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BAT DURLING THE SUSTAINED ACTIVITY OF THE FORMER

*he importance of glycogen as the chief storage
form of carbohydrates in animals was recognised as far
back as 1885 by Claude Bernard. Ever since, the role of
glycogen in tissue metaboiism has‘attracted the atten-
tion of physiologists and biochemists, ‘the role of
glycogen in the tissue as fuel for energy in musculer
activity is now a mattef of common knowledge} With this
great emphasis laid on‘carbohydrates for muscular act-

ivity resulted in a neglecit of other energy producing

fuels particularly fat. It is‘an accepted fact now that
the fuel for muscular activify is not always carbohyd-
rate, ''hat a considerable amount of protein is utilised
during strenuoué muscular eiércise in man was shown by
Cathcart and Brunett (1926) and that fat too may be
utilised, by Krogh and Tindhard (1920) and Gemill (1940 .
and."1942), "There seemslto be some indirect evidence to
show that fat is the chief fuéldfbr—energy during long
and sustained muscular activity. Niemierko (1929)

using spring frogs showed that prolonged stimulation of
the muscle on one leé caused a decrease in its fatl

content: up to 31 percent., Buchwald and Cori (1931)
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using summer frogé found that thg fatigued muscle of
one leg contained 19.7 percent less fatty acids than
fhe restiﬁg mus;le of the other éide. Bloor and Snider
(193§)£showed that tﬁe‘phospholipids content of the
muscle of a wild rabbit.was highér then that of a
laboratory one. Later, Bloor (1937) established that
the phospholipidé content of muscle increésed as a
result of muscular exercise and he (1940) also claimed
that there exists an inheritance effect of exercise in
the phospholipias and cholesterol content of muscle.
Cruickshank and’ Kosterlitz (1941) have shown that rat
heart cen utilise fatty acids. Recently Weis-Fogh(1952)
in hkis excellent baper observed that flying locusts
utilise fat for‘musculaf'actiyity and as for the
humming bird he haé put a question mark.zFontaine and
Hatey (1953%) believed. that fat is fhe chief fuel in

migrating fishes (Salmon).

George (1947 and 1952) has shown the presence
of a large amount of fat in the flight muscle of the
pigeon (Columba livia). Nair (1952) showed that the

total solids in the pectoralis major muscle of the bird

was higher than that in the pectoralis minor, thereby

suggesting thet the former is metabolically a more

evolved muscle than the létter. ‘the fat-content of the
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pectorglis ggjégxhas also been found to be greater and
so also the iron content. He éléo observed that good.
fliéré show a remarkably higher percentage of these
’sgbétanges in the muscle. Menon (1954) has shown that
tﬁe glucose and fat in fhe blood of birds are the
highest in the vertebrate series. George and Menon
(1954) have suggested a physiblogical lag in the
domestic fowl as the fat content in the blood is low

and to which facts they ascribed its inability to fly.

Having beén convinced on circumstantial evidence
of the possibility of the utilization of fat by birds
during flight, 1 tried to ascertéin.if a réductien of
fat occurs either in the fiight muscle or in the liver
or in both in the pigéoh when the flight muscles are
sfimulated. The‘résults of the-pre;iminafy*work publi-
sheﬁ in 1953, 19554, 1955b_showed tﬁét the fat content
in the breast muscle as weil,as liver of the bigeon gets
reduced when:the flight muscle is.éubjécted to prolonged -

stimulation or forced flight;

these studies were -extended to other birds and
also to a bat. it was also considered desirable to
ascertain in each case the amounts of free and bound

lipids in the breast muscle and if a reduction of
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either or both of them‘occurs as a result of prolonged
stimulation, For comparative purposes the treatment

was also extended to the leg muscles,
Materials and.Methods:

T?e animals experimented withiwere the locsal
parakeet,(Psit%acu;a-k;aﬁérl),gite,(Milvaus migrans),
pigeon, (Columba }ivia), domestic fowl, (Gallus'
domesticus) and a bat (Rouset£us lechinaulti). The
animal was pithed andla small piece of about 1 gm. for
lipid estimation and énbther tiny bit of about 5 to 10
mg. for glycogen estimation of the breast muescle,
Pectoralis ggjgi on one side and a similar piece of
the liver - both to be used as control,were cut out
for the estimation of their lipid and glycogen contents,
while the muscile oﬁ jhe otther side was electrically
stimulated by a series of make and break shocks ( about
50 per minute) with the current passed through the
Du Bois induction coil from_a’ﬁéttery cell of 4,0 volts,
and adjusting the current é£<a minimum for a visible
contrgqtion and then:grédually increasing its intemsity
until the muscle4was fﬁnroughly fatigued, Then a small
piece was cut out from the fatigued muscle, as well as

" from the liver as before fdr_estimations. The glycogen
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content gf the breast muscle and liver of the parakeet
was not éstimafed.
i

Similarly for the estimétion of the lipid content
a piece of the calf muscle of one leg was removed after
the animél_waé:pithed and then the same muscle of the
other leg was stimuiated as wag done in.the case of the
breast muscle. A small piece of the fafigued muscle was
alsé-cutfout.

The lipid andxglycogen contents of the controls
as well as of fhe stimulated muscle and of the liver
before apd after stimulation of the mmscle were separat-
ely estimated,,Another_sgt of experiments were conducted
as folloWé: A pigeon was made to\fly in a large hall
$il1l it was more or less fatigued and was immediately
pithed, the liﬁer and the muscle samples were cut out
for the egtimationsr'knﬁther pigeon after such forced
flight was .pithed and the breast muscle was electrically
stimilated till it was coﬁpletgly fatigpéd‘and then the
muscle and liver samples- were cuf out for the estima-
-“tions as before. these eiperi@enté were repeated several

- $imes and results obtained.

1t is found that after éxtraction with ether
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when the materlal is further treated with a mixture

of ethanol and ether, a*con31derable amount of 1lipid

is still obtained. it is assumed that ethereal extracts
normally consists mostly of free lipids as neutral fat

and free fatty acids, -and s qombustionﬂof these éhould

be mainly responsiblegf6r the,re6uction &n the amount

of 1ipid due to ekercise of the muscle., I have ventured

to call the flrst eth;real extract therefore as free
lipid and the ether«soluble part of the ethanol-ether
extract as total 11p1d. So, by total lipid I mean the
total ether-soluble llpld whlch will consistg of

mostly of combustlble;fat.
B
| .
For obtaining the free lipid I have used water-
free ethyl ether. Since it was found that the amount
. ! )
of lipid obtained after dehydration by heat was slight-

ly greater than when dehydréted'under vacuunm, It was

suspected that heat does release some bound lipid. The
material was therefor% dehydrated &eed under vacuum.
For obtaining the totgl lipid the material was first
completely dried by hfeating first to 100’ C. till a
constant weight was obtained. ‘then a one to one
mikture of water-free ethyl ether and ethanol was used
to extract the lipid. In either case the material was

transferred to a fat-extractibn;thimble which was
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intdurn placed in the' extracto; part of the'soxhlet

apparatus. i
|
|
vfhe ﬁercentages éf lipid and glycogen were
calculated on the weight of the fresh material, but
for muscle after fatiggerthé,percentagea of lipid and
glycﬁgen were calculated fi#st oh the dry weight and
then converted for fresh weight, because there is
considerable loss of-water when muscle is subjected to
continuous contraction. The same procedure was adoptgd

in the case of liver after the muscle was fatigued,

The methodvﬁséd‘for the estimation of glycogen
was a Colorlmetrlc mlcro-method according to Kemp,
et al (1954) using the Bechman'. Spectrophotometer
(DU Model). The tlssue was crushed in methanol (80 %)
in a gradﬁated centrifuge tuﬁe. Being insoluble in
80 % methanol, glycogen‘ﬁés lef£ in the residue and
was then extracted by heatlng the residue with a deprot-
elnlslng solution at 100 C for. fifteen minutes. The
colour reaction was carried out with 1 ml. of the above
fluid with 3 ml. of concentrated sulphuric acid and
1nten31ty of the colour produced was measured

spectrophotometrlcally at 520 ma .
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it is assumed that the reduction in the fat and
glycogen contents of the breast muscle and liver noted
at the end of the contdnuous muscular exercise denotes
the amouht of the Substahces ﬁtilized for energy.
Reduction if any;in the pro%ein was very slight and it
was not taken into éccount for the present study. The
respecti%e energ& values were obtained by multiplying
the fat reduction figure by 9.5 and the glycogen
-reduction figure by 4.2 ( Krogh and Lindhard, 1920).

Results:

The normal lipid and glycogen content of the
muscle and liver was found to vary within limits
depending on the state of the animal. Such were also
fat and glycogen redgcfion_values, since some specimens
got fatigued sooner than others, It was therefore
thought advisable to show the range in variation instead
" of mean values. ''he results are given in the following

tables.] to 8 and illustrated in histograms (Figs.7 to 12).
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Discussion:

Ninteen years ago Heilbrunn(1936) wrote " Alth-
ough ‘it is now generall&Arealiéed that protoplasn is
more than a solution of proteins, and that non-aqueous
lipids are essential to its life, biologists and
physiologists have scarcely given thought io the pro-
blem of how the lipids are related to the.rest of the
protoplasm. Most students of the cell are scarcely
aware of the existance of the prob;em. And yet the
pathologists have known for many years that the fats
and fat-like substances of protoplasm are so bound or
united to the protein as to bevfor the most paft non-
recognizable in the living or stained cell. It is only
when degeneration occurs that the;lipids are freed
from their union with prdfeing In such degenerated cells,
fats previously concealed may occupy a large part of
the cell volume, Obviously, such a freeing of lipids
results in an impairment or loss of protoplasmic acti~
vity, and this bears witness to'the importance of the
lipids for the vital machiﬁary," Even today eur
knowledge of the relationship of lipids to proteins
remains obscure. In the present work, however, no
attempts have been made to make thié picture clearer,

But I have found that for the muscle tissue three values
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of lipid are obtainable. The qﬁher extractabla.lipid'
portion consisting of neutral féts and free fatty acids,
constitutes one value and thisyhas been assumed to te:
the free lipid poftioho-The lipi& portion extractable
with ﬂmixture of ether and éthanél has been taken as
the total lipid. fhe difference between tﬁe two values
is regafdéd as that of the bound lipid. What I have
tried to understand is whether the lipid affected
during continued muscular contﬁaetion in the muscle
itself and also iﬁ the liver, is free lipid, bound .

lipid, or total lipid.

From the results obtained it is seen that the
pectoralis major muscle of the domestic fowl.contains
the least amount Qf;iigid voth as free as well as
bound, while the pectoralis major of the bat the
highest, and those of the parakeet, kite and pigeon
come near to tha%’of the bat in that order. The free
and bound lipid figures’arg compared in table 4. The
bound and free lipid values are more or less equal in
the fowl, while in.the other animals the free lipid
' values are definately higher,
in the leg mscle the free lipid values are

very much higher than those for the bound lipid in all
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the animals except -the fowl, in which the corresponding

value is only moderately high.

1n the liver the free lipid values are very much

higher than those for the bound lipid in all the animals,

in my published paper (1953) it was shown that
there is a réduction in the fat content of the pectoralis
major of the pigeon as é result of continuous muscular
contzaction, and it hasNbeen suggested that fat gets \
fransported to the miscle from the liver as it gets
reduced in the former. The‘present investigation confirms
the previous one and such a' redugtion has been noted in
‘the case of the leg mqséie also as a result of continuous

stimulation.

It must be mentioned that the time taken for
fatigue of the pectoraiié muscle in the pigeon, paraskeet
and bat is from 15 to 25 minutes, whereas the kite muscle
got fatigued in 8 to 10 minutes. Correspondingly the
reduction of lipid was also less in the kite. This
peculiarity may be due to the fact that the<kite alone
amongst these is adapted for soaring and the mechanism *

energy utilization in soaring is different form that of



. 3%

flapping flight.

In theAdomestic fowl which is’grpoor flier the
actual reduction of free and total lipid .is little,
but the total lipid redution is greater, which is not
80 in the other animals. Thistsuggesfs that in the c¢u=
case of the fowl, the bound lipid is utilized also on
stimulation. This is the case bath in the breast and
leg muscie. This felease of bound lipid is in some way
connected with the acidity of the muscle. J.F.Manery
et al (1935) have shown that the pectoral muscles of
hens and duéks form unusuallyularge quantities of
lactic acid post-moritally. Heilbrunn (1928) inferred
from protoplasmic particles migrating to the cathode
on passing an electric current in the eell, that some
protoplasmic proteins are on the acid side of the
isoelectric point. He (1936) further explained that
an increase in the pH:or alkalization of the protoplasm
could affect some of the proteins and thereby bring
about the release of the bound lipid. It seems possible
that there is a lipo~prbtein'binding on either side,
the acid as well as the alkaline side of'the isoelec=
tric point and changes inithe pH could bring about the
release of the 1;§id. In the case of the fowl muscle

the lactic acid7formed onlstimulation perhaps helps
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in the release of bound lipid which is also utilised.

The‘liver‘also contains significant quantities
of lipid. On electrically stimulating the breast
musclé, the liver 1lipid also gets reduced., Since the
actual reduction in total lipid is more or less sape
as in free lipid, it isAevident that no bound lipid
was released from the iiveg on stimulation of the
breast or leg muscle even in the fowl, That the liver
is a depot for fat is well-known, Lt is also known
that this fat is utiliéed during the bréeding period,
especially in fhe female for<depositing it in the eggs.
fhe present study has sﬁown that liver fat may be

utilized for locomotion also.

It ié understandable that the leg muscle of the
fowl fakes 15 fo 20. minutes to get fatigued, since some
bound lipid is released gnd which seems to have been
ﬁtilized. Considgring the larée.amount of free lipid
present in the leg muscle of parakeet.ahd bat, the time
taken to get fatigued by tﬁése two muscles is relative~
1y less than that taken by the leg muscle of the fowl.
the domestic fowl is a confirmed walker using its legs
- constantly, whereas the other two ﬁse their leg muscles

in tonic coﬁtraction for perching. As was stated in the
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case of tne b;east muscle of the kite, the mechanism
for energy utilization in-the leg muscle in tonic

contraction while perching might be different from that

in walking.,

in respect-to the glycogen coﬁtent of the pecto-
ral muscle (rable 5), the kite shows the highest with .
the mean value nearly more than double that of the pigeon
and bat separately’énd nearly as much as that of the
pigeon and bat put together, this is to be expected
because the kite muscle consists of only the broad glyco-
gen loaded variety and the kite being a more active bird
its bréast muééle contains more gl&cogen than that of tﬁe .
domestic fowl whose muscle also consists of the large
variety of fibres. As for the glycogen content of the
liver, it is more or less the same in :.3l1l the four

animals.,

After elecitrical stimulation of the pectoral
muscle till it was fatigued, a reduction in the lipid
and glycogen contents of the muscle as well as liver
was noted and the respective energy values calculated
(rable 6). It is seen that in the particular type of
ezercise, the pigeon, kite,fowl and bat utilized a total

amount of energy of about 15, 12, 8 and 26 Calories
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respectively (mean of the respective figures in column
1% of table 6) obféinedyf:om the sum.total of fat and

glycogen reduced in both muscle and liver together.

of thesé energy”§alﬁes agein, in the pigeon,kite,
fowl and bat, 70 %, 62'%, 63 %, aﬁd 70 % respectively
. (mean of the respective figures in column 14 of table 6)
. of the energy wtilized was. obbained from iipid alone
whiie the remaining only ( column 15 of table 6 ) was

from glycogen,

Iﬁ the secoéﬂ eipéfimént»( table 7 ) in which a
* pigeon was forced fo fly‘continﬁpusly till it wasyfafi«
- gued, about 77 % (mean of the figures in.céiumn 26 of
. table 8) of the tothl ehergy expended was obtained from
faﬁ'aﬁé only the remaining from glycogen. 1In the %hird
one in which a pigeoﬁ waghforced té f;y‘till fatigued
and then electirically stimulated, it was found thét about
78 % (mean of the figures in column 29 of table 8) of the
tqtal energy eipended was obtained from fat and the rest
from glycogen. - | :

‘The general conélusion that can be drawn
from this study is that the fuel in the flight muscles

of birds and bat is-to a great extent fat and that fat



H2Z

is the chief fuél in .Jong and sustained muscular activity
in these animals. It is also bfoﬁghf out that when the
fat supply in the muscle is dgp;eted, that»of the liver
is drawn upon.’in'the light pf these studiés, the long -
distance £light of migrating birds like the golden

plover becomes more easily understandable, Weis-fogh
(1952) concluded that the long-range migrations of small
flying animals could only be possible if fat were to

be used as the fuel, Lhe present study supports the

conclusions of Weis~Fogh,

>The mechanism 5f fat utilization remains to be
explained. While much work has beep done on the
metabolism of carbohydrates which finally led to the
Embden - Parnas - Meyerhof schéme of glycolysis, the
metabolism of fatty acids has not been receiving so
much attention except in the last ten years or so., ihanks
. 0 the works of Munoz, Lehninger, Green)Ochoa and
Lipmann, their coilaboratéfs and others., We have now
a fairly clear picture of the mitochondrion as a
centre of the oxidation of fatty acids. ythe mitochondria
of the heart, ;iverAand kidney cells are now
established centres of such oxidation. The fatty acids
are converted into acetic acid and on further oxidation’

converted into carbon dioxide and water through the
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citric acid cycle thus liberating energy. ihe first step
in the oxidatlonAOf fatty acid is its conversion to the
corresponding Coenzymep\ﬁ derivativé~triggered by A‘f?
generated‘by oxidative phosphoxXylation, Iin the second
step the fatty acyl derivatives of Co A enter the p—
oxidation cyclé liberating at each stage acetyl Co A .
ihe acetyl Co A with oxalacetate condeﬁses o form
citrate liberafing Co A..xhe citrate thus formed can
undergd oxidafioh.back 10 oxalacetate through
wKemogiutarate, Succinate and fumarate (Malate) as
“intermediates ﬁhich is‘essentially the pathway of the

Kreb's cycle.

it is most: likely that the oxidation of fat
takes place in the mitochondria of the muscle cells,
With the oxidation of acetic acid, ketone bodies can
be forme@. increase in ketone bodies in the blood
should also denote fat uﬁilization . Preliminary
observations in this departmént has indicated‘such an
increase of ketone bodies during sustained muscular

activity in the pigeon (George and Naik, unpublished,1956).
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