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HISTOCHEMICAL DEMONSTRATICN OF GLYCOGEN AND CERTAIN GLYCOLYTIC
AND PENTOSE CYCLE ENZYMES IN THE MUSCLE OF CIRRHINA MRIGATA

The éxistence of a hetgrogeneity in the cellular organiz-
ation of a muscle with respect to its structural and blochemiceal
characteristics is now well established from the studies on the
‘pigeon pectoralls (Denny-Brown, 1929; George apd Naik, 1969) and
the rat skeletzl muscle (Stein and Padykula, 1961).

In the pigeon pectorslis, George and Naik (1959) disting~
uished two distinct ﬁypes of fibres : the narrow red fat-losded
variety associated with an oxidétive metabelism and the broad
white glycogenplbaaed ones asscciated with a2 glycolytic metabol-
ism. The presence of a higher concentration of glycogen in the -
whife fibres than in the red was also indicateq‘by the quantitat-
ive studies of Alekseskhina (1953), Gaspar (195%) and by the
histochemicel studies of Ogate (1960) in the muscles of the rabbit.
Nevertheless, studies on fish muscle (Boddeke et al. 1953) have
shovn that the red muscle fibres contained more glycogen then
the white. Similar results were obtained by Hess and Pearse
(1961) in the red and white fibres of the mammalian skeletal
muscle, Chinoy and George (1964) in the ebdominal muscles of the
pigeon and fowl and by Nene end George (1965) in certain append-
icular muscles of the pigeon and fowl.

In view of these conflicting data, a study of the localiz-
ation of glycogen and some of the glycolytic enzymes in fish
muscle would be of interest., The information available with
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raspect tc the glycolytic enzymes in fish muscle is mosgtly from
biochemical studies. Studies on the glycolytic enzymes in fish
tissues (MacLeod, 1960), togethér with those of Martin and

Tarr (1960) on phosphoglucomutase, Cordier and Cordier (1957)
on phosphorylase of fish muscle indicate that all the machinery
for converting glycogen rapidly'té lactic acid 1s present in
the skeletal muscle of fishes.

As regards the synthesis of glycogen in the muscle, it
has been suggested that the enzyme, uridine diphosphoglucose
(UDPG) transglucosylase or glycogen synthetase is mainly respon-
sible (Leloir et al. 1969; Villar-Palasl and lLarner, 1968; and
Havk and Brown, 1959). The occurrence of this enzyme in muscles
of different origin has been confirmed by Traut (1962), however,
its presence in fish muscle has not as yet been established.

It was therefore thought desirable to locate it in fish muscle.

Some of the other enzymes of lmportance in glyecogen
metabolism ars fhe pentose cycle dehydrogenases. It has not
been fourd possible tc histochemically demonstrate these’enzymes
in fish mwscle (Ogata, 1964). The present histechemicel study
of the distribution pattern of glycogén in relation with some
of the glycolytic enzymes and the pentose cycle dehydrogenases

in fish muscle, was therefore carried out.
MATERIAL AND METHODS

The freshwater fish, Cirrhins mrigals used as the
experimental meterial in the present study were kept in spacious

open air tanks and meinteined on a ratiqn of vitamin supplented
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wheat pellets, The fish was killed by decapitation and pleces
of the lateral line muscle were taken for the various histow
chemical investigations. Thin frozen sections of about 15 to
20 p thickness were used for the demonstration of enzyme
activity.,

Glycogen 't Thin strips of the tissue were fixed in cold alco-
holic picro-formol for 24 hours and embedded in paraffin wax

of melting point 58 to 60 C. Sections 10 to 12 p thick wers cut
and stained for glycogen by the periodic acild Schiff's reagent
(Pearse, 1960).

Phosphorylase ¢ For the demonstration of this enzyme, the incu-
bation medium employed was according to the method of Eranksd and
Palkema, using glucose~l-phosphate as the substrate. The sections
after incubation were removed and transferred to Grams iodine
solution for a few minutes, and mounted in iodine-glycerol.
Uridine diphogphoglucose (UDPG) gixcogen synthetase : For
denonstrating this enzyme the technique of Takeuchi and Glenner
(1980) was employed. Glucose-6-phosphate was not added to the

incubation mediun.

Pentose cycle dehydrogensses (glucose~-6-phosphate dehydrogenase
and 6-phosphogluconate dehydrogenase) : For the detection of

these two dehydrogensses, the sections were incubated at room
temperature (2806) in a medium which contained the specific
substrates (glucose=6-phosphate barium salt and 6-phosphogluconic
acid barium salt) according to the technique of Hess et al. (1988).

It was found of advantage to include ethylene diamine tetracetic
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acid (EDTA) 1mM in both the cases (Karnovsky and Himmelhoch, 1961).
RESULTS

, The musele along tﬁe lateral line of the fish compriges of
a dprsal strip of red muscle congisting of narrow red fibres, a
ventral strip of white mnécle having broad white fibres and an
intermediate region of'white fib%es intermediate in size between
those of the other two strips.

’ ‘ Sections s£ained to demonstrate glycogen gave a strong
positive reaction in the red fibres (Fig. 1), a moderate reaction
in the intermediate fibreé (Fig. 2) and hardly any reaction at
all in the white fibres (Fig. 3)...

In the red muscle, the fibres reacted strongly for phospho-
rylase activity (Fig. 4), whereas in the white muscle, the fibres
of smaller dlameter gave a positive reaction and the larger ones
negative. The narrow red fibres of the red muscle took up a
magents (purple) coloﬁr, whereas in the white muscle, the narrow
white fibres stained blue and the broasd white fibres appesred
yellow. The fibres of the intermeéiate region ﬁFig. §) displayed
a staining reaction somewhat similer to that obteined in the
fibres of the white musele region.

Tha red fibres were found to stsin most intensively for
UDPG glycogen synthetase activity (Fig. 6), whereas the white
fibres gave the weakest reactiog for this enzyme. In the intermed-
iate regién only the fibres of smaller diameter were stained
(Pig. 7). The enzyme activity was seen to bs localized mainly
in the sarcoplasmic reticulum of the red fibres.
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Figs. 1, 2 & 3 Histochemical demonstration of glycogen in the
fibres of the red, Intermediate and white muscle regions respect-
ively. Note the highest intensity of staining iIs seen in the

red fibres, least in the white and medium in the intermediate.

Magnification in all cases X 190.
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Figs. 4 & 5 Histochemical demonstration of phosphorylase activity
in tbe red anA intermediate muscle regions respectively. Highest
activity of the enzyme is seen in the red fibres. The iIntermed-

iate fibres show a mosaic appearance. Fibres of smaller diameter

show a much higher activity than the other fibres. X 266.
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Figs. 6 & 7 Hlstochemlcal demonstration of UDPG synthetase
activity in the red and intermediate muscle regions respect-
ively. The red fibres show a higher positive reaction than
the Intermediate ones. The enzyme activity is seen to be

localized mainly iIn the sarcoplasmic reticulum. X 640.
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Figse 8 & 9 Hlstocbemlcal demonstration of glucose-6-phosphate
dehydrogenase activity in the red and Intermediate muscle regions
respectively. Marked activity of the enzyme is seen in the

mitochondria of the red fibres. X 256,



Figs. 1C & 11 Hlstochemieal demonstration of 6-phosphogluconic
dehydrogenase activity In the red and Intermediate muscle regions

respectively. Enzyme activity Is greater In the mitochondria
of the red fibres than In those of the Intermediate region X"66.
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The pentose cycle enzymes (G-6-P and 6-PG dehydrogenases)
hitherto not detecﬁed in fish muscle were demonsirated in the
fibres of ﬁhe red and the intermediate rggigé%}”%he histochemical
demonstration of these enzymes was sccomplished by the incorpora-
tion of EDTA into the incubation medium in order to bind the

contaminating metallic ions which hindered the reaction.
DISCUSSION

The results obtalned suggest that glycogen as wall as the
glycolytic engymes studied are concentrated in the fibres of the
rod muscle regions It is known that in these fibres there is a
high rate of fatty acid oxidation (Chapter 5). It is possible
that with increased fatty acid oxidation, glycogen is spared.
Itlis also possible that the glycerol molety resulting from the
nydrolysis of fat by lipase action is converted to glucose which
in turn is convqrted‘to glycogen., The occurrence of & high
concentration of glycogen in the red fibres may thus be explained.
The low concentration of glycogen in the white fibres could be
ascribed to the continuous utilization of glycogen for the
tetaniec contractions of the white muscle. Similerly Rall et al.
(19586) optained high concentrations of glycogen in the heart
muscle ﬁgich is capable of sustained activity.

Phosphorylase is known to occupy & strategic location in
the glycolytic sequence of reactions since it is the initial
catalytic force in the chaln of chemical events that leads to

the phosphorylative degrédation and utilization of glycogen
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(Stetten and Stetten, 1960). Sasako and Takeuchi (1963) have
shown that the polysaccharides formed by amylophosphorylase
activity stain blue with iodine while those formed by combined
amylophosphorylase and branching enzyme activity stain purple

or violet. The phosphorylége activity obtained in the red fibres
could therefore be attributed to the combined actlon of amylo-
phosphorylase and the branching enzyme activities, The broad
white fibres were found to be devoi& of the enzyme activity

as well as glycogen, whereas the activity in the narrow white
fibres was the result of amylophosphorylase action. These
results are in agreement with those of Dubowitz and Pearse
(1960) who found that in cold blooded vertebrates, like the
toad and goldfish, fibres which showed high oxidative activity,
also showed high phosphorylase activity. Ogata and Mori (1963)
also dembnstrated a strong phosphorylase reaction in thé red

- muscle fibres snd weak in the white mﬁsclq fibres of fish muscle.
On the other hand, in the pigeon pectoralis, phosphorylase 1is
confined to the quick contracting white fibres which are well
adapted for a glyecolytic metabolism. This has been demonstrated
histochemically by Dubowitz and Pearse (1960) and quantitatively
by Vallyathan and George (1963). An increase in the phosphorylsse
activity 1s known to be associated with increassed glycogenolysis
(Cahill et 8l. 1957). & relation between the glycogen levels
and phosphorylase activity was also established by the studies
of leonard and Wimsatt (1959), Palasi and Larner (1960) and
Lyon and Porter (1963).



38

The other enzyme)of‘fundaﬁental importance in glycogen
metabolism is UDPG glycogen synthétase. Andersson-Cedergren and
Muscatello (1963) reported that the UDPG glycogen synthetase
activity was localized 1n:thé sarcotubulér fraction while
phosphorylase activity was present in the soluble fraction of
the musele, The physiological importance of UDPG glycogen
synthetase in the synthesis of gi?cogen has been stressed‘by
Schmid gg—g;. (1959), who observed that myopathic muscles were
"able to synthesize glycogen in the absence of phosphorylase
through the UDPG pathway. Millonig and Porter (196L) and Porter
and Bruni f1959) suggested that the~endopia§m1c'retieu1um is
1gvolved in glycogen turnover. Thé localization of this enzyme
in the sarcoplasmic reticulum of the red fibres indicates its
'partic;pation in the syntheslis of glycogen (ﬁnderéson~Cedergren
and Museatello, 1963). The level of UDPG glycogen synthetase’

activity in the red muscle fibres was also found histochemically
‘ to be more or less proportiohal to their‘glycogen>content (Hess
‘and Pearse;"léslg‘Nene and George, 1965). This is in agreement
with the results of Villar-Palasi and Larner (1960) who obtained
quantitative data té establish a':eiaiienship between the glycogen
content of the tiséue and the concentratién of the enzymes of the
glycogen cyeclse. From the obéer&ations made ;n the present study,
it ean be conéludeé»that high concentrations of glycogen, phospho-
rylase and UDPG glycogen Ejnthetése are maintained in the red
fibres of the fish muscle. Here is a syétem‘of fibres which 1is
capable of synthesizing glycogen and metabolizing glycogen as
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" well as fat. This system differs from the broad white fibres .
of the plgeon breast muscle in that the 1attér are incapable
of metabolizing any appreciable amount of fat.

Thé dehydrogeﬁgses»of the pentose c¢ycle, which function
as an alternaﬁe éludose pathway were found to be present in
high coﬁcéntrations in the red fibres. The reason why Ogata
(1964) could not demonstrate these two enzymes in fish muscle
might pbssibly.ye\ﬁue to the apsence of EDTA in his incubation
medium. In quantitative studies of £ish muscle too, the compon-

"~ ents of the pentose cyéle céuld not be assessed (Jones ani Burt,
«;960, 1961); Nevertheleséé Hoskin (1959) stressed the major
1ipor€ance of the cyele (the'hexosemohoﬁhOSphate shunt) in
certain fish tissues 1nc1ud1ng muscle, Hochachka and Hayes

: ,(1962).showed-in trout muscle a predominance of the Embden-
Meyerhof pathway in warm scclimated (15C) fish, and an
activation of the pentose phosphate cyecle in conjunetion with
a higher‘rate of,fat synthesis during cold acclimation «%).
‘It 1s well known that the reduced NADP (TPN) formed via the
pentose cyeleuis used 1n‘tpe reductive steps of fatty acid and
steroid synthesis (Siperstein, 1958), From the above results
it 1s apparent that 1nfr§shwmusclé.a significant proportion of
carbohydrate break-down passes through the pentose cycle, the
" end products of which may finally be utilized in fatty acid
synthesis. '



