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ABSTRACT

It hos been known for obout foriy yeors fhof ireotment of frog skeletol

muscle with l0 io 20 mM KCI couses o moinioined increqse in meiobolic

rofe without fhe development of contrqctile force. Hill ond Howorth in

1957 reported thoi fhis increment in metobolism wos qlmost completely

obolished in Or - free condiÌions ond concluded thot the sustqined freofment

of the muscle with high Ko Ringer probobly disrupted the normol metobolism.

In the presenf study, effects of treofmenf of muscle with l5 mM K Ringer on

cedoin ospects of muscle biochemistry were delermined eifher in fhe presence

or obsence of Or. Meosurements of muscle glycogen, glucose ond fructose-

ó-phosphofe, loctofe, creotine phosphoie, ond odenosine Tri-, di- ond mono-

phosphote were performed ond correloÌed with the effects of high extro-

cellulor potossium on onoerobic qnd oerobic muscle heof production. It is

concluded from The experimentol doto obtqined thoi the metobolic increment

observed in oerobic ond onqerobic condìtions is opporently dissimilqr in

ferms of ATP iurnover ond thot treotment of oerobic muscle with l5 mM K

Ringer probobly impoired mitochondriol oxidqtive phosphorylofion.
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I. INTRODUCTION

A. Review of Liferoture

rn 1934, Hegnouer 
"i gL. reported thot increosed levels of extro-

cellulor potossium hod the effect of increosing the O, consumpfion of frog

skeletol muscle. The increose in Qo, wos observed to hove q threshold of

obout l3 mM KCl, while the controcture, or mechonicql threshold wos 2l

to26 mM KCI (the ihreshold for stimulotion of loctic ocid production wqs

26 mM KCI). It wos olso reporied fhqt levels of extrocellulor potossium

between 17 ond 2l mM coused qn increqse in e6l, which wos mointqined

for over 5 hours.

In 193ó, Solondi reporfed thot on increqsed concentrotion of exfrq-

cellulor polossium coused the rqfe of heot production of frog skelefol muscle

to increose. Smith ond Solondt (1938) reported fhot:

T) fhe increose in rofe of heot production wos ossocioted wífh q

threshold of I ro l2 mM KCI;

2) in fhe ronge I fo 20 mM KCl, the moximum increose in the rqfe

of heot producfion (h) wos proporfÍonol to the exfernol potossium concentro-

tion (Ko) qnd thot the increor" [i *o, moinfoined over o 5 hour period;

3) when K^ wos increosed fo 20 to 120 mM there wos o brief increoseo

in h to levels greofer Ìhqn thqf due fo I to 20 mM Ko, followed by o

decreose to slighily less thon fhe resting h; qnd

4) fhe íncreqse in h due to B to 20 mM KCr wqs not due to the

developmenf of muscle tension.

-t -
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Summory: The eorlÏest work indicofed fhot increose in fhe extrocellulor

concenfrotion of potossium by on omount not sufficienf fo couse controciion

could ccruse the mefobolic rqte of frog skeletol muscle fo increose for long

periods. The fhreshold for fhe stimulotion of metqbolism wos ot o Ko of

obout l0 mM, while fhe threshold for controction wqs in the rqnge of 20 to

25mMK
o

rn 1957, Hill ond Howorfh reporled findings fhot confirmed the

resulfs of Smith ond Solqndt. Hïll ond Howorth sfoted thoi the effect of

increqsed K_ wos to depolorize the muscle membrqne ond concluded thoro

ihis depolorizqfion somehow led to fhe increose in h. They reported thot

depolorizofion of the muscle membrone to -ó5 mV (from o resf ing level of

-90 mV) coused o slight rÍse in h, while q moximum rise in li occurred ot

-50 mV (-ó5 mV qnd -50 mV correspond to l0 ond lB mM Ko respectively).

Tension developmeni did nof occur till the muscle wos depolorized to -45

mv (or K > 20 mM). The increose in h due fo K^ = 18 mM wos of longOO

durofion ond wos up to 40 times the resting rote. It wos olso found fhot on

on onoerobic ofmosphere (O, free) inhib¡ted lhe increose in h 1th" increose

in h du" to K- = l8 mM in qnqerobic conditions wos obout 1/10 rhe incre-o

ment seen in ihe presence of 02).

A further observotion of Solqndi (193ó) confirmed by Hill ond Howorth

wqs fhot colcium ions (Co#) onfogonize the mefobolic stimulqtion due fo

high K. (10 to 20 mM). If wos reporfed fhof co ond K in equimolor concen-
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trofions coused little merobolic stimulotion, while the oddition of more K

fo such o solution coused the heot rote to rise. If Ko wos increosed to I0

to 20 mM, oddition of cq could couse ihe heqt rofe to fqll io the bosol

level. It was concluded fhot the extrocellulor co concenfrotion (coo)

could qlfer the ihreshold of the metobolic stimulofion due fo high K..

It is olso reporfed thof the rote of muscle heot producfion wos in-

creosed by the oddition of l5 to 25 mM rubidium chloride insteod of

increosed potossium chloride. In terms of the effect on heof rote, l5 ond
+

25 nM Rb corresponded to l0 ond lB mM KCI respecfively. It wos

noted thot increqsed Rbcl in the borhing sorution hod the effect of de-

polorizing the muscle membrone ond thof r5 ond 25 mM Rbcl cqused the

some degree of depolorizotion qs l0 ond tg mM KCl.

Summory: Hill ond Howorth's work indicoted ihof the effect of increosing

Ko wos to depolorize the muscle membrone; fhus, fhe fhreshold for fhe

stimulotion of metobolism wos qbouf -ó5 mv (10 mM Ko), ond o moximol,

susfoined increose wos seen or qbouf -50 mV (lg mM Ko), while the fhreshold

for confrqcf ion occurred ot obout -45 mv (20 ro 25 mM Ko). An or- free

otmosphere opporently inhibÍted fhe metobolic stimulotion cqused by l0 to

20 mM Ko. Co ions were observed to hqve qn onfogonistic effect on heof

rote since equimolor concentrof ions of coo ond Ko olwoys coused the heot

rqte to come to the bosol level. Substitution of Rb ions for K ions further

indicoted thof the sfimulus for mefobolism due fo high Ko wos probobly the
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depolorizotion of ihe muscle membrone.

ln 1959, Briner et ol. reporfed findings concerning the effecf of

high K^ on the concenfrotion of high energy phosphote compounds in sortorîi-o
of Bufo morinus. It wos found thot when Ko wos equol to 20 mM, both the

concentrotion of odenosine friphosphofe ond fhe rotio, creotine phosphote:

creotine, significontly decreosed. This chonge wcrs not seen when Ko wos

equol to I0, 40 or 100 mM. lt wos olso reporfed thot 20 pM dinifrophenol

hqd the some effecf os 20 mM KCl. Briner "t g]_. concluded from fhe

resulfs thot the effecf oî 20 mM KCI might be the some qs thot of dinifro-

phenol, fhot is, inferference with fhe process of oxidotive phosphorylotion.

Muller ond Simon in l9ó0 reported results similor to those of previous

outhors; it wos found thof fhe rote of oxygen consumption (Qçl/ of tood

skeletol muscle increqsed with Ko greofer fhon l0 mM ond fhe moximum

increqse in Qcl- occurred befween l5 to 20 mM K Muller ond simon
o

concur with Briner et ol. in concluding ihof fhe effecf of l0 to 20 mM K

is to interfere with miiochondriol function; more specificolly, to uncouple

fhe formqtion of high energy phosphote bonds from oxidotive mefobolism.

summory: The sfudies of Briner "t o!_., ond Muller ond simon sfrongly

suggesf o defect in fhe process of ATP synfhesis when muscle is depolorized

by increosing Ko io o level of 20 mM Ko, ihot is, to fhe some level of Ko

which wqs observed fo couse o susfqíned increose in heof rofe ond eoz.
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The defect wos thoughf to be mitochondriol, i.e., on interference with the

process of oxidotive phosphorylotion (in o monner similor to thqi of dini-

trophenol, o known uncoupler of oxidotive phosphorylotion).

In 1962, Novotny ef ol. investigofed the effect of high Ko ond

ln 1966,

of increosed K
o

coffeine on Q62, ond the modifying effect of certoin drugs. It wos

reporfed thof l8 mM Ko increosed the Qg, by 8 to l0 times. Dinitro-

phenol (30 pM) hqd the some effecf on Q6, os l8 mM Ko. The drugs.

physosiigmine, phenobqrbitol, ond procoine (in concentrqtions of l0-4 M,

lO-4 ¡¡t ond lO-3 lrrt respectively) completely obolished the increment in

Qg, due fo 18 mM Ko or 2 mM coffeine. Novotny et ol. concluded

fhof the increose in Qg2 due to increosed Ko or coffeÍne wos coused by

some chonge in fhe sfofe of the muscle membrone.

Novotny ond Vyskocil reported findings concerning the effect

on Qg2 ond cqlcium 'exchqngeobility' (ihe octuol poromefer

meqsured wos fhe introcellulor concentrotion of lobelled colcium offer pre-

exposure to 'hof ' Ringer solutions with differenf levels of Ko; colcium

exchongeobiliry refers to the Co45 content of the experimenfql muscle os

compored fo the control). It wos found thot curves relofing Qg, ond colcium

exchongeobility to Ko were quolifotively fhe some, buf not quontitotively

since 20 mM Ko coused q 7 +o I fold increose ïn Qg, qnd o 2 fo 3 fold

increqse in colcium exchongeobility. Novofny ond Vyskocil conclude thot

fhe effecf of depolorizof ion (increosed Ko) ond coffeine is to releqse bound
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colcium info the sorcoplosm ond increose the rote of utilizofion of high-

energy phosphote bonds ond, therefore, the rqte of high-energy bond

resynfhesis (i.e, OOZ).

Summory: The work of Novotny ond co-workers indicofed thot some modifi-

cqtion of the muscle membrone wos probobly responsible for the increose in

Q6, ond heqt rqte coused by l0 ro 20 mM Ko; drugs, described os locol

onoesthetics, known to hove on oction on the exlrocellulor surfoce of cell

membrones, completely obolished the increosed Qg, due to high K..

Other work esïoblished thof colcium ironsmembrone fluxes were increosed

by depolorizqtion, hoving q threshold of l0 mM Ko ond o moximum,

sustoined increose of l8 mM Ko.

Thoi depolqrizotion ond coffeine could qlfer tronsmembrone movements

of lobelled Co ond intrqcellulqr levels hod been shown by reseorchers prior

to 1966. Bionchi qnd Shones in ,|959 
reporfed thot sfimulolion of fhe muscle

sufficient to couse contrqction coused increosed 
4tco influx ond efflux

ocross the muscle membrone. It wqs olso reporfed thot when Ko wos in-

creosed to 21 .6 mM, the introcellulor 45Co 
confent doubled. Biqnchi

(19ól) reporred thot 5 mM coffeine (o concentrofion sufficieni to couse

confroctîon) coused the introcellulqr 45Co 
"ontent 

fo triple. Feinstein

(19ó3) reporfed thot 5 mM cqffeine increqsed both the rotes of colcium influx

qnd efflux (olthough influx wos increqsed fo o greoter degree thon efflux) ond

thqf these increqses were obolished by locol qnoesthetics such os procoine.
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ln 1967, Von der Kloot reported doto thot re-emphosized the role

of the membrone potentiol in olterotions of ihe QO2. It wos found thot

increqsed Qg, wos coused by increosed levels of exfrocellulor potossium,

rubidium, ond cesium, ond thot the increqse in Qg, wos relqfed to the

depolorizing obility of the vorious coTions. The threshold for fhe sfimu-

lotion of Qg2 wos ogoin found to be qbout -ó5 mV while moximum

sfimulqtion occurred ot obout -50 mV. The increosed Qg, due fo 20 mM

K wos found to be mointoined over o period of severol hours (the stimulqted
o

Qg, wos double ihe resfing Qg, even ofter ló hours) while increosed

Q6, due io 50 qnd 1'|0 mM Ko were mointoined for obout 0.5 ond 0.2

hours respeciively (in ogreement with Novofny "t g!_" , 1966). Von der

Kloot concluded fhqf the increosed Qg, wos probobly due to increosed

levels of introcellulor cqlcium which somehow coused increqsed qdenosine

triphosphote hydrolysÍs.

In 1969 Von der Klool reporfed evidence which suggested lhot

increosed tronsmembrqne Co-flux per se wos probobly not the couse of the

increosed Qg, due to increosed Ko" He reporfed thot colcium ions could

be reploced by nickel ions in fhe Ringer solution ond thot the response to

increqsed K_ was nof chonged. The presence of eifher cqfion in millimolor
o

quontifies, however, wos essentiol. Since nickel ions ore not Thoughf to

hove on introcellulqr oction (i.e. connot be sequesfered by isoloted sqrco-

plosmic reticulum qnd cqnnot inieroct with isoloted ocfomyosin), ond flux
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rqfes qre not oltered by depolorizotion, Von der Kloot concluded fhot

extrocellulor interqction of cqlcium (normolly) ond nickel ions (experi-

mentolly) wîTh lhe muscle membrqne is necessory for increoses in eg,

to occur"

Summqry: The work of Von der Kloof further estoblished ihe role of the

membrone pofentiol os the couse of the increqsed Q6), ond heot rofe.

The vqlues for threshold (-ó5 mv) ond moximql, susfoined increose (-50

mV) ore in ogreement with Híll ond Howorfh (1957). It wos suggested

thoi the importonce of extrqcellulcr colcium ions in mediofing the increosed

meiobolic rote wos in fheir inferoction wirh the muscle membrone.
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B. Stotement of the Problem

Theories regording the mechonism of the increosed eçl, ond Ë due

to increosed K moy be divided into two generol cotegories; ihose whicho

ossume the effect to be physiologicol (exploinoble in terms of normql

merobolic control), ond those which ossume the effect to be pothologicol

(exploinoble by obnormol metobolic control). The former lheories qll

ossume thot the increosed metobolic rote is due fo increosed hydrolysis of

ATP, while fhe lotter iheories ossume thof ihere is disruption of ihe process

of mitochondriol oxidotive phosphorylotion. The theories ossuming normql

metobolic control will be considered first.

Horowicz ond Gerber in l9ó5 meqsured one-woy lobelled sodium

fluxes in single muscle fibers in the presence of increosed Ko (ond strop-

honfhidin). They observed thot l0-5 M strophonthidin inhibired obour B0%

of the sodium efflux but hod no effect on sodium influx. It wos postulofed

thot most sodium efflux is due to on energy consuming'pump'. wh¡le2.S

1o7.5 mM Ko hod no effeci on flux rofes, Ko betweenT.s ond 15 mM

increosed the rote of efflux; with ls mM Ko rhe efflux rote increosed 2.5-

fo 3- fold over control. Strophonthidin (10-5 M) complefely inhibited the

potossium-stimulqted efflux. The oufhors noted thot the increment in

due io 15 mM K^ reporred by Hegnouer ef ol. (1934) wos of the some

aoz

mognilude os the increment in sodium efflux ond thot the stimulqted eg,
olso hod o threshold of qbout 7.5 mM Ko. If wos concluded fhsf fhe
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increqsed meiobolic rqfe induced by high Ko is coused by depolorizofion of

the muscle membrone, ond thot stimulotion of the sodium pump by depolori-

zotion might be ihe specific mechonism leoding to increosed ATP hydrolysis,

o suggestion mode eorlier by Keynes ond Moisel (1954).

Hill ond Howorth (195n stqte fhot stimulotion of the sodium pump is

not o likely mechonism to exploin ihe exfro meïobolism. They poinf out

fhof if the lorge (10 to 40 times the resting ñ), ond long mointoined

(severol hours), increose in heot rote were due to sodium extrusion, thon

the process must eifher be very inefficieni or the omount of sodium exfruded

"enormous" (it is suggesfed fhot ihe muscle would be sodium-depleted by such

on efflux rote in minutes, not hours). Yomqdo (1970) odded lO-4 lvt

strophonfhidin to o muscle in solution with Ko of l0 mM ond found thot the

Ë *o, unchonged (i.e. remqined ot o high level). Muller ond simon (lgó0)

reported thot there wos no significont chonge in muscle sodíum contenf qfter

4 hours in o l5 mM Ko solution. It is opporent thqt the increqsed metobolism

connof be due io depolorizqfion-induced chonges in sodium pump octivity.

One of the eorliest theories concerníng fhe mechonism wos thot of

Hegnouer ut gl_. (1934) who postuloted thot Ko between l3 ond 2l mM

coused o slight controcfure of the muscle (cousing increosed ocfivity of the

octomyosin ATPose, which would leqd to increosed metobolic rote).

The controcture theory hos been refuted by severql qufhors who oll
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cloim to be unoble fo detect ony mechonicol chonge in ihe muscle during

depolorizofion. Solqndt (193ó) ond Koye ond Mommoeris (19ó0) sloted

fhqt increosed Ko sufficient to couse increosed OOZ (10 fo 20 mM Ko)

did not produce ony chonge in muscle length or resfing tension. Smith

ond Solqndt (1938) stoted thot while there wos some Ìwiiching of the muscle

immedioiely ofter the iniroduction of the high Ko soluiion, fhis ended in

one or two minutes, ond thqt no mechonicql chonge could qccount for the

f ong durotion increment of heot production. H¡ll ond Howorth (195n,

using o very sensìtive force tronsducer, were unoble io defect ony chonges

in tension except for some initiol fw¡fching of the muscle (which ended offer

2 minufes in high Ko solution). They olso concluded Ìhot no mechonicol

chonge wos ossociqted with the long durolion increment in heqt rqte. On

ihe oiher hond, o recent report by Morco ond Nostuk, 1968, stotes thqt

under conditions of 0.25 to 2.0 mM cqffeine, or depolorizofion to obout

-65 mY, highly locof ized controcfions of o few sorcomeres con be observed.

These so-colled 'sorcomeric oscillotions' might couse increosed heot rote

ond Qgr, ond would perhops be undetectoble by force-meosuring techniques.

Severol outhors in fhe losi decode hove hypothesized ihof the increosed

mefobolic rote is due to increosed ATP hydrolyzing octivity coused by

increosed levels of free intrqcellulor colcium ion. This theory is lorgely

due to experimenfs of Bionchi qnd Shqnes ('|959) who showed thot depolori-

zolion due fo increqsed Ko resulted in increosed colcium influx. Koye ond
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Mommoerts (19ó0) proposed thot the increosed glycolytic rqte seen in

increqsed K wos due fo increosed introcellulor colcium octing upon ondo

increosing the glycogenolytic ocfivify of the phosphorylose system, which

would hove the effecf of increosing substrote levels for oxidotive metobolism

(Drummond, 1964. Novotny ond vyskoc¡l (.|9óó) suggested thot depolori-

zqtion-induced increqsed levels of free intrqcellulor colcium stimulofed the

cqlcium sequestering 'pump' of the sorcoplosmic reticulum (i.e. ihe muscle

wos otfempting to decreqse fhe level of free colcium). Increqsed pump

octivity, by definition, would ccruse increosed hydrolysis of ATp. von

der Kloot (1967) simply postuloted fhot increosed levels of infrocellulor

cqlcium (coused by depolorizoiion) stimulofed Ìhe octivity of on unspecified

ATP hydrolyzing system. Vos qnd Fronk (1972), using o different opprooch,

reoch the some conclusion qs Novotny ond Vyskocil (1966), thot is, fhot

the increosed metobolism due to depolorizofion is coused by increosed

ocfivify of the colcium sequestering pumps.

All colcium fheories ossuming increosed introcellulor free Co# duu

fo increosed Co# iirf f ux seem to be refuied by Von der Kloot (1969).

He reported thqi while the presence of extrocellulor colcium in millimolor

quontiiies wos normqlly essenfiol for ihe mqintenonce of the increosed

mefobolism, oll exTrocellulor cqlcium could be reploced with nickel ions

(in fhe scrme concentrofions) qnd the depolorizofion-induced increqsed

Qg, wos still present to fhe some degree. Nickel ions were effecfive in
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replocing colcium even though:

1) nickel ions do not octivqfe ocfomyosin ATP hydrolysis,

2) nickel ions ore nol sequesfered by isoloted sorcoplosmic

reticulum frogments, ond,

3) nickel ion frqnsmembrqne fluxes qre not olfered by depolorizof ion.

Von der Kloot concluded thot fhe imporfonce of extrocellulqr colcium wqs

in its interoctions with the muscle membrqne (which wos somehow essentiol

for the increosed metobolism).

The findings of Von der Kloot do not exclude Co pump ocfivity since

it is possible thqt fhe source of the Cq for pump octivotion is internol.

If is presenfly believed thot internol Co stores ore the source for Co

required in the controctîle event, ond Vos ond Frqnk (1972) have

hypothesized fhqt the increosed melobolism moy be due fo processes

occurring in normql reloxqtion.

A refutotion of oll theories ossuming normol mefobolic confrol is

probobly given by Hill ond Howorih (195n. If wqs observed by these

outhors thot the incremenf in heoT rofe due to high Ko in on onoerobic

(O, free) environment wqs only obout l0% of fhe increment seen in the

normql, oxygenoted muscle. Thot is, depolorizotion of the muscle wifh l8

mM Ko, for exomple, increosed the heot rote in oerobic conditions some

20-fold over the 'resting' heof rqte, while fhe some Ko in onoerobic
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conditions merely coused ihe heqt rofe to double (lt wos olso observed

fhoi the 'resfing' heqf rote of oerobic muscle wos opproximotely double

ihot of onoerobic muscle.). Since metqbolic rote of skeletol muscle is

normolly (physiologicolly) reguloied by levels of ADP ond ATP, it is fo

be expecfed thqt in order to mointoin the ATP pool oT normol levels fhe

ATP synthesizing reoctions must run o certqin rote for o given set of

conditions. Thot is, if there wos o stimulus such fhoi fhe rote of ATP use

were to increose by, soy, l0 times, ond given fhoi the level of high

energy phosphofe (CP plus ATP) d¡d not chonge very much during the period

of the increqsed ATP use, then it musf follow thot the rqle of ATP synfhesis

hod increosed by obouf l0 times during lhe period of stimulolion. Thus, if

normol mefobolic conirol were fo exisi during conditions of depolqrizqfion

w¡th l0 to 20 mM Ko, the increment in metobolic rofe observed in qerobic

condifions would hove to be observed in qnoerobic condifions os well

(in order fo hove equol rotes of ATP synfhesis). Proponents of ATPqse

theories ond normol merobolic control ore fherefore forced to conclude

fhot the rote of ATP use ond synthesis during depolorizotion with l0 to 20

mM Ko is mony fimes greoter in oerobic os compored to onoerobic conditions"

A few quthors hove concluded fhot the depolorizotion-induced sfimu-

lofion of metobolism is poihologicol in the sense fhot fhe normql metqbolic

control is disrupied. Briner 
"t 4" (1959) reported thot high Ko (20 mM)

significonf ly reduced the muscle ATP confent ond reduced fhe creoiine



-t5-

phosphote : creoT¡ne rotio from 1,7 to 0.3 over o four hour period. Dini-

trophenol(20FM) hod the some effect os 20 mM Ko. No conclusions were

drown in this report. Muller ond Simon (19ó0), conTinuing from the Briner

(1959) reporf , sfofed thof ihe stimulotion seen in l0 to 20 mM Ko, "must

be considered qs on uncoupling of oxidotion from energy consuming processes".

They decided thqt the increosed Qg, wqs not due to increosed work performed

by the muscle but wqs indicotive of o pothologicol stote. Hill qnd Howorth

(1957) olso conclude thot the sfimulofion of metobolism due to hish Ko

wqs nof physiologicql ond wos perhops o sign of cellulor domoge.

It is opporent from fhe literoture reviewed here thof ihe mechqnism of

high (10 to 20 mM) Ko- induced increosed metobolic rote is not esfoblished"

Indeed it is uncerloin qs To whether fhe cellulor events occurring qre those

of q normql or of o domoged muscle. Arguments presented by Hill ond

Howorth (1957), ond Muller qnd Simon (19ó0) suggest the lqTter situotion to

be frue (ossuming thof disruption of oxidofive phosphorylotion represents o

poihologicol situofion, which is not necessorily true since if hos been

demonstroted thot energy releosed by mitochondriol oxidotion moy be utilized

for purposes of ion frqnslocotîon in preference to phosphorylotion; see

Lehninger, 1970q. At rhis momenf however, ii is difficult to imogine thoi

the mitochondriq of portiolly depolorized muscle do spend hours in trqns-

locoting ions when evidence hos shown ihot only minor chonges occur in

ionic content of the muscle.) It hos olso been estoblished fhof the
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phosphoryloting obility of mitochondrio is more sensitive to domoge thon the

obility to oxidize substrote (see, for exomple, Loudohn qnd Rosch, 1958)

so fhere is some reoson for hypothesizing fhot disruption of oxidotive

phosphorylotion occurs during sustoined portiol depolorizotion of frog

skeletql muscle.

The sfudy reported in fhis thesïs wqs undedoken fo more fhoroughly

reseorch the observqtíon of Hill ond Howorth (1957) in regord to the

differentiol effecf of high Ko in oerobic ond onoerobíc conditions, it

being the present outhor's opinion thot ihis observofion constitutes fhe best

reoson for believing thoi depolorizotion by I0 to20 mM Ko cquses o

siluotion of obnormol mefobolic confrol. Meosurements of rote of muscle

heoi production qnd levels of the high energy phosphoies ond cerfoin

substrqtes of corbohydrqfe mefqbolism were mode in Or- sqturoted ond Or-

free conditions in solutions with normol ond high potossium concentrotion.

Meqsurement of oxidizqble substrofes wos done to provide qn indicqtion

of the metobolic rqte ot fhe level of cellulor biochemistry since meosurement

of heof producfion is o highly-nonspecific index of metobolic rofe. Meqsure-

ment of the high energy phosphotes wos done to provide some ideo os to the

rotes of ATP synthesís ond utilizof íon. If normol metobolic control were to

exist in porriolly depolorized muscle then the observotion of Hill qnd

Howorth suggesfs fhqt the rofe of ATP synthesis (ond use) in oerobic conditions

would be l0 times the rote in onqerobiosis, which should be reflecfed in fhe

meosuremenfs of the oxidizoble substrotes ond high energy phosphotes.
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If is perhops impossible to conclude if obnormol metobolic control

is present in the experimenls undertoken. Given fhot isoloted frog muscle

is 100% corbohydrote using, ond thqt complefe oxidqfion of one molecule

of glucose from glycogen con result in fhe synfhesis of 38 molecules of

ATP (on the overoge only obouf 33 ATP ore produced since perhops 75o/o of

glucose molecules ore normolly oxidized ond reduced to loctic ocid) ond

thoi 3 molecules of ATP con be synthesized through glycolysis olone, it

fof lows thot the rqte of glycolysis musf increose by 33/3 or ll times in

order to synthesize the sqme omouni of ATP per unif Ìime. It is obvious

ihot if normol mefobolic control exists in boih oerobic ond onqerobic

conditions, ond thqt there exists the sqme rote of ATP synthesis ond use in

these condifions, thon the quonfity of corbohydrote consumed by ihe

qnoerobic muscle must be much greoier (11 times) thon ihe qmount

consumed by fhe oerobic muscle. Therefore, if it wqs found fhot fhe

qmount of corbohydrote consumed in o given period of fime wos fhe sqme

in both oerobic qnd onoerobic conditions, one would be forced to conclude

fhoi eiiher,

l) the rote of ATP synihesis ond use in the qerobic muscle wos ll

limes greoter thon in the qnoerobic muscle (which ossumes normql efficiency

of ATP synthesis, i.e. mitochondriol intoctness, or os the biochemists so/r

tightly coupled mitochondrio), or,

2) the rqfe of ATP synihesis ond use is the sclme, or similor, in bofh

qerobic ond qnoerobic condiiions qnd rhqt fhe process of oxidqtive phosphory-
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lotion hos been uncoupled. Unforfunotely either conclusion 1) or 2)

could be used fo exploin ihe differeniiol stimulofion of heot rofe observed

by Hill ond Howorth since:

l) different rotes of ATP synihesis would be reflected by differenf

heot rotes, ond

2) o given rote of corbohydroie oxidotion would give different heqt

rotes in O, ond N, due to the different degree of glucose cofobolism by

glycolysis ond mifochondriql oxidqtion.

A comporison of the results of the doto will be mode in the

Discussion ond orguments presenied rhot will oftempt fo show thot

conclusions con be mode concerning the stqte of metobolism during

portiol depolorizotion .



II. METHODS

A. Introduction

Experiments were of 2 generol types; meosurement of heot producf ion

(in order to qrrive ot some estimqte of the rote of mefobolism of the muscle),

ond meosurement of the concentrotion of vorious muscle metobolites (in

order lo obtqin more specific informqlion os to fhe effects on muscle

metobolism). Thus, fhe study wos essentiolly o correlotion of muscle bio-

physics (heot producfion) ond biochemistry (estímotion of mefqbolites).

B. Generol Remorks

All experimenfs, unless ofherwise indicoted, were performed on

sortorii from frogs of the species Rqno pipïens. These frogs were obtoined

either locolly or from o supply house in Wisconsin. Frogs obtoined locolly

were generolly much heolthier ond survived for severql weeks if ploced in

o pool of deionized, disfilled woter (with obout l7o normol Ringer solufion

odded) in the refrigerotor. Only heolthy oppeoring frogs were used in ony

of the experimenfs.

The boihing solufion used in oll experiments wos 'frog Ringer

solulion' conÌoining either 2.5 or l5 mM KCl" Normol Ringer solution

(designofed2.S K Ringer) contoined 2.5 mM KCl, ll5 mM NoCl ond 2 mM

CoClr. The high K Ringer solutíon (designofed I5 K Ringer) confoined

I5 mM KCl, 102.5 mM NoCl, ond 2 mM CaClr. The solufions were

buffered ro pH 7 .2 ¡o 7 .4 wirh NoHTPOO - NorHPO, buffer (4.2 nM),

-.|9-
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Temperoture of the boihing solufions voried between l8 to 23o,

o few degrees cooler thqn room femperoture due fo evoporof ion.

C. Meqsurement of Muscle Heof Production

Roie of heot production (ti) wos determined using poired sortorii ond

o convenfionol thermopile, os described by Woledge (19ól) ond Clinch

(reó8).

The muscles ore sftoched to the thermopile in such o woy os to cover

the 'hot' iunctions. The 'cold' iunctions, being insuloted ond thermostoble

do not sense the femperofure chonges of the muscle. Chonges in muscle

octiviiy couse chonges in the muscle rote of heof produclion, thereby

cousing the muscle fo become wormer or cooler. Chonge of femperoture

of the muscle, tronsmiffed to the underlying 'hot' iunctions of the thermo-

pile olters the mognitude of the fhermo-EMF exisfing berween the 'hot'

ond 'cold' iunctions. The outpuf from the lhermopile wqs led to o Kipp

Microgroph recorder (moximum sensitivity = 2.5 ¡N/cm). The sTeody-stote

rote of heot production could then be colculoted from the volfoge reod off

the recorder (which is directly proportionol to the temperoture difference

befween the 'hot'ond 'cold' iunctions of the ihermopile)" The rote of heot

production, Ë, is,

60' y. c' k (mcol . g-l' rin-l¡
T_n-
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where \/=

c=

steody-stote oufput of Thermopile (¡.rV)

specific heot of muscle

(0.88 
"ol 

* s-l * d"s-I, Hill ('|931) )

cooling consfont 1r""-l ;

femperoture sensitivity of thermopi le

(¡rV x td"g-l ¡

t-K-

F=

k wos defermined seporotely in eoch experimenf by briefly heoting

fhe muscle (wifh o short pulse ot 50 k Hz sinusoidql currenf) ond recording

the time course of the subsequent temperoture foll. It is importonf to

establish thot k is o constqnf for the muscles, thot is, thot fhe muscles do

lose heqt of o rofe proporf ionql to the temperoture difference befween the

'hof'ond'cold' iunctions, since iT is ossumed in fhe li fortrlo fhot fhe rote

of heqt goìn is equol to the rote of heof loss (i.e. constonf muscle

femperoture).

The poired sortorii were dissected ond lefi ottqched to o porfion of

the pelvic bone. The muscles were then ploced in unbuffered Ringer ond

refrigeroted (5'C) for I to 2 hours prior to being ploced on the thermopile.

The thermopile ond muscle were fhen ploced in o speciol gloss vessel which

ollowed fhe muscle ond thermopile to be either bothed in Ringer solufion or

surrounded by oir (Clinch, T9ó8). Since fhe bqthing solution ocfs os q shorf

cïrcuit for the muscle heot, heot cqn only be meosured wiih the muscle in

oir: the smoll 'heof'signol meqsured with the muscle surrounded by bothing
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solulion is referred to qs on error signol qnd is generolly o meosure of

the quolify of the precoutions foken fo ovoid the presence of spurious

femperoture grodienfs in fhe thermopile. Using our system the 'error in

solufion' signol wos generqlly negligible. The gloss vessel contoining

lhermopile ond muscles wqs immersed inio o lorge Dewor flqsk which hos

been previously filled wiih wofer ond qllowed to come to thermql equili-

brium. HrO-soturqted oir wqs bubbled through the Dewor flqsk to provide

mixîng. Ringer-equilibroted oror N, wos bubbled Through the thermo-

pile vessel in order fo creote on qerobic or onoerobic otmosphere. The

muscles generolly required q2hour period to come to o constoni rofe of heot

producfion (the 'resting' li).

D. Generql Remorks Relofed to Biochemicol Experiments

All biochemicol experiments were done using seporoted, poired

muscles; sorforii from q given frog were dissected ond freed with both

muscles oftoched to q common frogment of pelvic bone. The bone frogment

could then be split with o rqzor blode fo yield the individuol muscles. A

single frog, fherefore, provided both control ond experimentol tissue.

Since the moss of o single sqrtorius wqs 50 lo 80 mg it wqs necessory to

combine the muscles from four frogs to give sufficient tissue to perform fhe

biochemicql deferminoti ons .

Muscles used for glycogen ond locfic ocid determinotions were ploced
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in unbuffered Ringer solution for one hour offer disseciion. Muscles used

for creofine phosphote, odenosine tri-, di- ond monophosphote, intro-

musculor lqcfic oc¡d, gf ucose-ó-phosphote ond fruclose-ó-phosphote were

dissected ond left in the refrigerofor in unbuffered Ringer overnight prior to

experimenfol use. This lotter precoufion wqs obsolutely necessory in order

fo estoblish resring levels of glucose qnd fructose-ó-phosphqte sÌnce levels

of fhese metobolites vory over o hundred-fold between the mefqbolicolly

resting ond octive siofe (Ozond ond Nohoro, 1964).

The experimentol opporofus for fhe biochemicol experimenls consisfed

of four gloss vessels interconnected by plostic tubing with one muscle set up

in eoch vessel. Either pure O, or N, wqs fhen bubbled fhrough the vessels

(ofter first being bubbled through o vessel confoining unbuffered Ringer in

order thof the gos be HrO-sofurofed before possing inio the experimentol

vessels).

Muscles were lefi in lhe experimentol solutions for periods of up fo

120 minutes. At the end of the experimentol period muscles used for

onolysis of CP, ATP, ADP, AMP, Ioctote, G-ó-P ond F-ó-P were removed

from the boihs ond immediofely frozen by squeezing the muscles with tongs

precooled in liquid Nr. The frozen muscles were then fronsferred fo o deep

îreeze (-85'C) ond left for q few hours prior io deprofeinisotion ond sub-

sequent onolysis (muscles which oppeored To hove fhqwn slightly were dis-

corded, this being detecfoble by color chonge ond loss of brittleness).
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All enzymes were obtqined from Sigmo Chemicql LÌd.

E. Estimotion of Glycogen

The method for ihe esfimotíon of muscle glycogen wos obtoined from

Kroeger (1970), ond is o modificofion of the technique of Montgomery

(1957). A detoiled onolysis of the technique is given by Johnson ond

Fusqro (1970) 
"

Glycogen content wos determined using seporoted, poired muscles

ofter they hod been in Ringer solution for o period of 90 minutes. At the

end of ihe experimentol period the muscles were quickly blotted, weighed

ond fhen dropped into 2 ml of hof potossium hydroxide in smoll (3 ml) tesi

fubes. The tubes were fhen ploced in o boiling wofer both for obout 45

minutes for complefe fissue digesf ion. After fhe fubes hqd cooled to room

femperoture, 0.050 ml of soturqTed sodium sulfqfe solufion ond 2.0 ml of

qbsolufe ethonol were qdded. The tubes were then refurned to the hof

(qbout B0'C) woter both for q few minufes till the glycogen hod coogulqied.

Tubes were then centrifuged ot slow speed (4,000 to 5,000 rpm) for l5

minufes ond the supernofont wqs discqrded. The precipifote wos then

solubilized in 2.0 ml of woter, qfter which 0.030 ml of phenol reogenf

ond 3"0 ml of sulfuric ocid were qdded" After the tubes hqd cooled Ìo room

temperoture, the obsorpfion wos meosured of 490 mp os compored to o wofer

blqnk. The obsolute omount of glycogen wos fhen determined from o
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previously prepored stqndord curve.

Reogents:

1 . 30% (weight/volvme) oqueous potossium hydroxide solufion

2. reogent-grode sulfuric ocid () 95/" purity)

3. phenol solufion (80 g phenol plus 20 ml DDW)

4" obsolute efhonol

5. glycogen sfock solution (l *g glycogen/l ml DDW)

The phenol used musf be of o 'pure' grode; crystols must be pure

white. If the crysfols ore pink fhen the phenol should be redisfilled. If

is olso importont thqt fhe glycogen used for the stock solution be os 'pure'

os possible in order To obtqin o replicoble siondqrd curye.

F. Preporotion of Deproteinized Muscle Extrocf for The Determinqtion of

Creotine Phosphote, Adenosine fri-, di- ond monophosphote, Lqctote,

Glucose-ó-phosphqte qnd Fructose-ó-phosphote

Muscles were removed from the deep freeze, weighed, ond ploced in

morfqrs precooled with q smoll volume of liquid Nr. The frozen muscles

were then powdered by grinding with pestle qnd morfor. After powdering,

10 to 30 ml/g muscle of 60/o perchloric qcid were odded, depending on fhe

weight of the muscles; usuolly yielding q volume of ó to I ml. Since fhe

perchloric qcid usuqlly froze in fhe mortor, if wqs necessory to melt the

mixture by stirring with o gloss slirring rod. Next the confents of the mortor

were tronsferred fo cenfrifuge tubes (precooled in ice) qnd cenfrifuged of
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5r000 rpm for '10 minutes. The supernotonf wos fhen trqnsferred to o beqker

in ice ond, with continuous sfirring, sufficienf 3 M potossium corbonqte wqs

qdded to bring ihe pH io sbout 7.5 (os meosured with pHydrion poper).

This mixiure wos lrqnsferred to ice-cooled cenfrifuge tubes ond spun

of 5,000 rpm for 10 minutes. The supernofont so obtoined wqs then

onolyzed for the vqrious mefoboliles. This technique wos obtoined from

Fedelesovo (privote communicofion) ond is q modificofion of the fechnique

of deprofeinizotion described by Bergmeyer (19ó3).

Reogents:

l. potossium coròonqfe (3 M K2CO3)

2. perchloric ocid (ó% w/v HCIOo)

G. Spectrophotometric Estimotion of Creotine Phosphqfe, Adenosine fri-,
di- ond monophosphote

(o) The method for the esfimotion of creotine phosphote (CP),

odenosine tri-, di-, ond monophosphote (ATP, ADP qnd AMP) wos fhqt of

Fedelesovq (privoie communicotion) ond wos o modificotion of fechniques

outlined byBergmeyer ( l9ó3).

The estimqtion of ATP wqs bosed on the reocfions cotolyzed by

phosphoglycerokinqse (PG K) ond g I ycero I dehyde-3 -phosphote dehydro-

senose (GAPDH):
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1,3 diphospho-
glyceric ocid

glyceroldehyde-
3-phosphofe

PGK

Z\
ATP ADP NADH

+
NAD

The conceniroiion of ATP in the muscle exfroct wqs determined by

odding 0.020 ml of glyceroldehyde phosphote dehydrogenqse ond 0.020 ml

of phosphoglycerokinose to o cuvetfe contoining 2.0 ml of buffer, 0.5 ml

of muscle extrocf , 0.050 ml of reduced nicofinonide odenine dinucleotide,

0.100 ml of 3-phosphoglyceric qcîd solution qnd 0"020 ml of cysteine

solulion. The reocïion (i"e. conversion of NADH to NAD) wqs followed

in the spectrophotometer to complefion ot 340 m¡l (the obsorpTion moximum

for NADH) qnd the concenrrotion of ATP in fhe muscle wos colculoted from

the chonge in obsorpfion ([E), the rotio of volume of muscle exfroct to

fotql volume of cuvette contents, ond the originol dilufion of perchloric

ocid per grom of muscle.

ATP 'n muscle = 6E/e x
muscle exfrqcf volume x HCIO4 dilution

fofql cuvette volume

(b) The estimotion of CP wos bosed on the reocfions cofolyzed by

creotine phosphokinose (CPK), phosphoglycerokinose (PKG) ond glycerolde-

hyde-3-phosphofe dehydrogenose (GAPDH):

GAPDH
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1,3 diphospho-
glyceric ocid

NADH
+

NADATP ADP

3-phospho-
glyceric

ocid

2.

J"

4.

5.

6.

7"

glyceroldehyde-
3-phosphote

The concentrof ion of CP in the muscle extroct wos defermined by

odding 0.010 ml of creotine phosphokinose to o cuvette conioining exoctly

fhe some components used in fhe ATP determinotion, except thof 0.1 ml of

muscle extroct wos used. From the chonge in obsorption qt 340 m¡r the

concenfrorion of CP wqs colculqted (os for ATP).

Reogents:

1. buffer, pH 7 "6 ('|00 mM triethonolominic hydrochloride, 0.4

mM MgSO 4 ' 7H2O, 0.1 mM EDTA, 0.3 mM ADP, odiusfed fo

pH 7.6 with 2 N NoOH)

3-phosphoglyceric ocid (150 mM 3-PGA)

reduced nicofinqmide odenine dinucleotide (3 mM NADH)

cysfeine (150 mM cysfeíne), or dithiolerythritol (150 mM DTE)

gf yceroldehyde phosphofe dehydrogenqse (4 mg/ml GAP-DH)

phosphoglycerol kinose (t mg/ml PGK)

creotine phosphokinose (20 mg/ml CPK)

PGK GAPDH

(c) The esf imofion of ADP ond AMP wos bosed on fhe reoctions
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cotolyzed by locfic dehydrogenose (LDH), pyruvote kinose (PK) ond

myokinose (MK):

loctic ocid

2 ADP ATP NADH NAD-

-r

AMP

MK

The concentrotion of ADP in the muscle exfrqcf wqs determined by

odding 0.020 ml of loctic dehydrogenose ond 0.020 ml of pyruvic kinqse

soluf ion to q cuvefte confoining I .0 ml of buffer, I "0 ml of muscle extroct,

0.050 ml of NADH solufion ond 0.150 ml of phosphoenol pyruvqfe solufion.

The reociion wcts followed to complefion in the spectrophotomeïer of 340

m¡.r ond the concentrqfion of ADP wos colculoted from the chonge in

obsorption.

The concenfrqtion of AMP wos determined by odding 0.020 ml of myo-

kinqse solution to the ADP cuveffe qfter the reoction with lqcfic dehydro-

genose ond pyruvote kinose hod gone fo completion.

Reogents:

1 . buffer, pH 7.5 ( 100 mM triethqnolomine hydrochloride, 0.4
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mM MsSO 4 " 7H2O, 0.'| mM EDTA, 3 mM K2CO3, odiusfed

ro pH 7"5 with 2 N NqOH)

2" phosphoenol pyruvote (150 mM PEP)

3. reduced nicotinomide odenine dinucleotide (3 mM NADH)

4. locfic dehydrogenose (l mg/ml LDH)

5. pyruvote kinose (t mg/ml PK)

6. myokinose (5 mg/ml MK)

The method used for the estimqtion of glucose-ó-phosphoie (G-ó-P)

qnd fructose-ó-phosphote (F-ó-P) is o modificotion of the technique of

Hohorst (19ó3) .

The estimofion of glucose-ó-phosphofe ond fructose-ó-phosphqte wos

bosed on the reqctions cotolyzed by phosphoglucose isomerose (PGI) ond

glucose-ó-phosphote dehydrogenose (G-ó-PDH):

H.

..,PGIrrucrose-o-
pl't"rpf't"* -----------+

gl ucose-ó-
phosphofe

phosphogluco-
locfone

Estimofion of Glucose-ó-phosphote ond Fructose-ó-phosphote

G-ó-PDH

/\/V
+

NADP NADPH

The concenÌrotion of G-ó-P in the muscle extrocf wos defermined by

odding 0.020 ml of glucose-ó-phosphote dehydrogenose solution to q

curvette confoining 1.0 ml buffer, 1"0 ml muscle exirocf, 0.020 ml
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NADP solution ond 0.020 ml mognesium chloride solufion. The reoction

wos followed to completion în fhe specfrophotomefer oi 340 m¡r. The

concenfrofion of G-ó-P in fhe muscle in terms of pmoles/g could then be

colculoted from the chonge in obsorption, the somple dilufion, ond the

weight of the muscle os for ATP.

The concentrqtion of F-ó-P in fhe muscle extrocf wqs defermined by

odding 0.020 ml of phosphoglucose isomerose solufion fo fhe cuvette

described obove qfter fhe reoction with glucose-ó-phosphofe dehydrogenose

hod gone to complefion.

Reogents:

I . rriethonolqmine buffer, pH 7.6 (0.4 M triethonolomine hydro-

chloride, odiusfed to pH 7 "6 with 2 N sodium hydroxide)

2. mognesium chloride (0.5 M MgClr)

3. nicotinomide odenine dinucleofide phosphote (0.02 M NADP)

4. glucose-ó-phosphote dehydrogenose (l mg protein/ml)

5. phosphoglucose isomerose (0.5 rg profein/ml)

L Estimofion of Loctic Acid

The method used for the estimqtion is o modificoïion of thqt of Hohorsi

( reó3).

The estimofion of locfic qcid wos bosed on fhe reocfion cofolyzed by

locfic dehydrogenose:
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loctic ocid pyruvic ocid

+
NAD' NADH

(o) The concentrotion of loctic ocid În ihe deproteinized muscle

extroct wqs determined by odding 0.020 ml of LDH to o cuveffe confoining

1 .000 ml of buffer, 1.000 ml of muscle exfroct, ond 0.020 ml of NAD

soluiion. The reqction wqs followed to completion of 340 mp (requiring

l0 to 20 minufes) ond the concentrotion of locfote colculoted from the

chonge in obsorption (os for ATP).

(b) Loctic ocid in the bqfhing solurion wos determined using split-

poired muscles while the muscles were in solufion. Muscles were sef up

in vessels of 25 ml volume. At 30 minute intervols, 2ml oî the bothing

solution were removed (by syringe). Volume wos kepT consfonf by replacing

w¡th 2 ml of stock soluiion. At the end of the experimenfql period fhe

muscles were blotted, weighed qnd discorded.

The concentrqtion of lqctic ocid wqs then determined by odding 0.020

ml of LDH io o cuvetfe contoining 0.90 ml of buffer, 0"100 ml of NAD,

0.50 ml of sompfe bothing solution ond 0"50 ml of deionized, distilled

woter. Totol volume of the cuvefte wos 2"02 ml. The reqcfion wos fhen

followed on the spectrophofomeïer of 340 mp. From the chonge in obsorption

(AE), The dilufion of the somple, the weight of the muscle, ond the fime
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oi which the somple wos token, the rote of locïic ocid producfion in terms

of pmoles/grom wet muscle/hour wqs defermined.

Reogenfs:

1. hydrozine-glycine buffer (0.4 M hydrozine, I M glycine,

odiusi pH to 9.5 with 2 M NqOH)

2. nicotinomide odenine dinucleotide (obouf 0.05 M)

3. loctic dehydrogenose' LDH (cbouf 5 mg proiein/ml)



III. RESULTS

A. Heqt Producfion

The results of o iypicol experiment in which heot producfion is

messured is shown in Figure I . The resting rote of heot production wos

-l -t
obout 2 mcol . g ' . min ', o volue similor fo resting heot rote usuolly

found for frog sorïorius muscle (Hill ond Howorth, 1957; Yomodo, 1970).

Introduction of the 15 mM Ko Ringer coused on opporent immediofe increose

in heot rofe with o new steody stqte heqt role being seen within obout 45

minufes. The heof rqfe in 15 mM K Ringer wqs qbout 13 mcol ' 9-l ' *in-l,

or ó fo 7 times fhe resting heqt rqte. Return of normql (2.5 mM Ko) RinSer

coused the heot rqfe to return to resfing levels opporently within l5 to 20

minutes. Infroducfion of pure N, gos info the muscle both (i.e. onoerobiosis)

coused the resïing heot rote to decreqse to qbout 50o/o oî the oerobic heot

rote. Treofmenf of the onqerobic muscle wifh 15 mM K Ringer coused the

heof rote to increqse obout fwo-fold (in comporison to fhe ó lo 7 f old

incremenf seen ín oerobic conditions). The decreqsed incremeni in heot rote

due fo high K- seen in onqerobiosis is not due fo muscle fotigue since fhe- o ---'

experimentol procedure con be reversed (onoerobic depolorizqtion proceeding

oerobic) ond similor results obtqined. Treofmenf of Rono pipiens sorforius

with l5 mM K Ringer oerobicolly in other experiments on the qveroge

cqused fhe heqt rote to increose ó fold, (with o 4 io l0 fold incremenÌ being

fhe ronge of volues); similqr treofment of the onoerobic muscle coused

no more thono doubling of heof rqfe. In two experiments in which sortorii

-34-
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riÌ

::ü.

ltj

( hourr )

FIGURE I. The rofe of heot producrion in ferms of mcol . g-l . r¡n-l i,
ploited versus fime in hours. The horizontol bors of the top
refer to ihe length of fime fhe muscle wos exposed fo eoch of
the experimenïql conditions, fhus the muscle wos exposed to
15 K Ringer ond O, for qbout 2 hours for exomple.
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of Ronq temporqrio were used, the oerobic increment in heot rote due to

15 mM K wqs 20 qnd 24 fold.
o

B. Glycogen Conlent

Results of the experimenis in which muscle glycogen wos meosured

ore summorized in Toble I ond presented grophicolly in Figure 2. Voriobility

in gfycogen contenf in differenf frogs is obviously high (from 8 Io 16 mg/g

wef muscle in condifions of O, ond 2.5 mM K Ringer). Voriobility

between sortorii of o given frog however is probobly nof significont since

in one experiment in which glycogen content befween right ond left sortorii

wos compored (4 frogs) the meqns were found fo be identicol. It is there-

fore ossumed thot the initiol glycogen contenf for o given poir of muscles

is the some in bolh muscles.

Treqtmenf of oerobic qnd qnqerobic muscle w¡th l5 mM K Ringer for

90 minutes cqused the level of glycogen fo decline by 1.7 qnd 2.5 ng/g

wet muscle respectively. Anqerobiosis per se cqused fhe level of glycogen

fo follby 2.0 ^g/5. By dividing fhese volues by 180 (the moleculor

weight of glucose) it is possible to cqlculote fhe decrement qnd rofe of

decreqse in terms of glucosyl units; fhus I .7, 2.5 ond 2.0 mg glycogen

correspond to9.4, '|3.9 ond ll.1 prmoles glucose, ond the corresponding

rotes of glucose liberqtion would be 6.3r 9"3 ond 7.4 pmoles glucose .

groms wet muscle-l . hourr-l.
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It should be noted thoi ihe meons obtoined under conditions of

2.5 K/O" ond 2.5 K/Nô ore only significontly different ot o level of'l¿

significonce of 107o, ond nof ot 5o/o, the commonly occepted volue for

reiectíon of the null hypofhesis. However, it is ossumed in loter

discussion fhot ihe meon volues obtoined ore 'true'volues ond ihe

difference between means hos been used in certoin colculotions. There-

fore ít should be considered Thot one of the reosons for the discreponcy

beÌween the glycogen dofo ond the heoi ond loctote doio (noied lofer)

is the ossumption fhof the volues found differenr ot o level of significonce

of 10/" ore truly differeni.
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TABLE ]

Muscle Glycogen Content

2.5 K/O2

9. t5

7.78

9.46

12.62

10.03

16.14

t5 K/O2

7.26

7.05

8.08

12.27

8.41

12.27

r r0.8ó t 1.24 x 9 .221 0.99*

x 12.36 ! 1.12

2.5 K/N^'¿

10.87

9"1t

tl.48
9.95

i T0.35 + 0.52**

2.s K/O2

lt.3t
10.23

15.43

12.45

(Toblelcont'd. . .)



cont ¡d . .
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TABLE I

Muscle Glycogen Confent

2.5 K/N^.z

10.0ó

12.57

15.67

12.83

I0.30

12.23

6 "95

12.16

15 K/N2

I "07

t0.93

12.77

10.83

7.80

8.53

s.41

8 "47

i ll.ó0 1 0.90 -x 9.10 t 0.81*

All volues ore expressed os mg glycogen/g muscle. Meons
ore given qs i t SDM,

"Poired T fest wos performed ond vqlues found different qt
level of significonce, P ( 0.05.

**Poired T fest wos performed qnd vqlues found differenf oÌ
level of significonce, P ( 0.10.
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irìiittli l:,i.]ìrirìì

MUSCLE GLYCOGEN
(^s/s wet muscle )

2.5 K- 02 v 2.5 K- N2 2.5K-N2 v l5K-N2

\

a,,''

L:

FIGURE 2.

':\"'

:\,

i to.o *. 12.1 i ro.4 x 11.0 i 9.1

...r r: ì. r .. . ....., i ìiì t,...r .,,t:::. ...::;:t,: :.:r ::,. . .,,:, 1 1 ,..r..r,,-. : .,,.. .....r,,.rilìilì¡¡ilriìr,,

The glycogen content of the muscle (mg glycogen/gwet muscle)
is plofÌed in control ond experimentol muscles os o funcTion of
the experimentql conditions. Poired muscles were used, thus
eqch set of connected points refers fo fhe glycogen contenÌ in
opposite muscles of o poir of sorforii. The experimenfol period
wqs 90 minutes. The meons for eqch condition ore given of the
bottom of the groph.
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C. CP, ATP ond ADP

The results of the meosurements of the qdenine nucleotides ond

creotine phosphote ore summorized in Toble II qnd presented grophicolly

in Figure 3. Dqto for qdenosine monophosphote ore nof presented since

consistent vqlues could nof be obtoined, the concenfrotion of this

metobolite opporenf ly being too low to qccurotely meosure by the technique

outlined in Methods. The concenfrqfion of the metobolites in 'fresh'

tissue (tissue isolqted ond frozen immediqfely ofter deoth) wos defermined

for purposes of comporison. The concentrof ions of ATP, CP qnd ADP in

'fresh' tissue were 3.0, 19 "l ond 0.4 ¡.rmoles per grom wef muscle

respecfively, Since muscle which wos freqfed experimenfolly w¡th 2.5 mM

K Ringer ond O, which supposedly opproximotes in vivo condíf ions, confqined

obouf the some omount of ATP, CP qnd ADP os 'fresh' muscle if wqs iudged

fhot the experimenfol procedure did nof hqve detrimenfql effects on fhe

mechqnisms of ATP synthesis ond uf ilizotion.

Treotmenf of the qerobic muscle w¡th 15 mM K Ringer for ó0 ond 90

minutes coused Ìhe level of CP to foll by obout q third (from 21 .4 to 14.5

Fmoles/g) ond the levels of ATP ondADP fo probobly not chonge (3"4 ond

3.2 ¡.rmoles ATP per grom qnd 0.4 qnd 0.4 pmoles ADP per grom). Treqt-

ment of the qnoerobic muscle w¡fh hïgh K Ringer for ó0 minufes hod similqr

effecls; the level of CP declined from 20.2to12.2, ATP seemed to

decreose slightly $ron 4"4 ro 3.7) wh¡le ADP showed no opporenf chonge
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High Energy
Phos phate

CP + ATP

¡rmoles/g
wet muscle

FIGURE 3. The sum of the meon content of CP qnd ATP (in Ìerms of ¡rmoles
-P . g-1) is ploifed qs o function of the experimenfql condifions.
Pqired muscles were used in qll experiments. Doto is thot pre-
sented in the preceding ioble.
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(0.4 ond 0.5 ¡rmoles per grom respectively). In comporing the effecÌs of

treofment with 15 mM K Ringer on oerobic qnd onoerobic muscle, if would

seem fhere is no apporent difference. This is especiolly obvious when the

effects of treotmenf ore compored in grophÌcql form os in Figure 2 in which

the sum of CP ond ATP Ís plofied versus treotmenf .

It moy olso be concluded thot onoerobÍosis per se hod no effecf on

ihe level of high energy phosphoÌes, olihough experiments in which the

effects or orond N, in fhe presence oî 2.5 mM K Ringer on the levels of

CP ond ATP were nof done. The lock of effect of qnoerobiosis is in controst

wiih 2 experiments performed on sortorii of Ronq temporqriq in which N"

oerqfion for 90 minutes hqd rhe effecf of decreqsing fhe level of Cp by

obout 1/3, o finding consistenf with rhqt of ozond, Nohoro ond Cori , 1962.

D. Locfic Acid

The rofe of loctic ocid synfhesis wqs defermined for onqerobic

muscle by meosuring fhe omount of lqctqfe in fhe muscle itself ond the

bofhing solution, it being necessory for the muscle in onoerobic conditions

to exfrude its locfqfe info the exfrqcellulor medium în order to prevenf

musc le poison ing .

Resulis of meqsuremenfs of the onoerobic loctote content of the

Ringer solufion over o fwo hour period ore summorized in Tqble III ond

Figure 4. Resiing muscle in the or-îree environment lost lqcfic ocid qt
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Lactic Åcid prodt¡ction

,/

I
a 15 K

I

Lactic acid

r/t
./

The meon t SDM of lqctic qcid confenf of the bofhing solution
(RÌnger) (in ferms of ¡rmoles ' g-1) is plofted versus flre time
qt which the vqlues were defermined . Zero time refers lo the
poinf oT which the muscles were ploced in the differeni solu-
tions. Eqch meqn is fhe overoge of 5 seporofe determinotions"
Pure N, wos bubbled through the solutions for the entire
experimAnÌol period.

n=5

I

/t/J,i/r

2.5 K

60'

time

FIGURE 4.
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-1 -1q rqfe of qbout 2.5 ¡rmoles ' g . hr If is qssumed thot The rqfe of

c¡ppeqrqnce is lineor over fhe two hour period of meqsurement. Muscle

treqted w¡th l5 mM K Ringer showed on increosed rote of loctic ocid

oppeoronce, the rofe being qbout 5 ¡.rmoles . g-l . hr-l . The doubling

of the rote of loctic ocid 'synthesis'with depolorizofion is similor to the

increment in heot rofe (Koye ond Mommoerts, 1960, doing fhe sqme loctote

determinotions found the some volues for the rotes of production reporfed

here).

Meosurements of fhe inTromusculor lscfic ocid concentrqfion ore

summorized in Tqble IV qnd presented grophicolly in Figure 5. Aerobic

muscle treoted with 2.5 or 15 mM K Ringer for ó0 minutes contoined qboui

0.8 ond 0.9 ¡rmoles locfic ocid per grom wef muscle respecfively, while

qnoerobic muscle freoted with 2"5 or 15 mM K Ringer contoined l.ó ond

3.2 ¡rmoles loctic ocid per grom wef muscle respectively. Anqerobiosis per

se hqd the effeci of doubling fhe locfic ocid concentrqtion in the resting

muscle. Treqfment wifh l5 mM Ko olso doubled the concenfrqtion of

locfic ocid in ihe onqerobic muscle but hqd little or no effecf on locfic

qcid content of oerobic muscle.

Concerning onoerobic muscle, fhe rqte of lqctic ocid synfhesis moy

now be colculqted by odding the intromusculor loctic qcid fo thoi in the

bothing solufion. The totol loctic ocid synihesized in one hour of onoerobiosis

in muscle bqfhed in eifher 2,5 or l5 mM K Ringer is, fherefore,1.6+2.5
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Lactic Acid Content

¡rmoles /g
wet muscle

FIGURE 5.

15K 2.5K 15K
N2

The meon lqciic qcid concenfrqtion of the muscle qfter ó0
minutes (in ferms of ¡rmoles . g-1) is plotfed os o funcfion of
fhe experimentsl conditions. Vqlues qre obtqined from the
preceding toble.
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ond 3.2+ 5.0, or 4".| qnd 8.2 pmoles per grom wet muscle respectively.

Since the synthesis of one molecule of lqctic ocid results in ihe synthesis

of obout 1.5 molecules of ATP, the rqfes of ATP synfhesis in the qbove

conditions ore obouf ó qnd l2 ¡rmoles ATP per grom wet muscle per hour.

E. Glucose-ó-phosphote

Meosuremenls of the intromusculqr concentrofion of glucose-ó-

phosphofe ore qlso summorized in Tqble IV. Dqtq for fructose-ó-phosphofe

is not presented since consistenf volues could nof be obtoined in muscles

which hod been ollowed to equilibrote over o period of severol hours.

Thot is, fhe concenfrotion of fructose-ó-phosphofe wos iudged fo be too

low fo be occurofely meosured by fhe techniques os outlined in Methods.

,Aerobic muscle treoted with eiiher2.5 or 15 mM Ringer contoined obouf the

some qmount of glucose-ó-phosphote (0.03 ond 0.05 ¡rmoles per grom wet

muscle). Anoerobic muscle freofed with 2.5 or 15 mM K Ringer contqined

0.03 ond 0.07 ¡rmoles per grom respectively. The results suggesf fhot

freofmenf with 15 mM K Ringer hos little, if ony, effeci on glucose-ó-

phosphoÌe concenïrofion in qerobic conditions, while freotment wiïh h¡gh K

Ringer in qnoerobic conditions qpporently coused q doubling of the

concenfrqtion of glucose-ó-phosphofe .

The importonce of ollowing o period of equilibrqtion for fhe determino-

fion of resting levels of glucose-ó-phosphofe is opporenf by comporing fhe
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resulls obtoined with 'fresh'fissue to the experimenfol fissue. 'Fresh' tissue

(tissue immediotely frozen ond onolyzed ofter deqth of the frog) contoined

qbouf 2 ¡rmoles per grom wef muscle, or obouf 50 fo T00 times the qmounf

of glucose-ó-phosphofe in experimentol fissue.



IV. DISCUSSION

The purpose of experiments reported here wqs to furiher investigote

fhe mqrked difference between fhe oerobic ond onoerobic increment in

metobolic rqfe due fo increqsed Ko which Hill qnd Howqrth first described,

qnd to provide biochemicol doto on which fo ottempf to provide on

explonotion of this difference.

A. Glycogen Esfimotions

Biochemicol experimenis performed reloting io this section were done

in order fo compore chonges in fhe concentrof ion of fhe primory energy-

producing substrote (glycogen, under the experimentol conditions used

here) with chonges in fhe end producf of this meiobolism (loctic ocid).

Chonges in ihe roie of consumption of glycogen necessorily result in chonges

in rqte of production of ATP, the cellulor mechonism of conservofion of

energy. Steody-sfofe condifíons in the cell necessifqte o bqlqnce between

ATP production ond utilizotion , or, in ofher words, ihe rote of cellulor

mefobolism proceeds so os to mqintoin o constonl concenfrqfion of ATp.

l'Jon-steqdy stote conditions will be reflecfed by on increose or decreose ín

the level of ATP (or -P) with time. Therefore, o combinotion of the resulfs

of meosurements of high energy phosphoie fevels ond the results of meosure-

ments of the glycolytic subsfrotes con be used fo estimqte fhe rqfes of ATp

synlhesis qnd uf ilizotion.

The first series of experimenfs defermined ihe chonges in levels of

glycogen fhot occurred ofter treofment w¡fh r5 mM K Ringer under oerobic

-5t -
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ond onoerobic conditions. Ninety (90) minutes ofter treotment w¡ih h¡gh K

Ringer, fhe glycogen confeni of the muscle hod decreosed by 1 .7 mg/g

in qerobic ond 2 .5 
^g/S 

in qnoerobic conditions (or oliernoiely , 9 .4 ond

13.9 ¡.rmoles glucose per grqm, respeclively). Anqerobiosis per se coused

fhe glycogen level fo decreose by 2.0 
^g/g 

(t t .l ¡rmoles glucose per

grom) over the 90 minute period. Therefore, fhe tofol decreqse in glycogen

confent in conditions of high Ko ond N, con be colculoted to be 2"5 * 2.0 =

4.5 mg (or 25.0 ¡.rmoles glucose) . g-1 . 90 min-l. The decreose in

glycogen contenf in resting muscle in Orwos probobly negligible since no

chonge could be detected in one experiment (theoreficolly it would be

expected thqt the qmount of glycogen used in qerobic resting muscle in

90 minutes would be so smoll os to be considered negligible).

If is possible fo esfimote the tofql ATP synthesized in the experimentol

period from the glycogen dotq since:

l) complete oxidqfion of one molecule of glucose to CO, ond HrO

(oerobic condifions) con yield 38 molecules of ATP, so 9.4 ¡rmoles glucose

con yield qbouf 3ó0 ¡rmoles of ATP,

2) onoerobic conversion of one molecule of glucose fo loctqle results

in the synthesis of 3 molecules of ATP, so 25.0 ¡.rmoles glucose con yield

obout 75 ¡rmoles of ATP.

Thus, ossuming conditions of normol efficiency of ATP synthesis, fhe

fotql ATP synthesis during freolment with l5 mM K Ringer wos obouf 3ó0
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ptol", ' g I
90 min-l in O, and7l¡rmoles . g-l .90 min-l in Nr.

The oerobic rqfe probobly requires some odiustmenfs; it is estimoted

lhot of the glucose releqsed from glycogen, some 8o/o is releosed os free

glucose rother thon glucose-l-phosphofe (Ozond, Nohoro, ond Cori,

1962) qnd thot qn qdditionol l5% of the phosphoryloted glucose is con-

verted fo lqcfofe rqTher thon oxidized to CO, ond HZO. If these figures

ore qllowed for, then the rote of ATP synthesis colculoted obove is high

by o foctor of obout 25o/o, The oerobic ATP synfhesized with the qbove

olf owonces would therefore be obout 3ó0 x Q.75 = 220 pmoles ATP . g-l

-190 min Using the figures oî 270 ond 75 if oppeors ihqt fhe qerobic rote

of ATP synthesis is qbout 3.5 iimes The onoerobic rofe during treotment

wifh 15 mM K Ringer.

If is olso possible to cqlculqie the tofol ATP synfhesized ofter 90

minufes in normol Ringer under oerobic ond qnqerobic conditions. Since

fhe oerobic glycogen decreose wqs nof determined, fhe ATP synfhesized musf

be colculoted from fhe resting heot rofe, fhot is, from the fofol heot produced

(or olternofely, from the fotol O, consumed since it moy be cqlculoted fhql

o resting heof rqte of 2"5 mcql . g-l . r¡n-l corresponds to q Qg, of 0.5

-t -1pliters " g 'min ', o volue which hos been obtqined experimentolly

(H¡f f , 1965). This is possible since oxidqtion of one mole of glucose roCO,

ond HrO under cellulsr conditions releoses oboui 6701000 cqlories

(Lehninger , 1965), or 670 mcol per ¡.rmole glucose, ond in fhe process
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synthesizes qbout 33 pmoles of ATP (Since it is ossumed thot l5olo of The

glucose is converted to loctofe rofher thon CO, ond HrO ïhe figure of

670,000 colories is in error. The qctuol quontify of heqf liberoted would

be 0.85 x 670,000 plus 0.15 x 44,000, or obout 576,000 cqlories per mole).

Since The steody oerobic resting heot rofe oi 20o C is usuolly obout 2.5

mcql . g-l . *in-l (H¡ll, 1965), or 150 mcol . g-l . h.-1, the rore of

ATP synthesis is colculored fo be 33 x 150/576= 8.ó ¡.rmoles ATP . g-1 .

hr-l, or obout 13 pmoles ATP . g-l . 90 min-l . The onoerobic ATP

synthesis csn be cqlculoted from ihe glycogen decreose in 2.5 K Ringer

ond N, (.|1.1 ¡.rmoles glucose . g-l . 90 min-l) by muliiplying 11.T x

3 = 33.3 qnd is found to be qboui 33 ¡.rmoles ATP . g-1 . 90 min-l . Thus,

in muscle in 2.5 K Ringer, the qerobic rote of ATP synfhesis (13 ¡.rmoles "

g-l ' 90 min-1, colculofed from heot doio) is obout one-third the onqerobic

rote (33 ¡rmoles 'g-l . 90 min-I, colculofed from glycogen doto).

B. Heot Experiments

As indicofed eorlÌer, steody-stofe metobolic conditions represent o

nef bolonce of ATP synthesis ond use. Thot is, over o period of time qll

lhe cellulqr ATP is recycled ( ATP -----+ ADP ---+ ATP -----+

etc.) ond in the process, energy conserved in fhe -P bond is releosed.

Thus, in fhe sfeody-siote oll the energy fhot is releosed from glucose

cqfobolism evenfuqlly oppeors qs heot (glucose 2 loctqfe *

44,000 colories, glucose 6CO2+ 6H2O + 670,000 colories).
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If oll vqlues for ATP synlhesis ore colculoted from the totol heot

production, somewhof differenf volues qre obtqined. It wos defermined

obove fhot lhe oerobic resting muscle synthesized ATP ot o rote of l3

¡.rmoles " g-l ' 90 min-l . Since the steody onoerobic resfing heot roie

is usuolly obouf 1.5 mcql ' g-l ' tin-l the ATP synthesis in 90 minufes

în condifions of 2.5 K qnd N, would be 3 x I.5x 90/44=9.2 ¡.rmoles '

g-l . Totol heot production during treotment w¡fh h¡gh K Ringer for 90

minutes moy be obtoined by integroiion of the oreos of the heqt curves for

ihese experimentol conditions. When this is done, it is found thot some

I 1000 mcql ' g-l ond 220 mcsl ' n-l ,"rp"ctively ore produced in qerobic

ond onoerobic conditions, which would correspond to lhe oxidotion of 1"5

¡.rmof es glucose . g-l to CO, ond H20, ond conversion of 4.9 ¡rmoles

glucose ' g-l to locîoie, which in turn would correspond to o fofql ATP

synfhesis oî 57 ¡rmoles . g-l . 90 min-l oerobicqlly ond l5 ¡.rmoles ' g-l "

90 min-l onoerobicolly.

C. Loctic Acid Estimqtions

In fhe Results section concerning lqctic ocid, rotes of ATP synihesis

were colculoted for onqerobic muscle under condiTions ofnormol ond high K

Ringer. In Ìhis cqse fhe ATP synfhesis for muscle in 2.5 qnd l5 mM K

Ringer wos ó ond l2 ¡rmoles ATP ' g-l . hr-l ,"rp"cfively.

The results of oll these cqlculofions for fhe rqfes of ATP synfhesis qre
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summorized in Toble V" It is opporent thqf colculotions of ATP synthesis rote

from glycogen doto leods to much lorger volues thqn fhose obioined from

heot or locfic ocid doio. It is olso opporenf thot for qnoerobic muscle fhe

results obtoined from cqlculotion by heot ond locfote dqfo ore in close ogree-

menf . Heoi production ond loctote ore similqr in ferms of skeletol muscle

cell biology in fhe sense thot they ore both end-producfs of metobolism

(only in the present context of course, since locÌofe is still o highly complex,

orgonic molecule ond represents on 'ultimqte end-producl' only in skeletol

muscle in onqerobic condiiions). Therefore, it should probobly be considered

fhqt fhe heot ond loctqfe doto would give the best esfimofion of rofe of ATP

synlhesis, ond the resulfs obfoined from ihe heqt dofo will be tqken os the

rqfes of ATP synf hesis in lofer discussion .

If The glycogen dqto is occurote, then it musf be concluded ihot on

the overoge 5 times more glycogen is releosed thon cqn be occounted for in

terms of end-product (heof or loctofe) under oll experimenfql conditions in

which glycogen chonge wos determined. The whereobouts of the opporent

excess glucose is unknown; it is obvious from fhe glucose-ó-phosphote doto

thot no occumulofion of hexose monophosphofe occurred. If olso seems

unlikely thot lorge omounls of glucose were releqsed inio the Ringer

solution (in view of the figure of 8o/" free glucose produced from glycogen;

Ozond, Nohoro ond Cori, 1962) olthough this wos not checked experimentolly.

A possible, but highly improboble, explonqfion ís thqt qll fhe experimenfsl
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TABLE V

ATP Synthesis in 90 Minutes

2.5 K/O2 15 K/O2 2.5 K/N2 15 K/N2

Colculqted from
gfycogen doio - 270 33 75

Colculofed from
heot dofq 13 57 9 15

Colculoted from
loctofedoto g lg

All vqlues expressed os ¡rmoles . g-1.
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muscles contqined less glycogen thon their control mofes.

It musf olso be considered thof fhe experimenfol resulfs qre in error.

If wos noled qbove thoi the chonge in glycogen concentrotion wos in

disogreemenf with the heqf qnd locfote results by o foctor of qbouf 5 times

in oll cqses, which would suggesf fhot o methodologicol error moy hove

occurred (for exomple, the stqndord glycogen solutions used for estoblishing

q sfondord curve moy consistently hove been mode up incorrecf ly). It is

slso known Thof the chonge in glycogen confent which occurs during o

short tetonic confroction (of rqt skeletql muscle) con be exoctly qccounfed

for by The increose in hexose monophosphofe qnd locfqÌe (Cori ond Cori,

1933). However, it should qlso be noted rhot fhe qveroge glycogen confent

(obouf 11 mg/g) ond ronge of volues obtained of the resting muscle is similqr

to thqf obtoined by ofhers (see, for exomple, Donforfh, tgó5).

If hos been well esfoblished thqt for severol dífferent cell fypes, ihot

ATP is buffered by o lorger pool of creotine phosphote (see, for exomple,

Lehninger, 1970b) which hos the effect of increqsing the funcf ionol size

of the ATP pool. The sum of cP qnd ATP hqs been cqlled the 'high energy

phosphote' pool ond chonges in the level of this is token fo represenf chonges

in fhe relqtive rofes of ATP synthesis qnd utilizotion. Thol is, it is ossumed

in the following discussion fhot ony decline in fhe level of -p is

indicotive of o situqfion in which the rote of ATP utilizotion is greofer

fhon fhe roie of synfhesis. If is not cleor from fhe experimenfql dofo whether
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or not the level of -P contÌnues to declîne qfter 90 minutes of lreofment

w¡fh high K Ringer, since loter meqsurements were nof mode " The single

ó0 minute experiment with qerobic muscle suggesfs thot fhe decline in the

level of -P moy in foct ploteou even before the end of the ó0 minule

experimentol period" Results from the heof experiments suggesf thof muscle

treoted w¡fh T5 mM K Ringer ossumes o new steody-stote meïqbolism offer

qbouf 45 to ó0 minutes of increosed Ko. It moy be wiser, for the present

discussion fo ossume ihoi fhe decline in -P seen wiÌh high K. occurs

during ihe firsf hour of treotmenf ond ihqt beyond fhis point further chonge

mcty or moy not occur.

Since fhe cellulor ATP is simultoneously subieci to chonges in roie of

synthesis ond ufilizotion, fhe sfeody-stote ATP level must (os indicqfed

previously) represent o bolqnce between the rofes of synthesis qnd ufïlizofÎon"

The foiql ATP ufilizqlîon in fhe experimentol period moy be cqlculqted

from f he sum of fhe ATP synfhesîs qnd the decreqse of the -P pool"

The level of -P decreqsed by 24.7 '17.7 =7.I¡rmoles ' g-1 ¡n

oerobic condiÌions, ond by 24.6- 15.9 =8.7 ¡.rmoles ' g-l in onoerobic

condiiìons, when muscle wos treofed with high K Ringer for one hour"

Since'fresh'muscle contoined obouf fhe sqme omount of-P os muscle

treqled with 2.5 mM K Ringer ond O, or N2, the rote of decreose of the

-P pool is fqken fo be zero in these conditions. Using the iofol ATP synthesis

colculoted from the heot dofo, fhe meon rofes of ATP utilizotion con now be



-ó0-

colculqfed for fhe vqrious experimenlol conditions qs follows:

rofe of ATP ufilizqfion = rqte of ATP synfhesis * rote of -P decreqse

The results of the colculotions of meqn rqfes of ATP ufilizofion ore

summorized in Toble VI.

The colculoted overqge rotes of ATP use ollow some commenf os fo

fhe effecf of treqtmenf wifh high K Ringer in oerobic ond onoerobic condi-

fions. The simplest interprefotion of the doto is thot during porfiol depolori-

zotion there is increqsed ATP hydrolysis ond thot whotever is responsible for

fhe increqsed ATPose octivity is sensitive to fhe presence oî Or(since the

qerobic overoll ATPqse rqfe is double fhoT of the qnqerobic muscle during

fhe first hour; during loter periods when steody-stote conditions cre

probobly reossumed, fhe qerobic rote would be 3 to 4 times fhe onoerobic

rofe).

Alternofe interprefotions become more complex" The Or-sensifive

ATPose iheory mokes the ossumpfion thqi oxidqtÌve phosphorylofion is

coupled To electron tronsport fo the some degree in conditions of normol

ond high Ko (i.e. ihe oxidofion of one mole of glucose toCOrond HrO

yîelds 33 moles of ATP, qs cqlculqted eorlier). During conditions of

onqerobiosis, mitochondriol funclion is presumobly furned off becouse of fhe

qbsence of Or. In such conditions fhe rqfe of glucose consumpfion must

increqse severol fold in order to mqinfoin the ATP level; fhot this does in

foct hoppen is suggested by the results obtqined in this sludy in which it hos
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TABLE VI

Meon Rotes of ATP Utilizotion

Totol ATP synthesis * -P decreose = ATP utilizotion
Conditions in I hour in I hour in I hour

2.5K/O^ I 0 8'z
15 K/O^ 38 7 4s'¿
2.5 K/N^ 6 0 6'¿
15 K,/N^ l0 I 19'¿

All volues expressed os ¡.rmoles ' g-l ' hr-l .



-62-

been colculoted thqi The rote of ATP synfhesis is opproximotely fhe sqme

in resiing muscle in the presence of either O, or Nr. Treotment of the

qnoerobic muscle with l5 mM K Ringer coused fhe level of -P fo decreose

by oboui one-third ond fhe level of glycogen to foll by 2.5 m1/g, suggesting

ihqt in conditions of no mitochondriol function, the rqte of ATP synthesis

vio increqsed glycolysis is nof quite sufficient to moke up the ATP lost

through hydrolysis (ot leost during fhe first hour of depolorizotion). There-

fore, if it were true thot sustoined porfiol depolorizotïon were to cquse

disruption of lhe process of oxidotive phosphorylotion in oerobic condifions,

it would perhops be expected ihot the muscle would reqct qs though it

were fqced with onqerobÎc condifions; thof is, the glycolytic rote would

probobly increose ond the level of -P perhops fqll. The results indicote

fhof in qerobic conditions ond sustoined portiol depolorizotion (treofmenf with

l5 mM K Ringer) fhere is stimulotion of glycogenolysis (1 .7 mg/g. 90 min)

qnd decreosed levels of-P (7,0 pmoles/g 'ó0 min), stimulotion of loctqfe

synthesis wqs not seen however but this con perhops be exploined by the

foct thof normql oxidofion of rhe glycolytic products con slill occur in the

mifochondriq. In oiher words, if treotment with high K Ringer were to disrupt

the mitochondriol function of ATP synThesis, the true rote of ATP synfhesis

would be deiermined in the sqme monner os for onqerobic metobolism (fhot

îs, eoch ¡rmole of glucose produced from glycogen would synthesize 3

¡.rmoles of ATP) ond fhe colculoted rote of ATP synthesis would be9.4 x 3 =



-63-

2B.2pmolesATp . g-1 .90 min-l, orobout 19 ¡rmolesATP 'g-l ' hr-l .

And if the glycogen dqTo con be qssumed to be in error by o foctor of 5,

the rore of synthesis would be obout 19/5 *4 
¡rmoles ATP ' g-l ' hr-l,

which when combined with fhe decreqse in -P would give o meon rote of

ATPose octivity of 4+7 = 11¡.rmoles ' g-l ' hr-l (in controst fo the meqn

rofe of 45 ¡:moles ' g ' hr-l colculoted by ossuming normol mitochondriql

function).

If moy olso be true thot fhe process of oxidotive phosphorylofion is

impoired during qerobic portiol depolorizotion buf not compleïely obliteroted"

It wos nofed fhoi the meon rqte of ATP use in oerobic ond onoerobic resting

muscle wos obout the some; if ii were true thot portïol depolorizofion induced

qn increqsed rote of ATP hydrolysis to the some degree in oerobic ond

qnoerobic muscle, fhen, in this cqse, fhe true rqte of ATPose octivity would

be obour ï0 ¡rmoles 
. g-l . hr-l in both coses (i.e. the rote ¡n 15 K/N2)"

If wqs colculqted thot poriiolly depolorized oerobic muscle wiïh zero mito-

chondriol ATP synfhesis could synthesize ATP oi q roîe of 4 ¡.rmole, ' g-l

-1hr-' , while with 'normql' mitochondriol funcfion lhe rote of synthesis would

be 38 ¡rmoles 
. g-l . hr-l . Thus, if the true rote of ATP synfhesis were 19 -

7 (thedecreose in -P ' hr-l in 15 K/or) = l2¡.rmoles ' g-l ' h'-1, rh"n

fhere is suggestion thqf the process of oxidoTive phosphorylotion wos in-

completely impoired during treotment w¡fh high K Ringer'

It hos been orgued in the previous section thot freotmenl of oerobic
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muscle wifh '15 mM K Ringer interferes with The process of oxidotive

phosphorylotion by mifochondriq. If this is true, then some link between

depolorizotion of muscle membrane ond mitochondrio must exisf . As

noted in fhe Introduction, severol oufhors hqve concluded thoi portiol

depolorizotion releoses bound Co# ions into the sorcoplosm (Ìn fhe sqme

wqy os probobly occurs during normol excifotion-controction coupling). If

hqs olso been estoblished thot the energy releosed by mitochondriol

oxidqtion moy be utilized for purposes of ion tronslocotion, ond fhqt in

certoin conditions ion trqnslocqtion moy occur in preference fo oxidotive

phosphorylofion (see Lehninger, 1970a). In such conditions the opporenf

efficiency of ATP synfhesis would be decreqsed. In ofher words, o possible

link beiween membrone depolorizotion ond mitochondriql function oru Co#

ions. An obiection to this theory is thqi relotively mossive qmounts of Co++

ore required for uncoupling to occur, qt leost in isoloted mitochondrio, ond

thqf since musculqr conTroctíon does not occur wiih poriiol depolorizofion,

îhe free Co# level cqnnoî rise qbove the mechqnicol threshold level of

10'M.

The results of heot experiments performed by Hill qnd Howorth, ond

in ihe present study indicqted ihot treotmenf of muscle with high K Ringer

coused q differenf degree of metobolic stimulotion in oxygenoted ond oxygen-

free muscle (oerobic stimulof ion being greoter fhon onoerobic). The results
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of the biochemicql determinqtions performed in this study hove demonstroted

thot onoerobic muscle treoted w¡th 
.|5 

mM K Ringer probobly shows q

doubling of metqbolic rote, while the steody-stofe qerobic stimulolion wos

probobly 2 fo 4 fimes greoter. Thus, iT wos demonsfroted biochemicolly

fhqf fhe mefobolic incremenT due io high Ko wos opporently greoler in

oerobic thon in onqerobic muscle.

E. Species Voriobility

Every outhor invesfigoTÎng the effect of increosed Ko on muscle

metqbolism hqs indicqted thot qn increosed mefobolic rqte occurs (os

meosured by heot production or Orconsumption). However, no oufhor hos

ottempted ony sort of comporotive study of the effect in different qnimol

(omphibion) species. When the dotq for the degree of metobolic stÎmulofion

in different species is compiled qs in Toble VII, some inferesling conclusions

con be mode.

(o) The effect of increosed Ko on metobolism is species specifÎc; the

rqtio of stimulqTed to bosol mefobolic rofe is consistently greoter in Rono

fempororiq, qs compqred to either Ronq piPiens or Bufo morinus. Doto

indicotes fhqt 20 mM K cqused on increose in h in R. temporqrio of obout
o

t5 to 20 times, while the sqme K in R. pipiens coused a2.5 to 5 fold
o

increose "

(b) The increment in metobolism ïs opporenf ly different if Qg, is

compored with h. R. tempororio, which hqd o moximum increment in heot
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roïe of ot leost 30 iimes showed only o 9 Times increose ol mosl in Q6r'

Novotny et ql. (1962) suggesfed fhof ihe 9 fold incremenf in Qg,

observed by themselves wcrs very neor to the moximum rote of O, consumpfion

of the muscle (perhops within qbouf 2oT"). If fhis is so, fhen one hqs to

wonder how o sustoined 30 fold incremenf in heqt rqïe cqn occur' One

explonotion is os follows; if con be colculoted from the equofion:

c¿H 
I 20 6* 6c 

2 -+ 
6CO 2+ 6H2O' at-t = 670,000 colories

îhot o heot rqîe of 2.Smcol . g-l . *in-l corresponds fo q rote of O,

consumption of 0.5 pl " g-1 ' *¡n-1 . Thus the opporent resting QOZ

of Novotny would correspond to o rqte of heof producfion of 5 mcol ' g-l '

-1fnin-r, or obout 2 l/ztimes the rofe reporfed by Hill qnd Howorth (195n

ond yomodq ('|970). If fhe frue resting rote of metqbolism is closer to the

figure esfimqted by meosurements of heoT producfion, then fhe bosol QOZ

would perhops be closer to qbouf 30 pl . g-l . hr-l ond the rqtio of

sîimuloted To bosql meTqbolic rqte would cpprooch q volue oî 20, which is

perhops on c¡verqge figure for fhe increment in [i r""n in R. lemPororiq.

It wos orgued previously rhoÌ fhe increose in heot :t" orr*

consumption seen w¡th 10 fo 20 mM Ko might represent o condition of

impoired efficiency of mitochondriol ATP synthesis. It hos iust previously

been shown thqt the sqme level of Ko coused q different degree of mefobolic

stimulqtion in frogs of differenf species. If fhe conclusion concerning

impoired mifochondriql funcfion were true, then fhe species voriqbility would
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suggest fhqi different species of frogs showed o different degree of mito-

chondriol impoirmenf given the sqme Ko (befween l0 lo 20 mM). Two

experiments performed ot ihe end of Ìhe sfudy suggesf fhot ihe postulofed

species specific mifochondriol sensiliviiy moy exist. Using sartorii from

R. pipiens, fhe resfing heot roie ond stimulqted heot rqte (wifh .|5 
mM Ko)

were determined. The muscles were then returned to normql Ringer ond

2,A-dinitrophenol (2,4-DNP) wos cdded in q step-wise foshion unfil fhe

slimulotion in heot rofe wos obout equol to thot of 15 mM K Ringer (which

required 15 ¡rM 2,4-DNP). In ihe next experimenf , o poir of sqrtorii from

R. tempororio were set up ond freqted sequenfiolly wiih normol Ringer, high

K Ringer, normql Ringer ond normol Ringer plus I5 pM2,4'DNP. High K

Ringer ond 15 pM2,A-DNP both coused the heqt rote in l. pipiens to

triple, while similor treotmenf in R. femporqrio coused Ìhe heot rote to

increqse by 12 l/2 ond 8 times respectively. This dqfq indicotes ihot muscle

which opporently shows o greoter degree of metobolic stimulotion due to

portiol depolorizoÌion, olso shows o greoier degree of sensitivity to 2r4-DNP

( o known uncoupler of oxidotive phosphorylotion).

F. Glycogen os Muscle Cell Fuel

It is opporent thot since on exogenous supply of oxidizqble substrqÌe wqs

nof preseni in ony of ihe experiments fhe muscles must hqve relied on endo-

genous fuel sÌores. In frog sortorius muscle (o white, fw¡tch or phosic iype

muscle) if seems fhot glucose (stored in polymeric form os glycogen) is ihe
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primory substrote for energy-producïng metobol ism since:

l) electron microscopy reveols lorge, diffuse deposits of glycogen

2) chonges in fhe concentrofion of glycogen ore sufficienT To exploin

the metobolic rote observed experimenlolly

3) frog sortorius muscle hos o high glycolytic copoctiy; Thof is,

fhe concentrqTions of glycolytic enzymes ore relqtively high qnd the

glycolytic rote is very sensitive fo vqrious externol stimuli (such os depolori-

zotion with high Ko, freofment with coffeine, electrÌcol sfimulolion, ond

treotmenf with epinephrine ond insulin (Ozond qnd Nohqro, 1964; Korpofkin,

Helmreich, ond Cori , 1964) ).



V. CONCLUSIONS

l) Treofment of frog skeletol muscle w¡th 15 mM K Ringer couses on

increose in mefqbolic rofe os deÌermined by either heol producTion or

chonges in biochemicol substrotes.

2) The chonge in metobolic rofe is opporenfly or-sensitive since the

onoerobic increment is less thon fhe oerobic increment, os meosured by

heof production (or The colculoted overoll rqte of ATP hydrolysis). The

originol observqtion of Hill ond Howorth regording this differenfiql mefo-

bolic siimulotion hos, therefore, been confirmed"

3) The theory is qdvonced thqt the stimulofion of metobolism seen

wi1h l0 to20 mM K Ringer in qerobic condiTions is indicotive of on impoir-

ment of mifochondriol function, specificolly, o porfiol uncoupling of

oxidotive phosphorylotion .
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