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SUMMARY

1. The effect of circulatory occlusion upon the glycogen phosphorylase-synthetase
system in intact human muscle at rest has been investigated using the needle biopsy
technique.

2. The fraction of phosphorylase in the a form was 26% before occlusion and
decreased to 9% after 40 min of occlusion.

3. Synthetase I activity was unchanged during occlusion.
4. After 40 min ofocclusion the content ofphosphocreatine was decreased by 40%,

with a corresponding increase in creatine and inorganic phosphate (Pi).
5. The observed glycogenolytic rate increased during occlusion up to 0-8 mmol

glycosyl units kg-1 dry muscle min-.
6. An intracellular Pi concentration at rest of 2-0 mmol 1-1 was calculated from the

activities of phosphorylase a and synthetase I assuming that under these conditions
they are equal.

7. It is concluded that the glycogenolytic rate during occlusion is a function of both
the fraction of phosphorylase in the a form and the availability of Pi at the active
site of the enzyme.

INTRODUCTION

Occlusion of the circulation to the leg converts the muscle tissue into a closed
biological system and limitsthe chemical eventsto those which can occur anaerobically.
In this case, the main energy sources are the intramuscular content of ATP,
phosphocreatine (PCr) and glycogen. The rate of glycogenolysis in this situation can

be calculated from the accumulation of hexosemonophosphates and lactate.
Previous studies in animals (Bollman & Flock, 1944; Imai, Riley & Berne, 1964)

and in humans (Harris, Hultman, Kaijser & Nordesj6, 1975; Larsson & Hultman,
1979; Cresshull, Dawson, Edwards, Gadian, Gordon, Radda, Shaw & Wilkie, 1981;
Harris, 1981) have shown that the muscle content of PCr decreases during occlusion,
with a corresponding increase in creatine (Cr) and inorganic phosphate (Pi). Pi is one
of the substrates of phosphorylase and it has been suggested by Chasiotis, Sahlin &
Hultman (1982, 1983c) that the availability of Pi is one of the main factors regulating
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the rate of glycogenolysis in vivo. However, despite the increased content of Pi within
the muscle in the occlusion studies mentioned above, the rate of glycogenolysis was
low as judged from the accumulation of hexose monophosphates and lactate.
The present study was undertaken to investigate the effect of circulatory occlusion

upon the phosphorylase-synthetase system and its relation to the rate ofglycogenolysis
in vivo.

MATERIALS AND METHODS

Materials. Three healthy volunteers (one female and two males) aged 22, 25 and 30 years and
of normal body weight and height participated in the present study. Their training status was not
investigated in any detail but none of the subjects could be classified as athletes. The purpose and
the nature of the study were explained before their voluntary consent was obtained. This study
is part of a project which has been approved by the Ethical Committee of the Karolinska Institute,
Stockholm, Sweden.

Experimental procedure. The blood circulation to the subject's leg was occluded by means of a
tourniquet placed around the upper part of the thigh and inflated to 250 mmHg. The occlusion
was continued for 30-40 min. Muscle tissue was obtained by the needle biopsy technique
(Bergstrom, 1962) from the lateral portion of quadriceps femoris muscle. Samples were taken before
occlusion and after 1, 20, 30 and 40 min of occlusion. Immediately after withdrawal, the biopsy
needle was immersed in liquid Freon (dichlorodifluoromethane) maintained at its melting point
(-150 0C) with liquid nitrogen. The time delay between immersion of the muscle and freezing was
between 2 and 3 s. The frozen muscle samples were stored in liquid nitrogen, freeze-dried and
thereafter stored at -80 TC until analysed.

Analytical methods. The freeze-dried samples were dissected free from blood, fat and all visible
connective tissue, pulverized and divided into two parts. One part was used for the determination
of the enzyme activities and the other for determination of metabolites. Homogenates of muscle
tissue for assay of glycogen phosphorylase and synthetase were prepared as previously described
by Chasiotis et al. (1982). The same homogenate was used for assay of glycogen and phosphorylase
and synthetase.
Glycogen phosphorylase was assayed at 35 0C and pH 7-0 in the direction of glycogen breakdown

using a method adapted from Holmes & Mansour (1968) as previously described by Chasiotis et
al. (1982). The reaction was started by addition of AMP-free glycogen and formation of
hexosemonophosphates was measured enzymically according to Harris, Hultman & Nordesjob
(1974). Values are reported as mmol glycosyl units kg-' dry muscle min-.
Glycogen synthetase was assayed at 35 'C and pH 7-0 in the direction of glycogen synthesis using

a method adapted from Kornfeld & Brown (1962) as previously described by Chasiotis et al. (1982).
The reaction was started by addition of UDP-glucose, and formation of UDP was measured
enzymically according to Danforth (1965). Values are reported as mmol glycosyl units kg-' dry
muscle min-.
The muscle contents of ATP, PCr, Cr, glucose-6-phosphate, glucose-i-phosphate, fructose-

6-phosphate and lactate were analysed in perchloric acid extracts of freeze-dried muscle by enzymic
methods as described by Harris et al. (1974). Pi was analysed enzymically as described by Gawehn
(1974).

RESULTS

The subjects reported no pain or discomfort during the first 30 min of occlusion
except for a subjective feeling of numbness in the leg. After 30 min the subjects
complained of increasing discomfort, but this disappeared completely after release
of the tourniquet.
The activity of total phosphorylase (a + b) and synthetase (I + D) was unchanged

during occlusion. Phosphorylase a activity before occlusion was 10-6 (9 5+ 11-5) mmol
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glycosyl units kg-' dry muscle min-' (Table 1), which is in accordance with previous
studies (Chasiotis et al. 1982, 1983c; Chasiotis, Hultman & Sahlin, 1983b; Chasiotis,
Brandt, Harris & Hultman, 1983 a). The activity ofthe a form decreased continuously
during occlusion and after 40 min was only 4-0 mmol glycosyl units kg-' dry muscle
min-' (Table 1). Synthetase I activity was unchanged during occlusion (Table 1).

TABLE 1. Effect of occlusion on enzyme activities in three subjects

Occlusion

Rest 1 min 20 min 30 min 40 min
Phosphorylase a+b 86-7 (81-2-96-4) 84-8 (74-3-91-1) 85-1 (80-3-89-5) 84-5 (78-4-86-0) 83-1 (76 3-90-0)
Phosphorylase a 10-6 (9-5-11-5) 10-1 (8-7-12-4) 7-0 (5-0-8-0) 5.4 (4-0-7-0) 4 0 (3-6-4-3)
Synthetase I+D 9-1 (8 0-9-6) 8-6 (8 0-9-2) 7-5 (6 5-8-3) 8-1 (6-8-8-9) 7-1 (6-8-7-5)
Synthetase I 2-5 (1 9-2-8) 2-3 (1-9-2-5) 2-3 (1-8-2-5) 2-7 (24-3-2) 2-5 (2-3-2-7)

Vmax(a) Vmax(a+b) 026 (020-029) 0-25 (020-034) 0-17 (0-134-21) 0-13 (0-10-19) 009 (0-08-0-10)
Estimated net 8-1 (6-7-9-6) 7-9 (6-8-10-5) 4-7 (2-7-7-0) 2-7 (14-5-3) 1-5 (1-0-2-0)
glycogenolysis
(phosphorylase a-
synthetase I)

Values are given as mean (range). Enzyme activities and net glycogenolysis are given as mmol
glycosyl units kg-' dry muscle min-'. Vmax(a) and Vmax(a+b) have been calculated from phosphorylase
activities measured at 11 mmol 1-1 P, using a Km of26-2 and 6-8 mmol 1-1 for a and a+ b respectively
(Chasiotis et al. 1982, 1983c). Net glycogenolysis is calculated from measured phosphorylase a and
synthetase I activities assuming that phosphorylase b and synthetase I are inactive in muscle at
rest and during occlusion.

The activities of phosphorylase presented in Table 1 were measured at a Pi
concentration of 11 mmol 1-h. The Km values of phosphorylase a and a+ b for Pi have
previously been determined to be 26-2 and 6-8 mmol 1-1 respectively in resting muscle
(Chasiotis et al. 1982, 1983 c). From the measurements of phosphorylase a and a+ b
activity at 11 mmol 1-1 P1 and the values of Ki, the ratio Vmax(a) Vmax(a+b) has been
calculated (Table 1). This ratio may be used as an estimate of the proportion of
phosphorylase molecules in the a form (Chasiotis et al. 1982). Accordingly the a form
accounted for 25-8 % oftotal phosphorylase before occlusion, the proportion decreasing
continuously during occlusion to 9% after 40 min.
During the 40 min of occlusion PCr decreased by 40%, this decrease being

paralleled by corresponding increases in Cr and Pi (Table 2). The average rate of PCr
breakdown was 0-7 mmol kg-' dry muscle min-'. The muscle content of ATP was
essentially unchanged during occlusion. Hexosemonophosphates (mainly glucose-
6-phosphate) increased 2-5-fold and lactate 7-fold during the occlusion period (Table
2). The rates of glycogenolysis calculated from the accumulation of hexosemono-
phosphates and lactate between 0-20, 20-30 and 30-40 min were 0-24 (0-22-0-27),
0-50 (0-28-0-75) and 0-75 (0-44-1-06) mmol glycosyl units kg-' dry muscle min-',
respectively (Table 2).
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TABLE 2. Effect of occlusion on the muscle content of energy metabolites, hexosemonophosphates,
lactate and inorganic phosphate

Occlusion

Rest 20 min 30 min 40 min

PCr 67-1 (64 0-69 2) 45-7 (38 2-55 7) 43-7 (35A4-45 4) 40-2 (37-9-42 4)
Cr 52-1 (51-3-54X9) 76X7 (68 9-86-2) 77 0 (73 0 86 7) 72-5 (55-0-97 0)
ATP 23-6 (23 0-26 0) 22-5 (21 8-23-6) 22-9 (22 2-23 0) 24-5 (23A4-25 7)
Hexosemono- 2-7 (1-5-3-3) 4-4 (39-4 6) 5-6 (4 8-6 4) 6-3 (63-6 3)
phosphates
Lactate 4-1 (3-5-5-0) 11-5 (11 3-11 9) 16-4 (14-3-17-4) 305 (26 3-34-7)
Pi 49-6 (45 0-53 2) 64-8 (62 4-67-4) 62-5 (59-9-6447) 74-0 (74{0-74-1)

0-20 min 20-30 min 30-40 min

Glycogenolytic rate 0-24 (0 22-0 27) 0 50 (0 28-0{75) 0-75 (0-441-06)
Values are given as mmol kg-' dry muscle. Glycogenolytic rate was calculated from the

accumulation of hexosemonophosphates and lactate, and is given as mmol glycosyl units kg-' dry
muscle min'.

DISCUSSION

The main finding in the present study was a decrease in the fraction ofphosphorylase
a following occlusion of the circulation. The results are in contrast to previous studies
in rat heart (Morgan & Parmeggiani, 1964) and in brain tissue (Lowry, Passonneau,
Hasselberger & Schulz, 1964) in which an increase in phosphorylase a was observed
during ischaemia.
We are unable at present to explain the mechanism by which the fall in

phosphorylase a in muscle is brought about. One possibility could be that it results
from the muscle cells being shielded during occlusion from the effects of blood-borne
stimuli including adrenaline. In previous studies we have shown that the fraction of
phosphorylase in the a form increases from 22-5 to 90% during adrenaline infusion
(Chasiotis et al. 1983c) but decreases after f-blockade at rest from 22-5 to 17-2%
(Chasiotis et al. 1983 a). These changes occur in parallel with those in cyclic AMP and
we would propose that following occlusion there is a steady decline in the muscle
content of this metabolite. A similar argument might also explain why in isolated
muscle of animals very low levels of phosphorylase a (2-10 %) have been found
(Danforth, Helmreich & Cori, 1962; Danforth & Lyon, 1964) compared with values
of 10-30% determined in muscle in situ (Drummond, Harwood & Powell, 1969;
Conlee, McLane, Rennie, Winder & Holloszy, 1979).

It could be argued that the high levels of phosphorylase a found at rest in the
present study are an artifact resulting from release of calcium ions during the biopsy
procedure rather than a reflexion of cyclic AMP stimulation. The decrease in
phosphorylase a during occlusion, however, shows that calcium-mediated trans-
formation during sampling and analysis can largely be excluded, since the effect
should be the same as at rest.
As mentioned above, synthetase I was unchanged during occlusion. If it is assumed

that phosphorylase b and synthetase D are inactive in muscle at rest and during
occlusion, then estimates of the net glycogenolytic rate may be calculated from the
activities of phosphorylase a minus those of synthetase I. We have assumed
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synthetase I to be fully active. From the measurement of a activity at 11 mmol 1-1
Pi, the estimated rate of glycogenolysis at rest is 10-6-2-5 = 8'1 mmol glycosyl units
kg-' dry muscle min- 1. At this rate, however, the intramuscular glycogen store would
be depleted within 50 min, and clearly this is not the case. Almost certainly the
estimates of phosphorylase a activity used are far in excess of those occurring in 8itU.
There are reasons to believe that the true Pi concentration in resting muscle is much
lower than that used here to assay phosphorylase a activity (i.e. 11 mmol 1-1 Pi). This
Pi value was determined experimentally in perchloric acid extracts ofhuman muscle
and is probably too high due to release of Pi from proteins and other molecules during
extraction. Recent 31P nuclear magnetic resonance studies have indicated a free Pi
concentration in muscle ofthe order of 1-3 mmol 1-1 (Dawson, Gadian & Wilkie, 1977;
Cresshull et al. 1981).
We can, in fact, make an estimate of the intracellular Pi concentration based on

the activities of phosphorylase a and synthetase I. For this we must first assume a
net rate of glycogen synthesis or degradation at rest of zero (which is consistent with
the findings of Hultman, 1967), and thus equal activities of phosphorylase a and
synthetase I. The calculated Pi concentration is that which would support a
phosphorylase a activity equal to the synthetase I activity at rest (given in Table
1) and is obtained from:

Pil Sll . Km. VI
LJVll1. Km+S11. V11 VI - S11

where S,, is the Pi concentration of the assay, 11 mmol 1-1; Km for phosphorylase
a for Pi is (from Table 1) 26-2 mmol I-' Pi; VI, is phosphorylase a activity at rest at
11 mmol 1-1 Pi; and VI is synthetase I activity at rest.
From the values in Table 1:

[Pi] = 2-0 mmol 1-1.

As discussed in a previous paper (Chasiotis et al. 1982) synthetase I at rest is at best
only partially active and this would tend to lower the above estimate of Pi
concentration. Similarly, residual phosphorylase b activity or a lower Km of
phosphorylase a for Pi in vivo, due to the presence of AMP, would also lower the Pi
concentration. Only activity on the part of synthetase D would increase the above
estimate of Pi, but the possibility of this seems very remote. Our conclusion therefore
is that the true intracellular Pi concentration at rest lies somewhere between 0 and
2 mmol 1-1, a range which is in close agreement with the previously mentioned nuclear
magnetic resonance studies.
The same type of calculations can be applied to the 20 and 30 min estimates of

glycogenolysis. The calculated rates (Table 1) were again higher than the observed
rates and clearly reflect an intracellular Pi concentration far removed from that used
in the assays of phosphorylase a. After 40 min of occlusion, however, calculated rates
were of the same order as observed rates, indicating a Pi concentration approaching
11 mmol 1-1. This is confirmed if the changes in PCr and hexosemonophosphates
presented in Table 2 are examined. Net Pi release (PCr minus hexosemonophosphates)
amounted to 7-5 mmol 1-1 after 40 min of occlusion, to which should be added
2-0 mmol 1.-1, the supposed concentration at rest.
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The possibility that phosphorylase b could be activated by AMP or IMP during
occlusion has been considered. At rest the concentration of AMP in the same muscle
of man is of the order of 0-03 mmol 1-1 (Chasiotis et al. 1982; Larsson & Hultman,
1979). The maximum AMP content observed after 20 min of occlusion was
0-06 mmol 1-1 (Harris et al. 1975) and after 90-150 min, 0 09 mmol 1-1 (Larsson &
Hultman, 1979). These values are far below the apparent Km value of phosphorylase
b for AMP of 1 mmol 1-1 determined in the presence of physiological concentrations
ofATP and glucose-6-phosphate and in the direction of glycogen breakdown (Aragon,
Tornheim & Lowenstein, 1980). Even assuming all the AMP to be freely available
to phosphorylase b these concentrations are unlikely to result in significant activity
of this form of the enzyme. From similar considerations there seems little possibility
either that IMP has any significant effect on phosphorylase b.

Muscle, when stimulated, is one of the most metabolically active tissues in the body,
but at rest the turnover rate is low. This is despite nearly a quarter of phosphorylase
being in the a form, its activity being limited by a low Pi concentration and opposing
glycogen synthetase activity. During occlusion PCr is broken down, the net result
being the liberation of Pi. In the absence of further changes the amount released after
20-40 min would be more than sufficient to increase phosphorylase a activity
several-fold and would result in rates of glycogenolysis far in excess of the modest
increase actually seen during occlusion. Two effects, however, combine to prevent
this. As shown in the present report, phosphorylase a is converted to the b form such
that after 40 min of occlusion it accounts for only 9 % of the total phosphorylase
activity. It is concluded that the b form is inactive since otherwise no purpose would
be served by this conversion; glycogenolysis would continue to rise with Pi to rates
far in excess of those observed. Secondly the modest increase in glycogenolysis itself
results in the accumulation of hexosemonophosphates, removing part of the Pi
liberated as a result of PCr utilization. In this sense the system is self-regulating. As
have previous papers (Chasiotis et al. 1982, 1983c) the present results emphasize the
integration of phosphorylase a/b transformation and Pi as determinants of the
glycogenolytic rate in muscle in vivo.

We are greatly indebted to Dr Roger C. Harris for his assistance in the preparation of the
manuscript and for many helpful ideas, and to Lennart Fahlgren for determination of hexosemono-
phosphates and lactate. This work was supported by a grant from the Swedish Medical Research
Council (02647).
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