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JOURNAL OF APPLIED PIIYSIOLOGY 

Vol. 34, No. 5, May 1973. rrinted in U.S.,d. 

Glycogen depletion pattern in human skeletal 

muscle fibers after heavy exercise 

P. D. GOLLNICK, R. B. ARMSTRONG, W. L. SEMBROWICH, 

R. E. SHEPHERD, AND B. SALTIN 

Department of Physical Education for Men, Washington State University, Pullman, Washington 99163 

GOLLNICK, P. D., R. B. ARMSTRONG, W. L. SEMBROWICH, R. E. 

SHEPHERD, AND B. SALTIN. Glycogen depletion pattern in human skeletal 

muscle jibers after heavy exercise. J. Appl. Physiol. 34(5) : 6 15-618. 

1973.-The glycogen depletion pattern in human skeletal muscle 

fibers was followed during short high-intensity work in six subjects. 

Exercise consisted of pedaling a bicycle ergometer at 90 or 104 rpm 

and a resistance calculated to require an energy expenditure of 

150% of the subject’s aerobic power. Six I-min sprints were per- 

formed with lo-min rest periods between each exercise. Biopsy 

samples were taken from the vastus lateralis muscle at rest and 

after the first, third, and final work bouts. Total muscle glycogen 

declined as a function of the number of work bouts. The relative 

concentration of glycogen in the muscle fibers was histochemically 

estimated from PAS staining intensity. The first fibers to become 

depleted of their glycogen stores were the low-oxidative, high-gly- 

colytic, fast twitch fibers. This suggests an early recruitment of 

these fibers during heavy exercise. This pattern is in contrast to 

that seen during prolonged, moderately-intense exercise when the 

high-oxidative slow twitch fibers are the first to become depleted of 

their glycogen reserves. 

blood lactate; muscle glycogen; heavy work; muscle fiber utiliza- 

tion 

HISTOCHEMICAL GLYCOGEN DEPLETION patterns indicate that 
the slow twitch (ST) fibers of human skeletal muscle are 
preferentially used in prolonged, moderately-intense exer- 
cise (unpublished observations). Fast twitch (FT) fibers 
are progressively recruited as the glycogen of the ST fibers 
becomes depleted. In contrast, during maximal muscular 
contraction produced by electrical stimulation the fast- 
twitch white fibers of rat and guinea pig skeletal muscle 
are the first to become phosphorylase negative and depleted 
of their glycogen stores (4, 9). The question arises as to 
whether or not the FT fibers of human muscle are utilized 
in the early stages of high-intensity exercise. Since FT fibers 

generally have lower oxidative capacity than ST fibers 

(5) the simultaneous use of both fiber types would result in 
an early depletion of the glycogen reserves of these fibers. 

The purpose of this study was to follow the glycogen 
depletion pattern in fast- and slow-twitch fibers of human 
skeletal muscle during bicycle exercise requiring an energy 
production equivalent to 150 % of the subject’s aerobic 
power. From these data conclusions have been drawn con- 
cerning the recruitment of the two fiber types during high- 
intensity, short-term exercise. 

METHODS AND MATERIALS 

Six well-trained men between the ages of 24 and 37 
years were studied (see Table 1 for physical characteristics). 
Five of these subjects were experienced at riding the bicycle 
ergometer. 

Maximal oxygen uptake (~OC ,,,) was determined on the 
bicycle ergometer at 60 rpm using the leveling-off criterion. 
Expired air was collected in a 600-liter wet spirometer and 
its oxygen and carbon dioxide content determined with a 
Beckman E2 oxygen analyzer as described by Corcoran 
and Bringelmann (2). The validity of the procedure was 
verified with the Scholander microtechnique. 

The subjects reported to the laboratory after a light un- 
controlled meal and rested in the supine position for about 
20 min. Muscle samples were taken from the vastus lateralis 
muscle with the needle biopsy technique (1) and blood 
samples drawn from the antecubital vein. After warming up 
with a light load the subjects performed six I-min bouts of 
exercise on the bicycle ergometer at a load requiring an 
energy production equivalent to 150 % of their aerobic 
power. Ten-minute rest periods were interposed between 
each work bout. Four of the subjects worked at a pedal 
frequency of 90 rpm and two at 104 rpm. To2 was deter- 
mined for each work bout. Biopsy samples were taken from 
the vastus lateralis muscle after the lst, 3rd, and 6th exercise 
bouts. A blood sample was also taken after the final exercise 
bout. 

One portion of the muscle sample was immediately 
immersed in liquid nitrogen and stored in Dry Ice for subse- 
quent glycogen analysis (7). The remaining portion was 
treated for histochemical analysis as described previously 
(5). Serial sections were cut at - 20 C and myosin adenosine 
triphosphatase (ATPase) (11) and reduced diphosphopyri- 
dine nucleotide-diaphorase (DPNH-diaphorase) (10) activi- 
ties estimated. The distribution of glycogen in one serial 
section (16 p thick) was estimated with the periodic acid- 
Schiff’s (PAS) stain (12). Muscle fibers were identified as 
ST or FT on the basis of myosin ATPase activity at pH 9.4 
(5). The relative concentration of glycogen in the fibers 
was estimated from the intensity of the PAS stain as de- 
termined under the light microscope and subjectively rated 

as dark, moderate, light, or negative (6). 

Blood glucose (Glucostat-Worthington Biochemical 

Corp., Freehold, N. J.) and lactate were determined on 

samples of whole blood. Lactate was determined with a 
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TABLE 1. Physical characteristics of subjects, work loads and oxygen consum;btions, 
and changes in blood glucose, blood lactate, plasma FFA, and hematocrit 

GOLLNICK ET AL 

Avg iTo2 

yy;,, 
*  

liter; 
mine1 

Blood Glucose, Blood Lactate, Plasma FFA, 
rnM mhf pEq, ml-1 Hct, % ihr! max, 

liters 
min-1 

Work Load, 
watts min-1 Subj, Age, Wt 

B A B B A B A 

4.75 5.88 1.35 20.30 .24 

3.91 4.90 1.90 15.30 .36 

3.47 7.74 1.60 16.70 .66 

3.83 6.21 1.95 16.26 .50 

5.55 6.60 0.90 18.26 .35 

4.59 5.00 1.70 16.78 .36 

A 

GJ13, 26, 73 kg 
RES, 30, 91 kg 

RRA, 31, 87 kg 

WLS, 29, 106 kg 

PllG, 37,83 kg 

RMR, 24, 84 kg 

4.37 420 3.18 

5.38 530 3.69 

5.45 530 3.51 
4.41 442 3.00 

4.15 442 2.73 

5.08 491 3.57 

.18 

.24 

.24 

.24 

.12 

.18 

45.2 

48.4 

43.2 

44.2 

43.7 

49.1 

52.2 

48.1 

54.1 

51.9 

52.2 

Mean 4.81 475.8 3.28 4.35 6.05* 1.56 17.26j- .41 .20$ 45.6 51.7$ 
- 

B and A refer to before and after exercise, respectively. * Before versus after exercise P < 0.05. t Before versus after exercise 
P < 0.01. $ Before versus after exercise P < 0.02. 
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FIG. 2. Average muscle glycogen of samples from the vastus lateralis 

muscle after the 1 st, 3rd, and 6th exercise bouts (sprints). 

The percentage of vo2 lllaX attained during the I-min exer- 
cise increased with each successive work bout (Fig. ‘1). 
Since the work load required an energy expenditure of 150 % 

Of ii02 maxy an 02 deficit of about 4.0 liters/min was con- 
tracted with each work bout. 

Blood glucose was 40 % higher and blood lactate 11 -fold 
higher after the 6th work bout than before exercise (P < 
0.01). In contrast, plasma FFA declined 51 % (P < 0.02). 
Hematocrits were 13 % higher after the final exercise bout 
as compared to resting values. 

The preexercise glycogen concentration of the biopsy 
samples of the vastus lateralis muscle averaged 132 mM 
glucose units/kg (range 98-l 77). After the first 1 -min exer- 
cise bout this declined 20 % to a mean value of 106 mM 
glucose units/kg (Fig. 2). F rom this point to the end of the 
sixth work bout there was a linear decline in glycogen as 2 
function of the number of sprints completed (Fig. 2). The 

final glycogen content averaged 49 InM glucose units/kg 

(range 31-74). 

I I I I I I 

I 2 3 4 5 6 

SPRINT NUMBER 

FIG. 1. Mean percent of voz max and average voz of 6 subjects 

during six I-min high-intensity work bouts on the bicycle ergometer. 

modification of the Strom (13) method. The remaining 
blood was centrifuged at O-5 C and plasma free fatty acids 
(FFA) determined with the methods of Dole and Meinertz 
(3) using Nile blue A as the titration indicator. 

RESULTS 

The average vo2 for the six subjects during the I-min 
exercise bouts was 3.28 liters/min (Table 1). This value 
represented approximately 68 % of the mean ii02 lllIIX of 
the subjects. The average T;roz for the first exercise bout was 
equivalent to only 62 % of the aerobic power of the subjects. 
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MIJSCLE FIBER USE DURING INTENSE EXERCISE 

80- 

60- 

40- 

20- 

o- 
ST FT  ST fT  ST Ff ST FT  

337 331 446 389 110 522 143 247 

FIG. 3. Histochemically estimated glycogen concentration in ST 
and FT fibers of vastus lateralis muscle at rest and after the lst, 3rd, 
and 6th exercise bouts (sprints). Histograms represent the percentage 
of fibers stained dark (black area), moderate (diagonal lines), light 
(vertical lines), or negative (white area) with the PAS reaction. 

FIG. 4. Photomicrographs of vastus lateralis muscle samples at rest 
(A) and after six l-mm high-intensity work bouts (B) from one sub- 
ject. Serial sections are stained for myosin ATPase activity (I) and 
glycogen (2) with the PAS reaction. At rest (A) both FT (dark myosin 
ATPase stain) and ST (light myosin ATPase stain) fibers are stained 
dark for glycogen. After exercise (B) the FT fibers exhibit the greatest 

glycogen depletion. (X65.) 

All the fibers in the samples of the vastus lateralis muscle 
at rest were rated as dark for PAS staining (Fig. 3). There 
was no discernible change in the intensity of the PAS stain 
in the ST fibers after the first exercise bout. However, 5 
of the 359 FT fibers examined after the first exercise bout 
were rated as moderate. This small change can probably be 
attributed to sample variation. Eleven percent of the ST 
fibers were moderately stained for glycogen after the third 
exercise bout with all others rated as dark. In contrast, 54 % 
of the FT fibers were moderately stained, 14% light, and 
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32 % dark. After the sixth work bout 46 % of the FT fibers 
were still rated as PAS dark, 16 % were moderate, and 26 
and 12 % were light and negative, respectively. Nine per- 
cent of the ST fibers were PAS negative, 13 % light, 2 % 
moderate, and 76 % dark. It should be pointed out that all 
the PAS negative and light fibers were found in the sample 
taken from subject RES. Micrographs showing the relative 
glycogen concentration in the two fiber types at rest and 
after the sixth work bout are presented in Fig. 4. From these 
data it is clear that FT fibers were utilized during heavy 
exercise. 

DISCUSSION 

The exercise used in the present study represented a 
severe work test for the subjects. This was noted subjectively 
since none of the subjects felt they could continue after the 
sixth work bout. The large increase in blood lactate attests 
to the anaerobic nature of the work. A rise in blood glucose 
and fall in plasma FFA has also been frequently observed 
after high-intensity exercise. The fact that total vi02 for the 
1-min work bouts only amounted to 68 % of ‘ii02 max can be 
attributed to the lag in the increase in ii02 that occurs at 
the onset of exercise. With successive work bouts the i’oz 
of all subjects increased. This may reflect the warmup 
effect from previous exercise sessions. 

The increase in hematocrit suggests a shift of fluid from 
the blood into the tissue. Kjellmer (8) has observed such a 
change during electrical stimulation of cat skeletal muscle. 

The rapid depletion of glycogen from the FT fibers of 
human skeletal muscle during heavy exercise is similar to 
the effect produced by electrical stimulation of rat and 
guinea pig muscle (4, 9) and high-speed running in rats 
(unpublished observations). In contrast, during prolonged, 
moderately intense (about 70 % aerobic power) work the 
ST fibers are the first to become depleted of their glycogen 
(unpublished observations). These findings demonstrate 
that during the heavy, high-speed work used in this study 
FT fibers were recruited at the onset of the exercise. ST 
fibers were probably also utilized in these exercise bouts, 
but because of their greater aerobic capacity they would not 
deplete their glycogen reserves as rapidly as the FT fibers. 
The lower glycolytic potential of the ST fibers (5) may also 
have prevented such a rapid rate of glycogen utilization. 

Even though the glycogen content of the muscle was still 
relatively high, the subjects did not feel they could perform 
additional exercise bouts. This may have been the result 
of the loss of glycogen from the FT fibers. Such a glycogen 
loss could result in the inability of these fibers to function 
during the heavy work. During heavy exercise of the type 
used in this study a reduction in the number of contracting 
fibers would reduce the contractile force necessary to sustain 
the exercise. The rapid loss of glycogen from the FT fibers 
may have been due either to the intensity or the speed of the 
work. From the data available from these experiments it 
cannot be resolved which of these two factors was responsi- 
ble for the feeling of fatigue experienced by the subjects. 

R. B. Armstrong is a National Science Foundation Predoctoral 
Fellow. 

Present address of B. Saltin: Dept. of Physiology, Gymnastikoch 
Idrottshiigskolan, Stockholm, Sweden. 
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