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Summary. Distribution of glycogen particles in semithin 
and ultrathin sections of biopsy samples from human mus- 
cles subjected to either short- or long-term running were 
investigated using PAS and Periodic Acid-ThioSemiCarba- 
zide-Silver Proteinate (PA-TSC-SP) staining methods. Gly- 
cogen particles were predominantly found immediately 
under the sarcolemma or aligned along the myofibrillar I- 
band. After long-term exhaustive exercise type-1 fibers with 
a few or no glycogen particles in the core of the fibers 
were frequently observed. The subsarcolemmal glycogen 
stores of these "depleted" type-1 fibers were about three 
times as large as after exhaustive short-time exercise. An- 
other indication of utilization of subsarcolemmal glycogen 
stores during anaerobic exercise was that many particles 
displayed a pale, rudimentary shape. This observation sug- 
gests fragmental metabolization of glycogen. Thus, depend- 
ing on type of exercise and type of fiber differential and 
sequential glycogen utilization patterns can be observed. 
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Muscle glycogen depletion relates closely to fatigue (Karls- 
son 1980). However, the degree of glycogen loss differs sig- 
nificantly depending on type, duration and intensity of exer- 
cise. Morphological assessment of  glycogen depletion is 
generally based on the PAS staining pattern of cross-sec- 
tioned frozen samples. This method has been frequently 
used to estimate fiber recruitment during exercise (Arm- 
strong et al. 1974; Gollnick et al. 1974). Although this tech- 
nique possesses several shortcomings, it can provide useful 
information about the numbers and types of muscle fibers 
that are used. Recently, a technique for ultrastructural visu- 
alization of glycogen, Periodic Acid-ThioSemiCarbazide- 
Silver Proteinate staining (PA-TSC-SP), has been shown 
to give detailed information of the localization and distribu- 
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tion of glycogen particles in muscle fibers (Thi6ry 1967; 
Thornell 1974; Sj6str6m et al. 1982). By combining the con- 
ventional PAS technique (modified for staining of plastic 
sections) and the PA-TSC-SP technique, efficient tools for 
a thorough evaluation of the fiber type specific glycogen 
utilization during exercise are now available. The present 
study was aimed at claffying the glycogen utilization pat- 
tern during two different types of exercise: 1) short-term 
running, and 2) long-term running (marathon). 

Materials and methods 

Subjects. Sixteen well-trained males (17-32 years) volun- 
teered for the study. Six of the subjects ran 20 repetitions 
of 25 s each on a tread mill at a speed corresponding to 
85-90% of best time on 200 m for the time of the year. 
Another 6 ran a marathon race (42.2 kin) at an average 
speed of 14 km per h. The remaining 4 subjects constituted 
non-exercise controls. 

Muscle biopsy. Open surgical biopsies were obtained from 
the right vastus lateralis muscle approximately 45 min after 
exercise. Biopsies were divided into two pieces, one of which 
was frozen and prepared for enzyme histochemistry, the 
other being embedded in Vestopal for light and electron 
microscopy. 

Light microscopy. Serial, transverse sections (section thick- 
ness 10 ~tm) were cut on a cryostat microtome at - 2 0  ~ C 
and attached to glass slides. The sections were treated for 
alkaline (pH 9.4) and acid (pH 4.6 and 4.2) stable myofibril- 
lar adenosine triphosphatase (mATPase) (Dubowitz and 
Brooke 1973), and for visualization of glycogen using the 
periodic acid-Schiff's reaction (Pearse 1980). Based on the 
mATPase activity of the fibers they were classified into 
type 1 (lightly stained at pH 9.4) and type 2 (heavily 
stained). At pH 4.6 lightly stained type 2 fibers were termed 
2A. At pH 4.2, weakly stained type 2 fibers, which were 
dark at pH 4.6, were termed type 2 B. 

Longitudinal sections of plastic embedded specimens of 
1 ~tm thickness were PAS stained until developed, i.e. ap- 
proximately 2 h. The number of subsarcolemmal glycogen 
deposits in fibers with the lowest optical density (i.e. un- 
stained in the core of  the fibers) was determined along a 
randomly placed 50 lam-stretch of fiber (5 measurements 
per fiber; 26 fibers in the sprint group, 44 fibers in the en- 
durance group, respectively). 



Fig. la--c. PAS-stained semithin plastic sections, a The stain is evenly distributed in the fibers of the control samples. Magnification 
x 1200. b "Glycogen-depleted" type 1 fiber after exhaustive short-term exercise. Subsarcolemmal glycogen deposits are more rare than 

in Fig. 1 c. Magnification x 850. c "Glycogen-depleted" type 1 fiber after long distance running. Deposits of glycogen remain beneath 
the sarcolemma. Magnification x 1200. Arrows indicate glycogen clusters. Bars represent 10 lam 

Fig. 2. PA-TSC-SP stained ultrathin section. Subsarcolemmal cluster of glycogen particles in "glycogen-depleted" type 1 fiber after 
endurance exercise; glc glycogen particles, rni mitochondrion, sl sarcolemma. Magnification x 20000. Bar represents 1 pm 

Fig. 3. a PA-TSC-SP stained type 2B fiber after short-term exercise. Note the loss of I-band glycogen. A A-band, I l-band. Magnification 
x 20000. b High magnification electron micrograph of PA-TSC-SP stained control specimen showing glycogen particles arranged as 

swaths between the thin filaments. Z Z-band. Magnification x 38000. Bars represent 1 pm 
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Electron microscopy. The biopsy portion for electron mi- 
croscopy was mounted at its approximate rest length with 
needles on cork plates. Fixation was carried out in 2.5% 
glutaraldehyde, and 1 mm-thick slices were post-fixed in 
1% osmium tetroxide. Serial ultrathin longitudinal sections 
(section thickness 60 nm) were placed on either Formvar- 
supported copper grids or gold grids. The former were 
treated with uranyl acetate and lead citrate while the latter 
were treated with periodic acid-thiosemicarbazide-silver 
proteinate (PA-TSC-SP) according to a modified method 
of Thi~ry (1967) (Thornell 1974). The sections for glycogen 
visualization were floated on a solution of I% periodic 
acid in distilled water for 20 min and then rinsed thoroughly 
with distilled water. They were thereafter floated on 1% 
thiosemicarbazide in 10% acetic acid for 30 min, rinsed in 
10% acetic acid which was diluted in graded series (5, 2 
and 1%, respectively, to infinity) with distilled water. The 
section were finally floated on 1% silver proteinate in dis- 
tilled water in darkness for 30 min and again rinsed in dis- 
tilled water. 

Semithin sections were viewed under a Leitz Dialux-20 
light microscope. Ultrathin sections were examined in a 
Philips 300 electron microscope. Ultrastructural fiber typ- 
ing was performed using the M- and Z-band appearance 
(Eisenberg 1983). 

Stat&tical methods. Morphometric data were compared be- 
tween groups using a one-way ANOVA to test for equality 
of means. 

Results 

Light microscopy. In the PAS-treated sections from short- 
term exercised muscles, an average of 20% of the fibers 
displayed a lesser optical density (although never complete- 
ly empty) than the homogeneously-stained controls. Both 
type 1 and type 2 fibers were lightly stained. In the samples 
from the marathon runners, the majority of the type 1 fibers 
(average 70%) were glycogen depleted. 

The lightly PAS-stained, longitudinally sectioned fibers 
from the sprint runners showed a weak stain corresponding 
to the intermyofibrillar space at the level of the I-band 
(Fig. I b). Subsarcolemmal spots of PAS-stain were rare (see 
below). 

In specimens from the long-term exercised muscles a 
relatively large amount of  glycogen clusters were found be- 
neath the sarcolemma of " e m p t y "  fibers (Fig. lc). The 
number of  subsarcolemmal glycogen clusters along a 
50 Ixm-stretch of fiber was 20+ 3 (mean+ SE). The corre- 
sponding value for the short-term exercised muscles was 
6-1-2 (p <0.001). 

In the control specimens the subsarcolemmal glycogen 
clusters could not be readily distinguished from the I-band 
bound accumulations located adjacent to the plasma mem- 
brane (Fig. 1 a). 

Electron microscopy. At the ultrastructural level, the subsar- 
colemmal deposits of PA-TSC-SP stain were found to corre- 
spond to the locations of  the clusters of glycogen particles 
(Fig. 2). The average diameter of the individual particles 
was 25 nm. A dominant feature in the bulk of the fibers 
from the sprint runners was loss of I-band glycogen, while 
accumulations of glycogen were still present around the 

mitochondria (Fig. 3 a). Particles of lesser optical density 
were frequently found. 

In specimens from the long-term exercised muscles, 
type l fibers with barely any detectable glycogen particles 
in the core of the fibers were regularly observed. 

Aside from the heavily stained subsarcolemmal and in- 
termyofibrillar clusters of glycogen particles, the control 
specimens also displayed rows of single particles oriented 
longitudinally between the thin filaments at either side of  
the Z-band (Fig. 3 b). 

Discussion 

Muscle glycogen is obviously stored at different intracellu- 
lar locations. During exercise the glycogen deposits are me- 
tabolized in different orders depending on type of exercise, 
and possibly, type of fiber. Thus, the clusters is of glycogen 
particles found just beneath the sarcolemma seem to remain 
chiefly unaffected in the "glycogen-depleted" type 1 fibers 
even after exhaustive long distance running. It is tempting 
to assume that the subsarcolemmal glycogen particles are 
stored there to secure energy yield for the maintenance of 
the plasma membrane potential and/or to act as an intracel- 
lular reserve energy supply. The comparatively long dis- 
tance to the site of contraction supports the hypothesis that 
this energy source is of principal importance during anaero- 
bic work with high glycogen demands. Also, the PA-TSC- 
SP stained ultrathin sections showed that the subsarcolem- 
mal glycogen particles retained their size and shape, indicat- 
ing that this source has not been utilized to any significant 
extent. 

During low tension, steady state, endurance exercise, 
it is likely that circulating free fatty acids are exposed to 
the subsarcolemmal mitochondria in sufficient amounts to 
provide the necessary ATP for the Na §  An- 
other fact reinforcing this statement is that the number of 
capillaries around the histochemical type 1 fibers, which 
is the fiber type preferably recruited during endurance exer- 
cise, is relatively large (InNer 1979). For the contraction 
itself, the fiber prefers the close and easily mobilized myofi- 
brillar glycogen which, however, is gradually utilized 
throughout the course of  long-distance running. Thus, non- 
glycogen stores of energy, i.e. free fatty acids and, possibly, 
the intracellular triglyceride source of energy become in- 
creasingly important during prolonged exercise. 

Conversely, the glycogen-depleted fibers (of either type) 
from the sprint-exercised muscles showed only occasionally 
subsarcolemmal accumulations of  glycogen since at any giv- 
en energy expenditure the glycogen stores will be depleted 
at a faster rate than when working aerobically (Astrand 
and Rodahl 1977). Although the subsarcolemmal glycogen 
particles are located some distance away from the contrac- 
tion site, they still constitute the best available energy source 
after utilizing the I-band glycogen. Another indication of 
utilization of subsarcolemmal glycogen stores during anaer- 
obic exercise is that many particles displayed a pale, rudi- 
mentary shape. This observation suggests fragmental meta- 
bolization of glycogen. It is striking, however, that the sub- 
sarcolemmal, as well as the I-band-located glycogen sources 
can be observed depleted, while perimitochondrial clusters 
are still visible. At present, we have no data to explain 
this compartmental and sequential glycogen utilization 
under anaerobic conditions. 

Although the sprinters were completely exhausted after 
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training, their muscle fibers never showed the total  glycogen 
deplet ion in the core of  fibers that  was frequently detected 
after mara thon  running. The work  load was probably  too 
high during sprinting (accumulat ion of  lactate) which 
forced the subjects to stop before drain of  glycogen. 

Final ly ,  the glycogen particles represent a glycogen-pro- 
tein complex,  apar t  f rom glycogen also including glycogen 
phosphorylase ,  glycogen synthetase, regulatory kinases, 
phosphatases  and other enzymes (Kushmerich 1983). This 
fact may  be expected to make the interpreting of  the results 
more  difficult. However,  these non-glycogen components  
are in one way or  another ,  associated with glycogenolysis 
and are, thus, directly involved in glycogen metabolism. 

References 

Armstrong RB, Saubert IV CW, Sembrowich WL, Shepherd RE, 
Gollniek PD (1974) Glycogen depletion in rat skeletal muscle 
fibers at different intensities and durations of exercise. Pfliigers 
Arch 352 : 243-256 

~strand PO, Rodahl K (1977) Textbook of work physiology. New 
York, McGraw-Hill Book Company, pp 11 34 

Dubowitz V, Brooke MH (1973) Muscle biopsy: A modern ap- 
proach. WB Saunders, London Philadelphia Toronto, pp 5-33 

Eisenberg BR (1983) Quantitative ultrastructure of mammalian 
skeletal muscle. In: Peachey LD, Adrian RH, Geiger SR (eds) 

Handbook of physiology, section 10, skeletal muscle. Am phys- 
iol soc. Baltimore, Waverly Press, pp 73-112 

Gollnick P, Piehl K, Saltin B (1974) Selective glycogen depletion 
in skeletal muscle fibres of man following sustained contrac- 
tions. J Physiol (Lond) 241 : 59-68 

InNer F (1979) Effects of endurance training on muscle fibre ATP- 
ase activity, capillary supply and mitochondrial content in man. 
J Physiol (Lond) 249:419-432 

Karlsson J (1980) Localized muscular fatigue: role of muscle me- 
tabolism and substrate depletion. In: Hutton RS, Miller DI 
(eds) Exercise and sports sciences reviews. Philadelphia, PA: 
Franklin Inst, vol 7, pp 1-42 

Kusbmerich MJ (1983) Energetics of muscle contraction. In: Pea- 
chey LD, Adrian RH, Geiger SR (eds) Handbook of physiolo- 
gy, section 10, skeletal muscle. Am physiol soc. Baltimore, Wa- 
verly Press, pp 189-236 

Pearse AGE (1980) Histochemistry; theoretical and applied, 4th 
ed., vol 2, Edinburgh London New York, Churchill Livingstone 

Sj6str6m M, Frid+n J, Ekblom B (1982) Fine structural details 
of human muscle fibres after fibre type specific glycogen deple- 
tion. Histochemistry 76: 425-438 

Thi6ry JP (1967) Mise en 6vidence des polysaccharides sur coupes 
fines en microscopie 61ectronique. J Microsc 6:987-1018 

Thornell LE (1974) An ultrahistochemical study on glycogen in 
cow Purkinje fibres. J Mol Cell Cardiol 6:439-448 

Accepted May 25, 1985 


