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CHAPTER 10
AN EVALUATION OF THE METABOLIC EFFICIENCY OF THE RED AND
WHITE FIBRES IN VERTEBRATE SKELETAL MUSGLES WITH PARTI -
GULAR REFERENCE TO THE BREAST MUSCLE OF THE PIGEON AND
ITS RELATION 70 THE ENERGETICS OF MUSCULAR CONTRACTION

- - . . . - -

The recent histochemical studies in our laboratories
on the voluntary muscle fibres in different animals in
relation to their activity have revealsd many inﬁeresting
facts., In pigeon it was observed that the broad white fibres

in the pectoralis major muscle contain only glycogen as the

fuel store and the narrow red fibres contain both glycogen

PN
£

and fat, the latter predominating (George and Faik,1958a).
The latter fibres contain mitochondria in large aumbers,
while the former have very few or none (George and Naik,1958D).
Lipase activity is coafined to the narrow fibres (Chapter 3).
Ox1dat1ve enzgymes 4are all cOncentratea in the red fibres,
while the white fibres do:not show the presence of these
enzymes, not even lactic &éhydrogenase in any significant
amount (Chapter 8). The sdrcoplasm of the broad white fibres
do not show any aikalinerghoééhatase activity, while that

of the narrow fibres shows a strong positive reaction due.

to this enzyme (Chapter 9), Blood supply to the broad fibres
is secanty, while the narn;w fibres are profusely. supplied
with blood (Naik,Ph,D.. thesis) Despite these differences
between the two types of f;bres the narrow white ones show

a greater amount of CP and ATPase activity than the red ones
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and when fatigued a greater amount of inorganic¢ phosphate
(George and Pishawikar, unpublished). The breast muscle of
the dove a closely related member of the same family is
almost similar to the pigeon breast muscle with;regard to
the above features (Chapters 3 and 8). A remarkable feature
of the breast musecle of these birds is that it does not
contain fibres intermediate between the broad white variety
and the narrow red variety with regard to their colour,size
and enzyme concentration as is the case with. the breast musdle
of the bat and the leg muscle of the fowl (Chapters 8 and 9):
and rat (Nachmi;s and Padykula,lQSS),’wharé the concentration
of the oxidizing enzymes very fer fitre to fibre depending
on their diameter. B | |

The question now arises as fo what is the source of
energy for contraction of the white fibres in the breast
miscle of thege birds and what spécial function, if any,
is performed by them. Denny-Brown [1954) noted that the
contrast between the 1ight and dark fibres in the pectoralis
major muscle of the pigeon -is very great and the samé nef%é
fibre can provide motor endings for both the types of fibres,
He also observed that the &érk{aqé light fibres contract
with the same speed. Hill (1958) has shown that when a
muscle is stimulated a 1arée smount of heat is produced first
and contraction follows much léter. This heat which he calls
the heat of activation is probably pfoduced by the breakdown
of ATP, If the contractile process is directly brought about
by the molecular chenges in the structural protein of the
mugcle fibre during this reaction,as postulated by Szent

Gyorgyi (1951), the heat production should be accompanied
by contraction of the muscle, which however does not happen.



Most probably the heat energy f£§m the energy rich phosphate
bonds of ATP brings about contraction by some other unknown
mechanism. It has been demonstrated recently that under
experimentai conditions muécle,cén be made to coniract
independently of chemical reactlons (Guttman, Dawling and
Ross, 1957). All the same, as far as our present knowledge
goes, what is normally required for muscular contraction

is ATP, ATP, once it is broken down can be resynthesized

by the energy derived from the breaskdown of CP or the

oxidation of metabolites and CP is resynthesized via ATP by -

the energy derived from glycolysis and oxidation of laéfic
acid in a2 manner sé@matized below, by a process supposed

to be coupled with electron transport.

ggizi;;Ph

Phosphate pool

ATP =

CPwCr

Phosphorolysls of glycogen

(Anaerobic) 1Iactic acid- " Cogingo ( Aerobic )

. i . . ‘ .
The white muscle in general is knowm to derive energy

for contraction solely by glycolysis and the oxidation of
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lactic acid. This scheme explains why in such muscles which
are poor in oxidative enzymes there is a greater amount

of CP & Lipm%p,lgéi) and an 1§graase in the amount of
inorganic phosphate and creatiné when fatigued., On further
glycolysis the inorganic phnsphate is converted to ATP and
CP. All the available energy is thus gathered and stoTed

in the energy rich phosphate bonds of ATP and CP for ready
use, By this mechsnism the efficiency of the muscle increases
and according to Baldwin (1954), move than 607 of the total
energy is captured and stbred,;But in long andvsustained
muscular activity it cannot ﬁgpéén because the cycle canmot
operate for 2 long time uﬁiess fhe reduced Co 1 and the
lactic acid formed are readily oxidized.

In the ptgeon breast md%cilg the white fibres do not
contaih any significant amounf of oxidative enzymes or even
lactic dehydrogenase necessary for glycolysis for the
production of enevgy required for,contraction at a rate
at which the red faibres which have a very high conceniration
of these enzymes contract. At the same time it is-difflcult
to believe that the white fibres do not contract while the
red ones are still active., If the white fibres coniract in
unison with the red fibres, the emnergy for their countracticn
should come from extraneous sources, since they themselves
are not capable of generating the required energy because
of the lack of the necessary enzymes, Since the enzymic
splitting of the phosphate bond of ATP and CP liberates
heat energy, 1t should also be possiﬁie to rebuild the

Phosphate bond by the same eni§ﬁic mechanism under normal
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physiological conditions 4 if heat energy is made available.
I believe that the heat energy for the synthesis &f ATP

and CP in the white fibres is obtained from the red fibres.
The red fibres can efficiently oxidize both carbohydrates

and fat and since the mechanical efficiency of the individual
fibre is low, large smount of heat energy is produced besides
its own requirement, This energy is trapped by the white
fibres and made use of in the synthesis of ATP and CP besides
perhaps utilizing directly for contraction. i% is péésible
that the energy of certain steps of respiratéry chain is
normally utilized in this way and not via phosphorylation.

The measurement of the yield of phosphorylation in respiration
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ﬁight not be a complete measure of the efficiency of utilization

of energy potentially available from respiration(Slater,1953).
The following alternative scheme into which meny observed ’
facts regarding the red and white fibres in other vertebrate

skeletal muscles also very easily fit,is therefore postulated.

ATP m ADP ¢ Ph

CP ==——==_Creatine- Ph

Resynthesis by heat = Phosphate pool
energy from red fibres &f//,/’//’{

This is only a theory. At present there is no direct

\ %
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quantitative data from thermodysnamics to support it and
may be rejected if any is not forthcoming., But this in the

absence of a better, more acceptdble theory,is perhaps the
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enly way in which the energetics of the white fibres in the
pigeon breast muscle could be explained. However, it may

be pointed 6%%;§ecent investigations of Léhninger at al(1958)
have shown that when the digitonin fragménts of mitochogdriaf
are incubated aerobicalyy with ATP and inorganic’phosphate
labelled with P52 in the absence of oxidizeble substrate or
net electron transport, P32 is incorporated into the terminal
phosphate of ATP in a reaction which is inhibited by
diﬁjtrophenol.’Similarly Low et al (1958) observed that a
virtually complete reduction ofvthe“respiratory chain'is\

of relatively little signific;néé for the rate of Pi-ATP
exchange and the same is valid-in the case or 2 v&rtuaiiy
complete oxidation in the qytoch;ome region. According to
the above scheme the efficienéy‘of the muscle as a whole
will be very high, because heat energy which otherwise

is wasted can be captured and stored as AIP and CP without
any eXpenditure of fuel. Such an economy 6f fuel should be
of great advantage to thosermuscéles such as pigeon breast
muscle which indulge in long ahd’susﬁained activity. The
occurrence of relatively lérger,quantities of CP in white
mscles which are very poor oxidative systems also becomes
accountadle, This also afford; ;%medhanism for preventing
the rapid rise in temperature of the muscle during activity
by channeling the excess head produced during contraction.
Another possible function that can be attributed to the
white fibres of the pigeon breast muscle is that they can

store large amount of glycogen. It is known that fat i
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the chief fuel for energy foi muscular contraction during
long and sustained activity (Weis-TFogh,1952; Bing, 1956;
George and Jyoti,1957), The oxidation of tatty acid has to
go hand in hand with the breakdown of carbohydrates,; the
latter substance functioniung as the sparker, Thus to put
1t 1u the words of Green (1958) " to keep the fatty acid
oxidation pot always on the boil; e not inconsiderable
amount of sparker must be present at all times", It can be
said with a fair amount of certainty that the oxidation of
fatty acids in the pigeon breast musclé takes place in the
narrow red fibres. Hence the necessity for a provision for
& lavish supply of carbohydrates to the marrow fibres
need not be emphasized, Even if carbohydrate is not necessary
for the oxidation of fatty acids ( see chapter 7) the white
fibres in this muscle can be considered as a store house
of glycogen readily accessible to the narrow fibres, vhere
it can be utilized with greater economy.

The functional significance of the occurrence of red
and white fibres with intermediate types in muscles like
the leg muscle of the fowl and rat and the breast muscle
of the bat remains unexplained., It is shown that the coé?n -
tration of oxidative enzymes in these fibres is related to
their dismeter and myoglobin content, This is significant
because, for an adequate supply of oxygen the middle of
the cell should not be too.far-ffom the nearest blood
capillary(Hill, 1956)., Oxygen is required more where oxi@ative

enzymes are more. Hence the diameter of the red fibres has
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to be less and tue blood supply and concentration of oxidative
enzymes more., This ié what is seen in these muscleg. Even-
though it is shown that given a particular stimulus, white
muscles contrasct quickly for a short time and that red muscles
contract slowly for a long time, if is doubtful whether the
different fibres in the above muscles can countract at
different rates in vivo. Most probably it is that they all
cont;act at the same rate. The energy expended by each fibre
mey vary according to the résistance offered by them
depending on their sitructure and inclusions, The production
of energy by oxidative processes in these muscles will
naturally vary from fibre to fibre and the deficiency in
some will be compehszted by the others in a manner postu-
lated above, with all its advantages as somewhat élhcited
tn the old maxim " from each according to his ability and
to each according to his needs",

In living systems the correlation between structure
and function is well recognised without undue stress on
the chronology of their origin. The chemical events taking
place in living cells is part of a procedure. A procedure
implies purpose and design and to approach the understanding
of cell procedures their puiposefﬁlness hag to be taken
into consideration without losing sight of the structure
and design of &ll the individﬁal cells which congtitute a
functional system and the general design and organisation
of the system as a whole. Such an approach has so far not

been seriously made in understanding the physiology of the
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skeletal muscle , Chemical analysis of isolated muscle

or the observations made on the working of the muscles under
experimental conditions tell us very little about the normal
functioning of the muscle. For example, the frog's sartorius
is a quick miscle composed Sf broad white fibres having

low oxidative system., Inferences drawn from the study of
this muscle cannot hcld good for white fibres in all muscles.
The white fibres in the breast muscle of the pigeon are
certainly not chemically anzlogous to the white fibres of
the frog's sartorii, nor are the white fibres in the breast
muscle of the bat to those of the pigeon. Similarly the
gastrocnemius muscle of the rat which is considered to be

a red muscle,in reality, is not a true red muscle, being
composed of fibres which vary from red to white, The thermo=
dyanamics of such muscles where there is a2 heterogeneous
assemblage of fibres will certainly be different from that
of a homogeneous muscle like the frog's sartorius. Even the
breast muscle of the fowl which is mhite and more or less
homogeneous is not comparable to the white muscle of the
frog because of its higher enzyme concentration., Since the
muscle is a living mechanical system driven by physico -
chemical forces, a new approach has to be made in under-
standing the mechanical efficiency of the various muscles

in diiferent animals taking into account the morphology,
structure, nature of the fuel store, myoglobin content,
concentration of the different enzymes and such other rel =

ated aspects. Even in the absence of quantitative data
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it is possible to visualise that such an approach to the
problem would show that the mechanical efficiency of dif =

erent muscles would be much higher than what it is thought

to be at present,



