}/[NADH ; This may be a direct reflection of the low relative
wvork icad Imposed on the muscle. It would seem that az limitaticn in

che éVailabiiity of reduced carriefs, as reflacted by an increase in

the ecstimated [NAD+]/INADH] ratio in mitochcadriea, -ould eiist at work
loads approaching'maximum aerobic capacity, and not at ‘the subméximal

. . ; d
loads used in this study. ' 2

‘ N . .
The cytoplasmic [NAD ]/[N.2H] showed a significant decrease by

zension development, which gradually tended to reve::

9
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working humar. muscle (Karlsson, 1971).
The oxidized form of NAD+ is a vital component in glycolysis &t

the step catalyzed by the enzyme glyceraldehyde-3-phosphate dehydro-

¢ {Newsrolme

tion must be elther reoxid.zed by the coupled conversion of pyruvate

to lactate,

b

or via one of the several '"shuttles” {Boxer and Devlin,
1961 which are khown ro function as transport mechanisms of cytopiasm
génefatea electrons into the mitochondria. In attemptihg fo explain
the lack of similarity in chan, .5 sccu in cytoplasmic and mitochordrial
[KAD+]/[NADH}, dne might be tempted to propose a mechanism whereby the
transport of cytoplasmic reduced equivalents into mitochondria via
" shuttle mechznisms is impaired. However, the results indicated that
mitochondrial [NAD+]/[NADH] remained unchanged, suggesting that, at
the workloads imvosed in this st;dy, the shuttle of reduced equivalencs
was sufficienf to meet the rate of flux through oxidativsz phosphory-
Lation.
Increases in L7 roncentration Zn muscle tissue are known to be

¢

‘potent :iimulators of glycoi, sis (Danforth, 1965; Hollouzy. 1975). .

nroduckion o ALP ¢ o resulf of eontractiic actlwit, and dtg diffustoo
G oivo.ty of the ochondria: Tﬁladdition, transiccon s has
Lack  cognnes (Plingenitarg, 1970) which _nclados i o DVANSPOT
9P into the mitocl . lvilel matrix, in exchang: for an LTP molecose.
ENTTTI ﬁhu'ﬁ colve ~voduction of Au?ias a ﬁ.of contractile ac

- LN PR S-SR S SRR S U
e ,5«.;}»’(;01;‘;.&.[‘ cerore actun v reachl

the site »l wephosphorylation i e mitochondrial matyin chus resul-

ting in mfssiVe glycolyeie flux in the ';F{énn of adequelc oxygen
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{

v éupply. Such/a concept becomes more feasible when considering'that

]
i

fast twitch fibrés use ATP very inefficiently in producing tension

. (Wendt and Gibbs, 1974), and that these fibres have relatively high
glycolytic aﬁd low oxidative pbtential (Peter et al., 1972). it is
possible that 2 major proporiion of the tension decremen:i wilinessed in
these éxperiments is a consequence of metabolic occurrences in’the
working fast twitch fibres, and the accumulaﬁion of end-products such
as ADP and lactate in these fibres during the wofﬁfﬁg period.-

These mechani

 weuld expla}n many of the métabqiic and contrac-
tile phenomena seéﬁ in this>investigation. Ag the onset of contraction,
the large increases in ADP, as well as Ca++ release during stimplation‘
of the muscle, trigger increased glycolytic flux almbst immedi;tely

(Danforth, 1965; McGilvrey, 1975). Due to inter-~ and intrarsll dif-

fusion and transport time qf’ADP into the mitochondria, ADP

begin to result in the production of levels of pyruvate not qkiéizable
. N / //

. ! /
by the mitochondria, especially in the contracting fast twitch fibres.
3 . /

Since the mitochondria are under the control'Of/ﬁbP and 1ﬁorganic phos-

phate supply, the diffusion and trancpoft time of ADP produces a

st dm Ton of glycolysis ud lactate productién it fast twitch fisves,
while the glov oxiddative portion of the muscle is working submaximally.
The result is lactate andvcytoplasmic LDH accumulétiona since HADE
cannot Lo "foreo fed" into = mitochcndriﬁl systenm under ADP coni ol.
The citimulation of glycolysis by ADP may o amplified ocut of
roportion with concomitant stimulation of’aerobic metabolism, as out-
Ilined by McGilvrey (1975}, a faect which enhances "zerobic lactate.
producticn’. 'In,a&@&tiong it has heen prosuesed that the zcetivity of
glyu@uolw3-phbsphate dehydrogenase, which is utine enzyme involved in the
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shuttle of reduced equivalents in the fast twitch fibre, may be small
in thisAfibre relative to the activities of glycoiytic enzymeg (McGilvrey,
1975), which would help explain the cytoplasmic accumulation of NADH
ar the 30% inzerval.

it 18 feasible to propose that a limitation in the availability
Aof cytoplasmic NAD+ at 80Z may have been preventing sufficientvc;to—
plasmic ATP production via glycolysis, thus resulting in tension decline.
The fact that muscle ATP and CP concentration showed no dramatic al-
terations after the initial attainment of steady state leve} fails -to
support this proposal. 1In addition, the lack of any glycogen depleted
fibres by the 65% sampliné interval,’

At

to this point, again supports the concept of lactat: jnter‘erence with

ﬁspit%,of rapid tension decrement
the contractile process, as opposed to depletion of an energ§ asurce
vital for contraction.

The éetabolic basis for the difference in steady state tensions
in the €57L and 50%ZL level-off groups ie equivocal. The only consis—
tent difference between the groups was a gignificantly lower muscle
lactzte concentration in the s£imulated versus .the control muscle in
the 65%ZL group, which did not appear in the 50%L grcup data. In ad-
diticn, the hist: themical stalns suggested:a higher glycogen content
in the slow fibres of the 65%L group as opposed to the 507L group ;ﬁ
the end of the contraction perlod, although no sﬁatisgical analysis was
pézforméd to degermine’the signifiéance of these differeéces. This
apparent differenct in slow twitch fibre glycogen conﬁentmmay be in-
ajcatilve of the g?ycogen»éparing effect seén ig'aerobically trained ;
mugc: o ilssue (Baldwin et al.,51973). Hoiloszy {“. 5) piornses that

trained muscle; iissue can perform aercbic-type vork at an intensity
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similar to untrained muscle with less glycolysis, due to the fact that
the increase 7 tochondrial number with training allows less of a
buildup in ADP during work, and thus a smaller degree of stimulation
of glycolysis. It is conceivable that tﬁe.muscles of the 657L group
are comparable to aerobically trained muscles in .Lerms of enhanced
oxidative capacity, theréby allowing the continuation of contfaction
at a submaximal metabolic rate with a lesser degree of glycogenolysiff
This proposal 1is supported by the relatlonship between (AfV) lactate'
difference at 65% and the level-off: tension (Figure 8), and by the sig-
nificantly lower muscle laqtate concentration in the stimulated muscles,
a§qopp08ed to fhe resting control muscles, of the GSZL group (Table

XIV). Although both the level—off group musclés experience siﬁf

tension decline characteristicsﬂduring the initial contraction ;

the subsequent attaimment of steady staQe;tension‘developmentﬁwﬁg

ably related to the degree to whfrh the muscles could phosphorvylate
ADP in the mitochondria and ﬁhué,aﬁare fibre-glycogrn for continued

contraction, as the negative influence of the lactate accumzlation was

béing removed. Kugelberg and Edstrom (1968) using stimulated rat

muscle, concluded that the initial fast drop = ~lon seen In their
expe;iﬁénts was due to "exhaustion of the gly: 'ytic . inery' of t. ..
‘fast’twitch fibres, as suggested by aegativé Pi “oetior fz st
twit . fibres at the end of thelr expériﬁenis, Thiu v iz uphe.d

in theipresent,study, with the exception thatr the initlal rapid drop

in tension is due‘to interference with éhe con;ractile prbce53 in these
fibres, while the final steady level tension reached by th? cortracting
muééle is felatad‘tu“thé raté and exrent of substraﬁﬁ;deple%ion'in‘all
fibres, |

i
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Proposed Hetabolic Mechanisms Associated With Tension Decline

Metabolic evidence in the current investigation suggests that the
muscles Qorking under the descriﬁed experimental conditions were not
hypoxic during contractions, as evidenced by the oxygen uptake and
blood gaé data, and the sﬁate of pyridine nucleotides in the mitochco-
dria. In addition, supply for ATP for contraction was apparently con-
stant in spite of altering degrees‘of tension decline, with additional’
evidence of adequate Phosphorylating power in terms of creatine phos-
phaté concentratién threcughout the contraction period. Glycogen
availability appear:d to be adequate during the initial_ph;se of rapid
tension decrement, as suggested by the trends‘seep in fhe PAS—-incubated
muscle sections.

The relat%onships between mpécle :id arteriovenqus lactate par-
ameters and the muscle tension characteristics suggest an influence of
lactate accumulation or tension caﬁabilities in working‘musélen
Decreases in pH are known to affecf glycolytic flux ac-ersely (Danfor;h

©1965; Trivedi gi_gé‘r 1966) , especiélly at the level of phosphofructo-
kinase, as well as the phosphorylase system (Hultman and Bergstrom,
1973). Recent&?yidence (Sahlin EE;Eljo 1975) has also suggested an
effect of decreased pH on the creatine kinase reaction, thus influen-
cing fhe delivery of hig: =nergy phosphate to Ab¢. Such effects of pll
on ATP-gsupplying mechanisms would be expected'to recult in a.lérge
decrease in both ATP and CP concentrafion as tension dacline wvas occur-
ring, a pﬁenomenonvwhich was not ﬁanifest in the present study. The

7 metébolic evidence lends support Lovthe hyéothesis that the lactate
accumulation, and perhaps the.éorrespénding decreasé in ph, influences

muscle contractfon by neans of a competitive interference, rather than
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an‘effect on enzyme s&stems responsible for suéplying ATP.

Rapid tension decrement occurred during the initial phases of con-
tractile activity in spite of evidence of well-oxygenated mitochondria,
- as suggested by the oxygen uptake-and blood gas data, and bv the
mitochondrial [NAD+]/[NADH] ratlo estimates. This phenomenon suggests
a problem of metabolil communication ﬁctween the miLochoﬁdrion, where
ATP 1s generated n1e1-pically, and the cytoplasm, where ATP is being'
hydialyzed during contractions and r- ' .glzed via CP and glycolysis.
It is ﬁroposedbphét éhe majer communication problem may occur between
the fast and slow twitch fibres,-which Vary considerably in the rate of
ATP utllization during contractiona, and in their respective capacities
for glycolytic and oxidative metabolism. The contracting fast tw1tch‘
fibres, when stimulated maximally, may produce ADP in quantities whi
are within the capabilities‘of muscle mitochondria to phosphofylateﬁ
Sut'which aré not immediately available to.thése mitochondria due to
~diffusion and trahspogt barriefs. The reéult is ouimulation of gly-
colysis, lactgpe.production, and the subsequent effect of lactate on:
contractile cgbabiiities, It ié worth noting that the 1cve1~§ff ten
of these cﬁ”““acf;:q o Tog ds wi 1nin fhe range of per cent nomDos£L
0f slov twyitech fibres,‘suggesting that tension decrement may involve
primarily the fast tw:tch fibre. Although the PAS iuncubated sections
attest to this, anerlmental relationship between {ibre composition and
. level~off tens}'f-aas not evident (Aépéndix E).

It is proposed that the negative effect of muscle-accrwmlated
laétate on fibre contrac;ility decreases gradually as lactate is

washed from the muscle, and that the subsequent attainment of a steady

state in tension development reflects the musclie's capabilities for
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aerobic ADP rephosphorylation. The significant negative relationship

between muscle lactate output at 65% of original tension and the level-

off tension attained during the longer experiments suggests that the

’1muscles levelling off at the higher tensions were capable cf shutting

down glycolysis to a greater extent, and at a faster rate, eérly in the

tontraction period. Other inveétigators have examined this "glycogen
sparing' characteristic in trained muscle (Baldwin et al., 1975;
Holloszy, 1975; Séltin, 1975), and attribute it .o the Tact that the

increased number of mitochondria as a result of rrainirg allow the

maintenance of relatively‘low muscle ADP levels lnring work. The ap~ .

parent difference (Appendix F) in glycogen content of the fibres of
the 657L and 50%L groups at the end of the contrsciuion period further

support thL? concept.

The massive recruitment of fast twitecli /ibro- during maximum elec-

S;ical stimulation of mi scle 1s a well kuown pheromenon (Kugelberg and
jgdstrom,‘1968; Edgerton ét al., 1970; Fitts Eﬁléé" 15733, ahd'was il-
lustrated in‘the present seriles of ewperiments by a rapid glycogen
depletipn in these fiBres, compared to the slow twitch f{ibres. »lhis
pattern or recruitment has been illustrated in vivo as a result of

high intensity intermittent isotonic exercise (Colinick o= al., 127

Armstron et al. 1974 and during intermittent isomeiric contractions
9 2 o

which are above 20% of maximum voluntary contraction (Gollnick et al.,

1974; Hulten et\al.9 1975). 1Isotonlc exercise of 2 submaximal prolonged

nature, on the other hand, appears to involve fibre recruitment pat-

ternc which tend to gradually deplete the glvcogen stores of slow twitch

fibres (Gollnick et al., 1973; Armétrong et al., 1974}. 1In research

involving-working muscles which are heterogenous in fibre composzbion,

5
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one must be aware of the implications of drawing conclusicns from

muscle tissue concentrations aé measured in heterogenous samples. At
the present time, the inter-fibre diffusion capabilities of many of the
metabolites measured in the present study are unknown, and concéntration
estimaces from tissue plilugs may represent mean values repreSenting
metaboli. .xtremes occurring in different fibre .. Effcuito in the

future must be made to estimate (he meiébolic occurrences in individual
fibre types in responsé to contractile activity. In addition, attempts
at outliniﬁg metaﬁolic factors associnted with fatigue in muscle,
egpecially when utilizing‘the isolated muscle as an experimental model ,
chould aim at simulating as closely as possible the types of contraction
that occﬁr in vivo. This will require further understanding of the
afferent and efferent neural mechanisms involved in voluntary con-

tractions of various types and intensities.

~Summary and Conclusions

Based on tﬁe éxpérimental resulits of the éurrent inVestigation,
the following conclusions appear justified:

1. TIn maximally coptracﬁing huscle, lactate accumulatioﬁ appearcs
to exert a considerabie effect on the ability of the muscle?to maintain
high tension development during contractions. The reculcont rare of
decrement in work perforﬁanée is ldpearly felated to tissue lactate
concentration.

2. This effect of lacfate accumulation is most likely a direct‘
competitive effect on the contractile machinery, and not merely an in-
derm of the deéree of hypoxia pfeseht; This is illustrated by the fact
that ATP, CP and mitochondrial [NAD+]/[NADH] had reached steady state

levelm‘by 80% of original tension; in spite of rapid tension decline



" occurring at this interval.

Recommendations

1. It is recoﬁmended that future research aftempts be aimed at
determinihg the differences in metabolic brofiles in the various fibre
populations of a muscle performing fatiguing work, and the influence
of one fibre type on another in determining total muscle performance.

2. Reg:zurchers utilizing isolated muScleipreparations should
attemptvtovsimulate more closely the Lypgs of contfactions that occur
during voluntary cxercise of various types.

3. The systematic investigétioﬁ of the effects of factors such
as "warm-up" and diet manipulation on the contractile and mgtaboiié
rcuyonées of isolated muscle to rhythmic contractions 1ld assist in
extending thefiimits of hgman perfo:maﬁce during exercise, especially
in those types‘ofbperformance which appear ac preseni to be limited

by muscle metabolic profiles.
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REVIEW Of LITERATURE

FACTORS TRADITIO}}AL‘LY ASSOCIATED WITH MUSCLE FAT;GuE

In the i;veetigetion of theifattors uhich limit muscle performanqe
during repeated contractions, metabolic studies‘employihg either isolgted
muscle preparations, exerciaing animals or humans have attributed the
revereible muscle*performance decrement to various metabolic occurrences,
Each of these alterations in muscle metabolic etate can be categorized
into one of the four basic processes as outlined by Simonson (1971):
accumulation of substances;‘depletion of substrates; changes.in the

physicochemical state of the substrate; or disturbance of regulation

: end coordination of metabolic procesees.

Depletion of Hiéh—energy Pnosphates‘(ATP) CP)

Adenoeine tripnosphate (ATP) is the source of the energy of muscle
contraction (Lohmenn, 1934). There are several metabolic means through
which ATP is continually resynthesized' via oxidative phosphorylation
in mitochondria from ADP transphosphorylation of creatine phosphate
(CP) through the enzyme creatine phosphokinase; from ADP with the for—
‘mation of ATP and AMP through the enzyme myokinase and via glycolysis
(Lehninger 1972). ‘

In light of the importance of ATP as the ultimate énergy source
for contraction many investigators have focussed their efforts towards
attempting to correlate tissue ATP and CP concentrations with the onset

- of muscle fatigue. 'Hultman, et al. (1967) reported the first data on’

muecle‘ATP and CP concentrations in humansfduring exercise. Theilr

e
4

results indicated a correlation between bicycle ergometer work load
and CP concentration at the end”of exercise, ‘and illustrated a gignifi-

cant CP depletion (close to zero) and ATP reduction (to 40% of original

99.
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\reatimg level) ac the end of supramaximal exercise to exhaustion

Hultman et al. concluded that "the limiting factor in heavy’work is

ﬂthe aﬁailability of energy—rich phosphate in muacle" (Hultman EE.El:r
1967), and suggested reasons fof this depletion during different in-
tensities of exercise. : , , : L

Gubjarnason et al. (1970; reported a "clear relationship"lbetween
contractility and CP levels in ischemic heart muscle, thus upholdiné
the hypothesis of Huitman et al al‘ (1967). These investigators expressed.

' the belief that CP acts as an energy shuttle between the functionai ATP
| compartments, and that myofibrillar ATP 18 not reflected in total tissue
ATP levels, but rather by cp levels together with creatine phosphokinase
activityz Spande and Schotteluis (1970), using mouse soleua muscle
stimulated tetanically once every 20 seconds for three hours, reported
that the isometric tension developed'by’the muecle wasg d;fectly propor-
“tionel to its CP conceneration. _These‘seu;ces, in addition to a report
5y Karlsson et al. (1971) of a linear relationship between ATP and CP
deﬁlet%on anﬂlrelative ergometer work load, tend to support the concept
that there are measuraﬁlegdifferencee in the tissue‘concentratiehs of
high-energy phosphates that can be associated with muscle fatigue.

On the other hand, evidence exists which tends to contradict
thisﬁfelationship. Karlsson (1971) reported that, in humans eiercisingv'
on a bicycle ergometer above 90 to 1002 of maximum oxygen uptake,
quadriceps phosphagen (ATP and CP) stores were depleted to minimum.
values after 2 minutes of exercise, 1ndependent of whether or not the
sibject was exhausted,”and'pnderwent mo further réﬁuction with continued
exefcise.‘ Thie,eeme phénomemen occurred at work loads capable of ex-

“hausting the subjects in 2 to 3 minutes,-s to 7 minutes, or 15 to 20

.
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minutes (Karlsson and Saltin,-1970). Karlsson and Saltin (1971) 1i1-
lustrated that, during ihtermittent bicycle ergometer exercise bouts to:'
exnauation, quadriceps ATP and CP concentrations progressively declined
over 5 bursts, even though fatigue occnrred at each.work bout. A sim-
ilarvlack of aignificant relationship between muscle exhaustion and
muscle ATP and CPnconcentrations has been illuatrated'in cases where
the contraction is isometric, at different intenaitiea (Karlsson and
Ollander, 1972) |

In spite of the apparent contradiction, attempta to correlate

high—energy phosphate concentrations and muscle exhauetion are neces-

sarily limited by experimental factors. ?ﬂuggestions that various
functional ATP pools may exist in muscle (Gubjgrnason et al , 1970
Edington et al., 1973) render questionable many concluaions based on
meaaurementa on whol; tiasue samples. In addition, the extreme rapidity
of AIP resyntheais (Simoneon, 1971 Lowry and Paasonneau, 1972) con—
traindicates the use of time-consuming tissue extrication and freeaing‘

‘techniques®which are characteristic of many of these studies.

Depletion of Muscle Glyeogen

The impoFtancelof catbohydtate as an.energy source for ATP resyn-
.theais'dufing~contraction has been estaolished by many investigators.
Costill et al. (1973) has calculated using reepiratory quotients, that
during a 30 km run 60 to 65% of the total energy requirements are
derived from carbohydrate sources, and during a 10 mile run at 80% of
“maximal onygen’uptake, the‘contribution of carbohydrate to total energy
expenditure may range from:67 to 87Z.i Carlaon eL et al. (1971) reported
with humans exercising on a bicycle. ergometer at 702 of maximum oxygen

uptake carbohydratewmetaboliam conatituted 61% of the total exerciae



N o - - ioz.

‘ oxygen nptake, with two;thirde of the‘cerbthdrate oxidation attributgble
to‘glycogen breakdown. In the in situ dog gastrocnemius muscle,
DiPrampero-gE_gl. (1969) estimated that,.in working muscle requiring
S times the resting metaoolic rate, 52% of the exercise oxygen uptake

'--waevﬁeed for cerBohydrete onidetion. nhile at 10 times reeting metebolic.
rate, the metabolic contribution of carbohydrates was 62%Z. They also

~concluded from their arteriovenou; data that most of the carbohydrate

oxidized'wee from endogenous sources. Similarly,‘Hirche‘gﬁ;gl. (1970)
reported a 602 contribution of muscle glycogen cetabolismlto the totel
energy requirements in dog gastrocnemius wbrking at 80% of maximum oxy—
gen uptake, while Chapler and Staineby (1968) suggest that dog gastroc-
nemius working at 20 to 40 times testing metabolic rate utﬂizes 50 to
90% of the exercise oxygen uptake for the purpose of carbohydrate

'metabolism. | o

In spite of the obvious importance of muscle glycogen in thq9con—
tinuation of prolonged exercise,‘estimetes of muscle glycogen utilization
based on quentitative measurements of whole tissue pieces have yielded

contradictory results.  Carlson et al.. (1971) and Ahlborg et al al. (1967)
have suggeated that muscle glycogen depletion limits performance at 60

. to 70X of meximum aerobic cepacity, based on positive correlation bet~ ] )

ween bicycle ergometer performance time to fatigue and initial muscle ' //

“glycogen content and between muscle glycogen depletion end performance
time Other euthore have arrivedﬂat similar conclusions based on -
‘muscle glycogen depletion profiles in humans (Saltin and Karlsson, 1971
Taylor et al., 1971; Hultman and’ Bergetrom, 1973), animals (Terjung

et al., 1970), and ieoleted muscle (Hirche et al., 1970) working at this

approximate intensity level. ASaltin and Karlsson (1971) hypothesized

v
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that, between 65 and 89% of;maxihum.oxygen uptake, muscle glycogen -
seems to be the limiting factor for prolonged performance. They sug-
gested that, at netabolic rates greater than thie, muscle glycogen
depletion 1s not a factor in liniting peréormance,'but the accumulation -
of anaerobic metabolites may . contribute to fatigue.' \

There are reports, however, based on whole tissue concentration,
‘tnat have contradicted;thie‘prqposed relationahip between muscle gly—
cogen depletion and fatigue. Chapler and Stainsby (1968) reported no
g more than a 75% depletion of glycogen in stimulated dog gastrocnemius,
| even at the’ oneet o/(;etigue, and Stumfhauser and Lamb (1973) showed a
60Z depletion in fatigued frog sartorius. Costill et al. (1971),
studying humans performing exhaustive 10 mile runs‘on 3 eucceesive days,
found that on the third day eubjecte nere able to run the lO_mile route
with pre—exerciee'quadriceps‘glycogen concentrations which were lower ‘ -
than those measured at the end of the first. exhauating run, and thus
concluded that muscle glycogen depletion did not cause fatigue in this
. case. Ini ther inveetigation, Coetill et al al (1971) reported sub~
stantial uantities of glycogen remaining in the vastus lateralie,
‘gaetrocnemius and soleue muaclee of fatigued_subjects following a 10
mile run, thereby substantiating their claim thete"glycogen depletion
ie an unlikely explanation for thenfatigue ekperienced by the subjects
in thie investigetion" (Costill et A1.;‘1971). These results were |
found in spite of the fact that the metabolic rates of the runners were
maintained within the range suggeated by Saltin and Karlsson (1971) to
be dependenx gn‘musclevglycogen concentration. |

- More recently, research into thegneterogeneityjof muscle fibres;_
relative to contraction speed endlmetabolic‘profile (Peter et al., l973);

' \\.: e ’ x4
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and the role of this heterogeneiCy -exercise, has yielded.more specific

information regarding the utilizetion of muscle fibre glycogen during.
\

verious intensities snd durationa of work , Using the PAS staining

technique for glycogen (Pearse, 1969) it hag been illustrated that it °

18 possible to demonstrate-the relative glycogen content of individual

' muscle fibres, provided that the musole glycogen concentrstion does not

exceed 80 mM glucose units per kg (Piehl 1974) Using this stein in
conjunction with stains for’ myoein ATPase (speed of contrection) end an
oxidative enzymé such as NADH-disphorase (oxidative potential)(Peter

et al., 1972) glycogen depletion patterns in individual fibre populations
’\.“

'have been demonstrated ‘which are specific to the, type and duration of

exercise. Electricsl stimulation of the muscle belly or nérve trunk in

v

an isolated muscle pr%psretion has been shown to elicit a rapid gly—

_cogen utilizstion in fast twitch fibres (Kugelberg and Edstrom, 1968

Edgerton et al., 1970) This heavy recruitment of fast. twitch fibres,

as evidenced by a decrease in PAS staining intensity in these fibres =
conpered to slow twitch fibres has also been illustrated in vivo exer-
cising muscle as ‘a result of high intensity work (Gollnick et al., 1973

Armstrong et sl., 1974 “Piehl, 1974), rhythmic isometric contractions

- above 20% of maximum voluntary contraction (Gollnick et al., 1974)

snd_ei‘thegend of prolonged,pxercise, at intensities up to maximum oxy-

. gen uptake after the msjority of slow twitch fibres have been depleted
- of glycogen (Gollnick et al.. 1973' Piehl et al., 197&0 ‘However,
,glycogen depletion pattg;ns suggesting recruitment of primarily slow

; twitch.fibres hss been illustrsted in working muscles during exercise

at submeximal intensities maintained for prolonged duretions (Gollnick

et al., 1973 Piehl 1974) and rhythmic isometric contractions of less
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than 202 Mvcu(collnick et“al., 1974) ~ It has been suggested that the
selective recruitment of fibres during various typs and intensities of
lexercise ‘may be a consequence of differences in act ation threshold
:and/or frequency threshold. between slow twitch and f st twitch fibres
(Henneman and Olson, 1965; Piehl 1974), Whatever the basis for the
“selective recruitment the absence of PAS reaction in shecific muscle
fibre populations resulting from various types of and durations of
exercise lends credence ‘to the hypothesis that. muscle(faligue may be’
. localized to that population of fibres being recruited for the activity.
At,present,na number of'conditions limit conclusions that can be
msde.regarding muscle glycogen depletion\snd’fatigue."The'validity of
using the muscle bilopsy technique has been questioned by Chapler. snd
Moore (1972), who have illustrated the lack of homogeneity of muscle
glycogen profiles when samples are excised from .different portions of
the ‘same dog gastrocnemius muscle. In addition, the procedures for
determining glycogen content in individual fibres is as yet semi—quan—
titative. Finally, changes in the activities of enzymes involved in
glycogen metabolism during prolonged exercise, such as the phosphorylase '
(Danforth and Helmreich 1964) and . synthetase (Taylor et al., 1972) -
systems. may limit the products of glycogen breakdown, and thus enhance
the onset of fatigue, while still maintaining muscle glycogen concen-.
trstions undepleted. e

, Availability of Oxyg_»

Evidence/to date suggests ‘that. the supply of oxygen during exer—‘
\ cise in ‘a normoxic environment appears to be adequste enough to be dis-
regarded as a factor limiting performance. Even during maximal high-

ingensity work the femorsl venous oxygen pressure in the exercising



- . - } . 106,
ot

ihuman decreaa 8 to 21 7 mmﬂg (Keul et al., 1964) which is atill con-
eiderably higher than the criticel venoua pressure of 10 mmHg cited by .
Stainaby and 0tis“(1966), below which muscle begins to show signs of
fatigue due to ihadequate oxygen supply. In an inveatigation utilizing
'dog gaatrocnemiua muecle contracting at 5 twitchee per second (20 to 40
timee reeting metabolic rate) Sobeie and Stainsby (1968) concluded "
that oxygen was in plentiful aupply to the muscle.‘ By féllowing the-
oxidation—reduction level of mitochondrial pyridine nucleotides fluor-/
ometrically, they found that NADH consistently became oxidized in spite
~of lactate producdion by the muecle. Jobsis and Stainsby (1968)
reported a similar tendency towards the" further oxidation of intramit- o
ochondrial NADH when glycolysis was impaired by adminietering iodoacetate,
‘thus auggesting that substrate supply is limiting in fatiguing exercise.
The only case in which they found a tendency towarde the further red-
uction of intramitochondrial NADH‘was when oxygen supply to the muscle .
was eliminated and when-Amytal (amobarbital),,which blocks oxidativel:
phoaphorylation was administered. | ‘

\

Stainaby and Otis (1964), using the in situ dog gsetrocnemius prep-

" aration, reported<that'the work profilee and oxygen uptake of a muscle
‘working at'close to maximum aerobic capacity were constant, in apite of
“blood oxygen teneions altered above and below normal, until a critical |
arterial pO2 of’ 40 mmHg was attained. ~ Below this oxygen .content,  ef-

“fects were noticed on oxygen coneumption and tension capabilities.
bBased on’ thie evidence, Stainaby (1973) has concluded that "the rate
limiting proceaaea would appear to reside within the muscle, £§obab1y
in the excitation - contraction coupling or contractile apparatua .

These consluaiona have been bolatered further by research evidence from

o
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utudies~of prolonged-exercise under conditions of hyperbaric conditions
, (Wilaon et al.. 1975), and the reported high degree of correlation bet-
ween maximum oxygen coneumption and muacle mitochondrial dimension@ in"f

- humans (Hoppelet et al., 1973)

Muscle Lactate Accumulation and pH Chang_
| Review of the literature indicates that the accnnulation of-lactate”
in.muacle tissue, and the concomitant pPH decrease which accompanies
lactate production, may play, a significant role in limiting the con~
."tractile capabilitiee of thefyorking muscle. Karlsson and Saltin (1970)
reported similarly high muscle lactate levels in theAquadricepe musclee
oéimen workiné to exhaustiontin 2 to 3 minutee, and 5 to 7 minutes,
and suggested mnscle 1actate accumnlation as a limiting factor at these
‘work loads. 1In a later inyeetigation; similar\resulta.were reported
from men performing‘exhausting intermittent exerciee bouts on the bic&—'
_ cle efkometer (Karlseon and Saltin, 1971). -Hirche et al al. (1975) have
showy in iaolatedldog gastrocnemiue that lactate can accumulate in
muacle during high intensity contractions. and that alterations in the =
PH of the blood perfusing the working muscle can increase the removal
of.the muscle-accumulated lactate, and can decelerate the normal rate
of fatigue of the nuscle, in parallel. Their results sngg::t‘that:tne
mnecle membrane nay constitute a barrier to-tne non-ionized form of
lactate, and that anincreased pH of perfusing blood allows more ef- '
ficient lactate removal via an exchange mechanism involving bicarbonate
and lactate ions.' |

There have beenrnunerouaamechanims proposed‘by which lactate prod-
"l uction in muscle tiaeue'and_the concomitantjpﬂ decrease may. affect‘con-,

'"traction.b AlthoughfnitOChondﬁial respiration has been shown to be
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relatively insenaitive to large changes in inﬁracellular pH (Tobin et
al., 1972 Mitchalson and Hird, 1973), other pH sensitive systems in
muscle include glycolysis at the level of phosphofructoking;e (Trivedi
and Danforth, 1966; Befgsiroﬁ.gg_gl.,’1973), the phosphorylase systeﬁ
(Hulgman and Bergstrom, 1973), the ;TPaae aétivic& of the’Ca++ pump»:
(Gpnzalez—Serratbs et al., 1974), and the kinetics of tﬁe créatine |
phqsphoklnase.reaction (Sahlinyggﬂgl.,kl975). }Katz (l970)lhas proposed
th&t, in acidotic heart muscle, hydrogen fons may compete witﬁ catt
for the froponin'binding aites;'thereby_decteasing'muéclevcontractile
c#paﬁility.' Fuchs (l970)'hae examined thisbcompeﬁitive effect in ﬁigfd,‘
using pH raﬂgaa comparable to those seen in exercising'ﬁﬁscle ?Hermgnse;

and Osnes, 1972), thus'ﬁresenting_further evidence for a possible >

. mechanism by which the production of lactate in muscle tissue may posQ

sibly interfere with contractility.
llﬂbwever, it appéars tﬁat lactatelacéﬁmulation in working muscle

does not play a major role in muscle fatigue in all types and inten~,
8ities of exercise.. It is a well known fact that lactate production
l is minimhl'ﬁea: the end of prolonged bouts of cross-coungry skiing

'(Aqti;nd gg_gl;, 1963) and running (Qostill gg_gl., 1973), 1n'spi£é of-
~lfatngE. Ta&lor AndvRaol(l973) reportéd muaélé 1actate levels in faté
which h#d,pgrforméd-prolonéedvfuné toiexhaustion that were not sig-
, nificantlyldiffe;qny from rabtiﬂg rats. Slﬁilar réaults were reported
by. Terjung et al. (1972). Dawaon et al al. (1971) reported that muacle
and blood ltctate'values were different for rats swum to fatigue in
water at different temperatures. In the in situ dog gastrocnemius,.
muscle, Welch aﬁd.Stainéby (1967) have illﬁstrated tﬁat, as the og&geg

-, 'uptake ;nd;tension‘dayelopment of the wbrking muscle decreased as it



progreseed towsrds fatigue, lactate production vas very low. Vesell

and Pool (1966) hsve shogwm that, in canine muscle stimulated anserobic-
slly to: eaheustion, the muscle 1s capeble of working at muecle lactate
concentretions that are much higher than those seen during exercise or
'normal sthnulation. . c ;,' o V.J

Evidence frem human studies in which the subjects were performinga
high intensity work of ‘both an isotonic (Ksrlsson et el., 1971)and
igsometric (Ksrleeon and Ollender, 1972 Gollnick et al., 1974) nature
suggest that muscle lsctste levels vary considerably, depending on the
time end inteneity of effort, thereby raising quést ons as to the role-
of lactate in affecting muscle performance, even during this type of

'work where lactate. production is high.
—

.

| Alterstions in Muscle Temperature S

Saltin et et al. (1972) investigated varipus body temperatures in
hmmnsexercising to exhsustion, on a bicycle ergometer, at differentv“\

ambient temperature conditions. From their results they eoncluded that

\

"the one internal body temperature with a consistent value at™ the end

o

‘of exheuetive'exerciee is a muscle temperature of around 60°C, which o

' temperature could conceivably be a key factor that determines the 1

’—’/\
of performance' - (Saltin et et _al., 1972), Edwerds et al (1972) reported \

that the energy eupply from ennerobic sources increased with: increasing\\
temperature’ in human - quedriceps muecle contracted to two-thirds of
v_meximum voluntary contraction to exhsuetion in water baths of different

: temperature, and suggeated that fatigue in this cese was temperature— _
~dependent. - "

Brooks et:el. (1971) hsve reported a decrease in reepiretory control

in ieoleted rat muecle mitochondris between the temperatures of 37°C

\. I
\ Co
\
Y

(2R ) . o
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. and 45‘0; and therefore a decrease in energy conserving efficiency.
The vork of Schafer (1973) suggests that fatigue.in muscle may involve

a phaae G%aneition in mitochondrial membrane lipids with increasing
&

emperature, and thus an alteration in the activities of membrane—

)

bound enzymes, which include those of the citricwfcid cycle and res-

piratory chain. g - .
P ,

Huacle Electrolyte Alterations

Reported changea in muacle electrolyte concentrations with eaer—
cise have included decreaaed muscle potaaeium concentration (Ahlborg /
et al., 1967; Bergatrom et al., 1971), godium accumulation (Ahlborg
et al., 1967), a posaible chloride shift into the cell (Bergstrom et al.

1 1971), and inorganic phoaphate loeeea from working muacle (Hudlicka,
1973).° It has been poatulated that many of these apparent changes are ‘
due to the fluctuations in intracellular ‘and extracellular fluid that

‘ »occur during muscle contraction (Jacobaeon and Kjellmer, 1964 Ahlborg :
at al., 1967; Bergstrom at al., 1973), and that muecle is stiLl cap-
able of contracting optimally in spite of these changes (Bergetrom

et et al., 1973). e

Hudlicka (1973) upholds that muécle fatigue may be aaaociated with

‘hl muscle inorganic phoaphate loaa. Thie inveetigator reported a releane
of inorganic phoephate from cat gaatrocnemius in which the external b

’work decreaoed hy 502 wherease no releaee of inorganic phoaphate was

' evident from cat eoleue whoee external work remained constant through—

out the contraction period. The concluaion that "the preaence of a
g -

eufficient amount of inorganic ph;:gh;ee is & prerequisite for muscle
ka

‘-performance pithout fatigue" (Hud ic 1973) was strengthened by the 1

' fact that fatiguing muecle regained its original work performance level

/

B
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‘incubated‘in,a med ium containing increased amounts of inorganic phos-

' phate in eoiution.

Cellular Dieruption

Gollnick and King (1969) reported marked mitochondrial swelling,
1arge spaces between adjacent myofibrils, and degenerated cristae in
the.gaatrocnemius muscles of rata run *to exhaustion. Swollen mitochon-

‘drie in frog muscle fatigned via repeated tetani have also been reported

by Gonzalea-Serrato# et al. (1974)  Dohm et _al. (1973), in their study

of the effect of hypoxia on the oxidative capacity of dkeletal muacle
in trained and untrained rats, auggeeted that the effects of hypoxia
and exhauative exerciee .may be mediated through a eomnon factor, the
activation of mitochondrial phoapholipase by free fatty acids which

' would cauee mitochondrial awelling and lowered oxidative capacity. In

addition, Schafer (1973) hae shown temperature-—induced phaae changes in - |

| mitochondrial membranes in vitro which nay play a role during exercise.
Hawever, mitochondria from muacles of rats run to exhaustion show'
'Vno changea in respiratorylcycle indicee or P/O ratioa, and no leakages
" of citric acid cycle enzymes (Terjung et al., 1972) In addition, -
Bowera et al. (1974) and Gale (1974) have independently reported no.‘
.mitochondrial structural changea as a resnlt of exhausting exerciae.in
:rats, uaing improved tieeue~fixative technidnee.° Both copcluded that '
the mitochondrial changea previously'reported may have béen related to
‘the eenaitivity of thP exhauated muecle ‘tissue to certain fixative
'procedurea and that no witochondrial swellinijor dis;ﬁption occurs in"

'

'vivo as_a& reeult of exhauetive exercise.*

_’ o - . ;\\»-v. " v‘ ] ’ . ‘-V . . . ) . . .
o IR '/ v

a

S
)
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o
CELLULAR REDUCTION-OXIDATION STATE OF PYRIDINE NUCLEOTIDES
Nicotinamide adenine dinucleotide (NAD+; diphodphopyriding
nucleotide, DPN+) 18 one of the three oxidation-~reduction coenzymes
;w(Lehninger, 1972). This coenzyme functions in conjunction with a class
of dehydrogenases, térmed pyridine nucleotide-dependent dehydrogenases,

in the following manner :

reduced substrate + NAD+ - > oxidized substrate + NADH

+ut (sund, 1970)

The dehydroganaaea which catalyze these reactions tranaferA;ever-
- s8ibly two reducing equivalents from the substra@EiSO the oxidized form
‘of the pyridine nucleotide;- onﬁyji/theue appears in the reduced pyridine
nucleotide as a hydrogen atom, the other as an electron. The other

hydrogen atom removed from the substrate appears as a free H in the

medium (Lehninge:, 1972).,

NAD+ - HADHQin Glycolysis
At one step in glycolysis, glyceraldehyde-B—phosphate is oxidized
to phosphoglycerate. During this‘bxidation NAD+ is converted to NADH:

glyceraldehyde-3fphosphate
dehydrogenase.

glyceraldehyde-3—phosphate +'NAD+ + P1

, . |
phosphoglyqerate 4+ NADH + H (Lehninger, 1972)

The reduction of NAD to ' NADH in the glycetaldehyde—3—phosphate
dehydrogcnase reaction requires that the yADH which is produced be
rooxidized at the same rate as glycolysis, in order to maintain glycolytic

.Qflux (NUWsholme and Sta:t 1973) ' This reoxidation of NADH can be accom-
.j.pliabgdnin the_muaqle ce11=aarcoplasm via the‘iactaée déhydrogenase

" reaction: .
. riaét&ta -
~dehydrogenase

" pyruvic acid + NADH ‘lactic acid + NAD®



The kinetics.of this reaction strongly favour lactate production
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(Newaholme and Start, 1973), but may vary according to the isozyme pat-
tern, especially relative to the contractile speed and metabolic char-

acteristics of individual fibres (Karlsson et al., 1974)

Shuttle Mechanisms for Hydrogen Electrons Generated in Glycolysis

| The hydrogen electrons generated by the glyceraldehyde»S-phosphate
debydrogenase reaction are capable of utilization as substrate in the
electron transport system in mitochondria. ’Howeverg since NAD+ and
NADH are impermeable to the mitochondrial membr ane (Purvis and Lowenstein,
1961), hydrogen electrons must be transported from the reduced NADH in |
the cytoplasm to the oxidized form in the mitochondria by various
"shuttle mechanisms" (Boxér and Devlin 1961). In fibres containing
high glycolytic tapacity, cytoplasmicé@??H can be reoxidized, and the
reducing equivalents transported to the udtochondrial NAD+, via. the
xrglycerophosphateédihydroxyacetone phosphate shuttle (Peter gt_gl.;
1972), as depicted in Figure 9, In fibres with high‘oxidative capacity,0
thevmalate—espartate shuttle (Figure 10) appears to predominete |
(Newsholme and Start, 1973).

NAD+ and NADH in Mitochondrial Electron Trausport

In the citric acid cycle, pyridine nucleot ide~1linked dehydrogenases
operate to oxidize substrates and reduce NAD+, at the level of isocitrate,
#-ketoglutarate, and mdlate oxidation (Lehninger, 1972). The electrons
carried by NADH are removed’and treqsterred, via a large free-energy
change | to molecular oxygen by a series of cxidoreductlve intermediates
known collectively as the electron transport chaln (Lehninger, 1972).

At three distinct sites along the'chain, the free-energy change is

sufficient to allow coupling with the phosphorylation of ADP to ATP.

S TR
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DIHYDROXYACETONE .
PHOSPHATE o~

'REDUCED‘ FLAVOPROTEIN "OXIDIZED FLAVOPRO

MITOCHONDRION

[

Figure 9: The ®-Glycerophosphate-Dihydroxyacetone

Phosphate Shuttle. (1) Cytoplasmic
«-glycerophosphate dehydrogenase; (2)
Mitochondrial «~glycerophosphate

dehydrogenase (Newsholme and Starte, 1973)
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CYTOPLASH
NADH . - R TV
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&
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Figure 10: The Malate—Aspartaﬁe Shuttle., (1) Malate
dehydrogenase; (2) Glutamate-oxaloacetate
transaminase (Newsholme and Starte, 1973)
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‘Mitochondrial and GytoLlasmic Redox States

Meaaurements of total NAD and NADH in respiring tissue do not
provide valid information about the concentrations of pyridine nucleo~ -
tides which are-available to the‘various dehydrogenase systems located
in specifié cellular compartmeﬁts (Newsholme ahd Start, 1973).  Although
whole tissue measurementé give an indication of the general redox
state of the entire cell, they do ;ot take into consideration the es-’
tablished fact that the mitochondrial and cytoplasmic compartments dif-

.fer markedly in their redox states (Krebs et al.,: 1962 Krebs, 1973)
Williaﬁson, Lgnd and Krebs (1965) have reporfed»[NAD ]/INADH] ratios
 of 200 to 1000 in.the cytoplasmicwcomparfment'of rat liver éells, and
mitochondrial [NAD+]/INADH] ratios of 2 to 10, both of which can vary’
in altered'metaboiic states;' Similar values have been reported for

muscleAtissue (Edington et al., 1973).

;The difference between the redox states of pyridine nucleotides in

arent compartments of the same cell has métabolic signifiéancé, and

aaééq on tﬁe equilibria of the pyfidine ﬂﬁdiéotide—depéndent déhy—
drogenases. . The cytoplasmic glyceraldehyde—3-phosphate dehydrogenase’
catalyses a reaction which 18 close to eﬁuilibrium Therefore,‘the
flux through this reaction depends upon the ratio of reactants and
ptoductS'(Newgholme and Start, 1973). Since glyceraldehyde-3—phosphate,
the principie substrate; is kept in low concentration dqe to 1ts
equilibria with dihydroxyacetone ﬁh;sphate and fructose diphosphate,
1ts low céncentration limits the flux thrbugh this reaétioh in fhe

direction of glycblysis uni;ss the [NAD+]/INADH] ratio 1s high'

_ (Newsholme'and Start, 1973), thereby necessitating a high cytoplasmic

[NAD’f]/[NADH] ratio if glycolysis is desired.
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Bowever, in the mitochondria ‘the [NAD ]/INADH] system must be
" maintained at ‘a much.more reduced level in order to provide sufficient
reducing power to drive electrons along the electron transport chain

for the'generation of ATP (Newsholme and Start, 1973); To.be effective
as an energy source, the mitochondrial [NAD+]/[ﬁADH] ratio must be
below a critical value, if the free-energy change of the transfer of
;electrons from NADH to flavoprotein 18 to be large enough for coupling
_with the synthesis of ATP (Krebs, 1973)

Thus in order to, m;intain ‘a satisfactory rate of glycolysis in the
chtoplasm and a,satisfactory rate of electron transport in mitochondria,
a 1arge difference between the [NAD ]/[NADH] ratios in the two compart—‘
ments is required.. This is facilitated by the impermeability of the
mitochondrial membrane to pyridine nucleotides ‘(Lehninger, 1972), and
the presence of metabolic shuttles for hydrogen electrons (Boxer and -
Devlin, 1961). In addition these shuttles must be non—equilibrium
.processes if equilibrium of the two redox pools on'either side of the
nitochondrial membrane is to be avoided (Newsholme and Start, 1973).

k]

'The Significance of Cellular Redox States

| The intracellular oxidation—reduction potential (redox state) is
i
a fundamental physicochemical property of biological systems, influencing
the chemical behaviors of all oxidizable or reducible compounds in the
“system (Mintz and Robin, 1971). Since NADT and NADH are of major met-
abolic significance, as has been'illustrated above;.the redox state of

this particular pair may prove:important in assessment of possible

mechanisms of muscle fatigue.

&

)

Krebs (1973) points out that measurement of the redox state of

~ NAD /NADH system is of significance in metabolic studies in that:
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41 The-redox:state determines the direction ‘of reverslble
reactions; o | -

.2, The redox state determinesfthe’extent to which pyridine
nucleotides canlbe.effectlve as reducing egents;

3. 'Tne.nalcejof the ratio determines the magnitude of free—energy
changes of oxi&o—reductions such as those accompanying the transport of
electrons from NADH 'to flavoproteins in the electron transport.chain.
Unless the free energy.changes of theselreactions are above a critical
minimum, there can be no effective coupling with the eynthesis_of ATP
(Rrebs, 1973). - N

7Although'theireéult of changing metaoolic‘conditiOns on cellnlar
re&oi statees. was first observed'in rat liverf(Williamson EE_E£-r 1969;
Krebs, 1973), similar studies have been perfofﬁé? on brain (Folbergrova

et al., 1972), alveolar macrophages (Mintz and Robin, 1971), cardiac

muscle (Kraupp et al., 1967), renal cortex (Hemms and. Gaja, 1972),

‘ adipoae tissue (Krebs, 1973), and skeletal,muscle (Edington et al.,

1

;1973); In all ceses, the redox‘states of,NAD+/NADH eystemrin the cy-

toplasmic and mitochondrial'compertmente»have been observed to be

Y

.similar_to those observed in liver.,

ln,interpreting tne'meaning.of redoi-state meésorements,‘it ap;
pears that the redox etate of.[NAD+]/INADH] is'controlled oy the state
of phosphorylation of the adenine nucleotides (ATP, ADP,:AMP). The
work of Krebs et'al.7(1962 1969 >1973) has‘renealed that the ratio"
[ATP]/[ADP + Pi] is directly proportional to the [NAD ]/[NADH] ratio
in the cytoplasm, and inveraely proportional in the mitochondria - In
‘mnscle)tissue during such a violent-change in metabolic state’ as exer- f

;

cise sustained to'fatigue;’measurenents ofuINAD+]/[NADH] ratios would
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give an indication qj relative statee of phosbhorylation of adenine
nucleotidee in the mitochoudria, where ATP is being formed at a near
maximal rate, and in the cytoplasm, where it is being uaed as the prim—
ary fuel for.mmscle contraction. Also, these measurements would glve
Aindications as to the cellular sites»at~which subetrate oxidation might
be inhibited due t0'changes in this redox state, i.e., decreased avail-
ability of NAD for continned glycolytic flux in cytoplasm, or decreased
NADH for maximum respiration in mitochondria. This approach appears to
be' an attractive.supplement to the sssessment of musele fatigue on the

basis of individual substrate or enzyme svstems;

‘ "The Measurement of Cellular Redox State

. In the estimate of the redox state of pyridine nucleotides in
cytoplasm and mitochondria, direct measurements of total cell NAD and
NADH .are not: appropriate, since, while both NAD and NADH exist in the .

-

cell in protein—bound form, only free unbound nucleotides are directly:v'
involved in oxidation—reduction potential (Mintz and Robin 11971). In
.addition, since separate cytoplasmic and mitochondrial compartments of,
NAD and NADH have been reported (Williamson et et al., 1969; Krebs, 1973),
measurement of total cell nucelotides cannot provide precise information
on the redox state in each compartment.- This problem cannot be dealt |

' with by usual metbods of tissue fractionation because the redox state-
of the nucleotides is liable to undergo rapid’ changes during the process
of fractionation (Williamson et et al., 1969). | |

o It has been previously proposed that these difficulties may be
resolved by using metabolic reactions localized in the cytoplasm and’

mitochondria which are NAD —NADH linked ‘and are also close to equil—

; ibrium ("redox couples") (Williamson et al., 1969) For exdmple, the:
i .
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conreraion of lactate.to pyruvate;has been shown to be'essentially cy-
toplasmic in location (Mintz and Robin, 1971), while the cpnversionﬂof
.ﬁrhydroiybutyrate to acetoacetate is localized in the'mitochondrial
cristae (Lehninger et al., 1960); From consideration of mass action

law, theoretically one can calculate the free INAD ]/[NADH] ratios for

each compartment, as ahown below-(Newsholme et al., 1973).

for cytoplasm:
VNAD+ - [pyruvate] ‘x 1 .
NADH] © ~  [lactate] - Kog -
K N . ) .\ . - N ;

for mitochondria: '

NAD ' . _lacetoacetate] B g 1,
[NADH] : I}—hydroxybu%yrate] ‘ KHBD
: / | ' ;

where:
‘KLDH = equilibrium constant for the reaCtion catalyzed by lactate

hydrogenase
4

KﬁBD - equilibrium constant for the reaction catalyzed by .
g -hydroxybutyrate dehydrogenase .

Therefore, since the substances taking part in these reactions are
freely diffuaible over the mitochondrial membrane, one can make :
measurements on. whole tissue to yield. estimates of redox states of
' NAD —NADH in separate cell compartmenta. |

| Muscle Metabolism and. [NAD ]/[NADE] Ratios

" Jobsis and Stainsby (1968) were the first to report whole muscle

'[NAD 1/ [Earny vluctuationa in working muscle.. They found that when
o \ {\,‘

they examin: f%v %dation—reduction level of intracellular NAD fluor—

dmetric . ugcle contracting at,pear maximum metabolic rates,

NADH we: ently oxidized. They thus concluded that, in these

'muaclea, t oiygen'supply never.limited respiratory chain activity

&
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during contractions.

Edington (1970), examining'totai muscle [NAD+]/[NADH1,and [NADP+]/

~ [NADPH] in contracting rat gestrocnemiua«plantaris muscle, reported

that the greater the work performance of the muscle during ten minutes

_ of submaximal contraction the more capable the cell was of tolerating

a more reduced state. Furthermore, he found that,,for any given work
performance level, the muscle from a trainéd animal had a higher |
oxidized—to—reduced ratio than the muscle from a non—trained animal.
Chagovets (1972) reported a decrease below resting values, in the ‘
[NAD ]/{NADH] ratio in hind limbs of Wistar rats swum for 15 minutes.
The only reported experimental data on_compartmental redox states
in exercising muscle are'from researcn by Edington; Ward and Saville
(1973)‘ In their investigation, they estimated cytoplasmic and mitochon-"

drial [NAD ]/[NADH] ratios, using redox couples, in rat gastrocnemius :

_ plantaris muscle contracted for 10 minutes at a submaximal metabolic

rate. The work output data showed no indication ofAmuscle fatigue
In nontrained rats, the cytoplasmic [NAD- ]/INADH] ratio increased from x

300 at rest to 1800 after 30 seconds of contraction, and then returned

to resting levels by 10 minutes of work; in trained rats, the value in-

creased, at a faster rate, to 3000 by 30 seconds, and continued to 4200

by 10 minutes.- From this, they concluded that in the trained muscle,

,glycolysis was enhanced ‘due to an increasing availability of NAD

‘In mitochondria the [NAD ]/INADH] ratio for nontrained muscle increased

from one at rest to 48 at 30 seconds of  work and subsequently decreased
tor24'by 10 minutes;,in trained rats,-the ratio incressed-only,to 14 at
30 seconds and decreased .again to 7 by 10 minutes. From this Edington‘

et al. (1973) concluded that, in the mitochondria, tne.supply of
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»

reducing equivalents was limited,-but that this supply was not as limited
in trained as in nontrained muscle, as witnessed by the low [NAD%]/

[NADH] ratios during exercise.

©
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tGueranteed.Aﬂeiysis

‘Crude Bpotein .

Crude Fat' . . . .

Crude Fiber . . .

Ash o e o e e e

iﬂoiéure « o e . .-
Calcium e e e .

salt (NaCl) . . .

Ingredients

BURGER BITS ) X
(Standard Branda, Montreal)

Not

Not
Not.

. Not

Not

Min

. Min

P

less theh’ij

more than 5%

more than 10%

¢

more than 122

1%, Max 2%

1%, Max 1.8%

g "
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B

less than 7%

- Ground cotn, wheat red dog, meat and bone meal, soybean meal, wheat

;:middlings, animal fat - preserved with B H. T., beef hydrolysate dried

beet pulp and/or tomato pomace, dried whey product trace mineralized.

‘ aalt, soybean 911 potassium chloride, iron oxide, vitamin B~12 supplement,

fvitamin A and E supplement@ vitamin D supplement.

"4
LY
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TISSUE LACTATE '
PILOT EXPERIMENT

‘i

(August 1974)

Freeze-clamped muscle plugs were taken simultaneously from the
left and right gaetrocnemius muacle groups, both of which were eimilarly
isolated 1n terms of nervous 1nnervation and venous drainage. Measure-

ments of tissue-lactate were performed in duplicate on each tissue

ﬁeemple; Tissue lactate values were 1. 67 (left muscle) and 1 56 (right

muscle) f(M/g wet weight of muscle. This 1is within the range of normal
resting lactete concentration reported from thia muscle preparation

(Corsi et al., 1969 Hirche et al., 1973).
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PLATE © X~RAY OF ISOLATED BLOOD SUPPLY OF
GASTROCNEMIUS-FLEXOR MUSCLE GROUP,
SHOWN AFTER INJECTION OF 30% HYPAQUE
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PLATE IIA  SURGICALLY ISOLATED ‘GASTROCNEMIUS-FLEXOR
MUSCLE GROUP - -

PLATE TIIB ISOLATED MUSCLE GROUP WITH FEMUR FIXED
AND VENOUS OUTFLOW CATHETER IN PLACE

[}
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PLATE IIIA  CALCANEUS ATTACHED TO MYOGRAPH-LINEAR
DISPLACEMENT TRANSDUCER COMPLEX

t

s

PLATE IIIB FLOW PROBE AND VENOUS BLOOD SAMPLING
‘ PORT

X
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PLATE IVA . MOUNTED GASTROCNEMIUS FLEXOR MUSCLE
; ~ GROUP PREPARATION

!

PLATE IVB  MOUNTED MUSCLE GROUP WITH STIMULATING.

ELECTRODE, RINGERS DRIP AND THERMOCOUPLE
IN PLACE .
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.Determine 0

CALCULATION OF OXYGEN CONSUMPTION
' (Payidsohn and'Henry,‘1969)

Determine % O, saturation of arterial and venous hemoglobin from

2

pO. and pH, using nomogram'of Astrup et al. (1965) .

2
Determine 02 capacity (ml/ml) of arterial and venous blood by:

‘hemoglobin (gZ) x 1.36 )
‘ *100

2 content (ml/ml) of arterial and venoué blood by:

0, content = 2 02 saturation X 02 capacity

2 !
Determine 0, cdnsumption‘(mllmin) by:

(OzléonﬁentA - 02 contentv) X blood flow (ml/min)

135.
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- MEASUREMENT OF MUSCLE ARTERIOVENOUS o
. DIFFERENCES: CORRECTION FOR PLASMA WATER LOSS

(Schlein et al., 1973)

This calculation is based on the Fick principle (Rushner, 1970),
with correction for the uptaké or release of blasma water by the
working muscle,

(flowh X [S]a) - (flowv X [S]v)ve net uptake or release of substance é*.
where:

flowv (venous plasma flow) = venous blood flow X (1-hematocrit)

flowa (arterial plasma flow) = flowv,X Tpv/TpA
TP,, = total protein concentration in venous plasma‘

N

TPA = total protein concentration in arterial plasma



, _
ESTIMATION OF CYTOPLASMIC AND
MITOCHONDRIAL [NAD+] /[NADH] RATIOS

(Williamson et al. al

Cytoplasm: |NAD+| '__' 1 X [pyruvate]
~ INADH] K [lactate]

4

where: KLDH = 1,11 X 10

Mitochondria: [NADY] _ 1 X Iacetoacétate]
' [NADH]- . Ky, 'I’rhydroxybutyrate]

where: Ky = 4.93 X 1072
' 23
Aasumgtions (Williamson et al., 1969)
1. The pH of mitochondria and cytoplasm is.7. 0.

2. The ionic strengtb»of both compar tments is 0.25.

| 3. Both reactions are at equilibrium.

137.
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Pog - OXYGEN SATURATION ®o NOMOGRAM

FOR WHOLE BLOOD
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BREED

EXPERIMENT ’wgggur (HIGHEST ' ASSIGNED
NUMBER (KG) ~ PROPORTION) AGE CONDITION  SEX
9 27.5 German Shepherd‘ 2 yrs 507L M
10 15.0 Spaniel 2 yrs 50%L Mo
11 - 20.0 German Shepherd 1 yr 50%L F
12 18.0. ' Collie 10 mos 80% F o
13 19.0 Gefman shepherd 1 yr 50% M |
14 - 15.5 - Poodle 0 2 yrs 50% M
15 18.5 German Shepherd 2’yrg 65% F
16 14.8 Collie 2 yrs 65%L F
17 17.5 Collie 4 yrs 657 F
18 21.3 Collie 2 yrs 65% M
19 23.5 Labrador 1 yr 65%L FA
20 13.5 Samé&ed‘ 2 yrs 65%L ' M;”
21 18.0 Collie 1 yr 80% F
22 _23.5 Samoyed 2 yrs 807% F
23 15.2 Collie 2 yrs 50% M

CONT'D
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DOG BREED
EXPERIMENT WEIGHT . (HIGHEST ) ASSIGNED
NUMBER (KG) PROPORTION) - AGE CONDITION  SEX
24 17.5  Collie . 2 yrs 50%L M
26 15.5 - Collie 1 yr 50% M
27 19.5 German<S£epherd 2 yrs éOZ “, F
28 162 setter 1 yr | 50%L M
zég o 23.3 German Shepherd 2 yrs_ 65% |
30 22.5 Collie 2 yrs 80%
31 v 23.0 | Collie 1 yr 50%L . M
32 19.5 Ge;man Shepherd;< 1 yr 65% M
33 12,0 Spaniel 1 yr 65%L  F
34 ’ ,18.2A | German Shephe%d -5 yrs | 65%4L F
35 19.4 Labrador 'f’é 1 yr 50% F
36 _  20.7 3 yrs | 502 M
37 27.5 5 yrs = 50% F
38 16.5 1yr  65% M
CTABLE XVI BODY WEIGHTS, BREED, AGE, SEX, AND

- EXPERIMENTAL CONDITION OF THE ANIMALS
INVOLVED IN THE STUDY ‘

EY



BEGINNING OF END OF

PARAMETER STIMULATION STIMULAT ION
Arterial blood pOy - )
(mm Hg) 99.1 + 2.5 95.2 + 3.8
‘Arterial blood ?COZ . ‘
(mm Hg) 359+ 1.8 39.7 + 1.8%*

- Arterial blood pH 7.30 + 0,01 _ % 7.24 + 0.01%% .
Arterial blood hemoglobin v v
(g%) - : 13,7 + 0.7 12.8 + 0.7
Arterial blood hemahocrit ~ : | L
(%) ' o 40,5 + 1.9 37.6 + 2.1%
. Systolic blood pressure : :

(mm Hg) . 98 + 3 93 + 3%
Diastolic blood pressure ,
(om- Hg) 50 + 3 43 4 2%%
Arteria yjf:od glucose ’ \
(mg%) ]a;ﬁ}fo ’ 101.9 + 5.0 96,3 + 3.3
Arterial blood lactate
(mg%) 10.5 + 1.3 7.8 + 1,2%%
Arterial plasma free )Qg//'
fatty acids (p.eq/ml) 1.2 +0.1 1.0+ 0.1%
Rectal temperature
°c) 39,2 + 0.2 39.0 + 0.1

TABLE XVII - BLOOD AND TEMPERATURE PARAMETERS
' PRIOR TO AND FOLLOWING THE PROLONGED
EXPERIMENTS (50%L + 65ZL GROUPS)?2

Values are X+ SEM

* Significant change with time (p < (05)
*%x Significant change with time (p € .01

143.
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32

65%

13.3

. : | o * STIMULATED
EXPERIMENT ASSIGNED INITTAL FINAL 'MUSCLE
NUMBER GROUP . TENSION TENSION WEIGHT
- K¢  G/C KG  G/G (G)
g 50%L 14.0 134 6.8 65 104.1
10 503 19.2 230 7.9 9% 83.5
11 soz. 9.8 108 5.0 55 90.6
12 80% '10.0 136 7.8 106 ; 73.7
13 50% 26.8 - 296 9.2 102 90.6
14 50% 17.4 288 = 8.4 139-  60.5
15 65% 21.4 212 13.2 131 100.9
16 65%L 12.0°° 202 7.8 131 59.4
17 65% 16.0 365 10.2 233 43.9
18 65% 10.8 117 7.0 76 92.4
19 657L 14.4 148  10.3 105 97.6
20 6571 15.4 406  10.9 287 37.9
21 80% 19.2 210 15.2 166 916 |
22 80% 20.8. 246  16.2 191 84.7 \
23 50% 18.8 259 :8.3 114 72.7 \’
24 509L 13.6  161> 7.4 88 84.3 \
26 507L 19.2 284 - 9.6 142 67.6
27 80% 14.4 188  11.7 153 76.4
28 507L 16.4 302 8.8 162 54.3
29 65% 20.4 200 13.3 130 102.1
30 80% 12.0 150 9.2 115 80.2 )
31 50%L 17.6 190 8.9 9 92.8
20.4 200 130 102.1

CONT'D
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C o ; . 1 STIMULATED
- EXPERIMENT ASSIGNED = INITIAL FINAL ~ MUSCLE
NUMBER GROUP .  TENSION TENSION WEIGHT
' KG  G/G KG G/G (G) .
33 65%L 12.4 288 8.0 186 © 43.0
34 O 6SEIL 17.6 233 10.6 140 75.5
35 o502 18.4 244 8.8 117 75.7
36 0% 25.6 277 13.6 147 92.4
37 - 50%. 21.0 . 206 10.8 106  102.1

38 65% - 21.2 252 12.8 152 84.2

TABLE XVIII  DEVELOPED MUSCLE TENSION AT THE

BEGINNING AND END OF . STIMULATION,
AND LEFT MUSCLE WEIGHT
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PARAMETER ‘
NUMBER PARAMETER
1 Tensién at éémpié (% 6f original)
2 ‘-Tens‘ion at sam'ple‘ (kg)‘ ‘w‘
3 Rate of teﬁsion dec.line (g/min)v
4 - Time from beginning of stiﬁulation (min)
5 Rate of: tensiqn decline (Z/inin)
6¥  Tension at sample (g/g)
7 ~Rate of tension decliﬁe (g/g/min) ’
8 Lactate (A—V) differéﬁce gpM/g/min)_
9 Water (A-V) difference (uM/g/min)
10 .Gluéése (A-V) difference gﬂM/g/min) ‘
11 Free fatfy acid (A-V) difference (neq/g/min).
12 Muscle VOZ-‘ (f(l/g/mih) | | \
13 Muscle blood flow (ml/g/n{m)
. 14. ‘S&Btolic ﬁressure (mmHg)
15 Muscle temperature (°C)
16 ’ Diastolid pfessufe (mmHg)
17 _Respiratory Quotiént
18‘ Venoué blood. pH
19 Venous blood pCO, (mmHg)
20 Arterial'blé'od‘ pO, ‘(m‘m}lg)
21 Venous blood PO, (mmHg) | ‘ - E
22 “

02 (A-V) difference (mmHg)

TABLE XIX NUMBER ASSIGﬁMENT FOR PARAMETERS

CONTAINED IN TABLE XX
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PARAMETER ‘
NUMBER PARAMETER
1 ‘Tension at sample (% of original)‘
2 Tension at sample (kg) | A
3 . Rate of tension decline (g/min)
4 Time from beginning of stimulation “ “//
5 Rate of tension‘&ecline-{%/min)
6 Tension at sample (g/gj
7 Rate of tension decline”(g/g/min)
8 Right muscle weight (g) |
9 Left muscle weight ®)
10 “‘Difference in muscle weights (L minus R)(g)
11 | Right muscle glycogen content (g%)
12 " Left muscle glycogén content (g%)
13 Muscle glycogen L/R ratio
14, Difference in muscle glycogen content (L minus R)(g)
15 Left muscle lactate concentration (RM/g)
16 Left muscle ATP concentration guM/g)
17 Left mnscle CP concentration QFM/g)
18 Level—off tensiqn (Z of original)
19 R.Q. at ievel—off
20 Muscle 602 at level—off'ggl/g/min)
21 Muscle blood flow at level-off (ml/g/min)
22 Left muscle ‘cytoplasmic [NAD ]/[NADH] ratio
23 Left muscle mitochondrial [NAD ]/[NADH] ratio
‘ 24 Left muscle tempefature at sample (°C)
25 ‘ |

Systolic pressure at sample CmmHg)

~ CONT'D
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PARAMETER

NUMBER PARAMETER

26 Diastolic preesnre at sample (mHg)

27 Glucosel(A-V) difference at level-off (}m/g/min)

28 Hactate (A—V).difference at level-off (uM/g/min)

29 Free fatty acid (A-V) difference at level—-off (neq/ g/min)'

.30 Weter (A-;V.) difference at lenel-off gu,l/g/m-in)'

31 Y 4 f‘est twitch fibres in ,1eve1-off groups ;

32 X slow 'tv-ritch fibres in level-off groups

33 ) Glucose (A-V) difference at 65% in level-off experiments :
(fd‘i/ g/min) ,

34 Lactate (A-V) difference at 65% in level-off experiments
(FM/g/min)

35’ Free fatty acid (A-V) difference at 65% in level—off
experiments (neq/g/min) - ,

‘36_ Water (A-V) difference at 65% in level—off experiments
(,ul/ g/min)

37 %3 Muscle blood flow at 65% in level-—off experiments

: - (ml/ g/min) |

38 | Mugcle VO2 at 65% in 1eve1—-off experiments '(Fl/g/min)

39 Arterial hematocrit at 1eve1—off (%)

40 Arterial pH at level—off :

- 41 ! Arterial PO, at level-off (mmHg)

42 - Venous’ poz”-at“level-off‘ (mmeig)

43

A

0, (A-v) difference at level-off (mmHg)

-

TABLE XX1 NUMBER ASSIGNMENT FOR PARAMETERS

CONTAINED IN TABLE XXII
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PLATE V MICROGRAPHS OF SERIAL SECTIONS FROM
RIGHT CONTROL GASTROCNEMIUS _(MEDIAL HEAD)
(100X magnification)

A. Myosin ATPase.

B. NADH DIAPHORASE

¢

C. PERIODIC ACID-SCHIFF (PAS)
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PLATE VI MICROGRAPHS OF  SERIAI, SECTIONS FROM
RIGHT CONTROL GASTROCNEMIUS (MEDIAL
HEAD) (250X magniffcation)

A. MYOSIN ATPase

B. NADH DIAPHORASE

4

C. PERIODIE ACID-SCHIFF (PAS)
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PLATE VII  MICROGRAPHS OF SERJAL SECTIONS FROM |
STIMULATED MUSCLE OF 80% GROUP (100X
magnification)

A. MYOSIN ATPase

B. PERIODIC ACID-SCHIFF (PAS)

\
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PLATE VIITI = MICROGRAPHS OF SERIAL SECTIONS FROM
' ST[MULATED MUSCLE OF 65% GROUP
(100X magnification)

A, MYOSIN ATPase

B. PERIODIC ACID-SCHIFF (PAS)
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PLATE IX  MICROGRAPHS' OF SERIAL SECTIONS FROM
' ' STIMULATED MUSCLE OF 50% GROUP
(100X magnification)

A.. MYOSIN ATPase

[

o | QO
B. PERIODIC ACID-SCHIFF (PAS)
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PLATE X

!
l

MICROGRAPHS OF SERTAL SECTIONS FROM -
STIMULATED MUSCLE OF 65%L GROUP

- (100X magnification)

L. MYOSIN ATPase

B. PERIODIC ACID-SCHIFF (PAS)

W | {,/J [
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PLATE XI  MICROGRAPHS OF SERIAL SECTIONS FROM
STIMULATED MUSCLE OF 50%L GROUP
(100X magnification)

A. MYOSIN ATPase

B. PERIODIC ACID-SCHIFF (PAS)
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