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E. THE ACTIVATION OF GLYCOLYSIS IN FROG SARTORIUS MUSCLE
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Lesser (11) showed in 1920 that treatment of isolated frog muscle with epi-
nephrine (E) increases the rate of glycogenolysis. In 1934 Hegnauer and G. T.
Cori (8) demonstrated that glycogenolysis in the E-treated anaerobic frog muscle
results in a large increase in hexosephosphate and a corresponding fall in inor-
ganic P with relatively little change in lactate production. In 1950 O. and E.
Walaas (21) observed that addition of a few micrograms of E to the isolated
rat diaphragm incubated in the presence of glucose caused a significant increase
in hexosephosphate and lactate and a net loss of glycogen instead of glycogen
deposition. In 1951 Sutherland and Cori (19) showed that homogenates prepared
from liver slices preincubated with E contained more active phosphorylase than
those not exposed to the hormone. The same observations were made by Suther-
land (18) with isolated rat diaphragm. His work led to the important discovery
of cyclic 3’,5-AMP as the mediator of the rise in phosphorylase activity in
response to E treatment (17).

Development of methods for the rapid arrest of enzymatic reactions in living
muscle coupled with improved analytical techniques made it possible to rein-
vestigate in greater detail the mechanism of activation of glycolytic enzymes in
frog muscle in response to E. Some of the more recent results will be presented
in this paper.

METHODS

The sartorius muscle of winter frogs (Rana pipiens) was used for these experi-
ments. All incubations were carried out in the absence of glucose in frog Ringer’s
bicarbonate solutions gassed with 95 % Argon, 5% CO.. In order to avoid transi-
tion effects and to insure complete anaerobiosis, the muscles were incubated usu-
ally at 20° C for 25 min prior to the addition of E. In the course of the experiment
muscles were transferred to fresh medium every 20 min in order to measure the
efflux of lactate. The amount found in the medium is referred to as extracellular
lactate. Based on measurements of extracellular space and of total tissue water,
concentrations are expressed in terms of micromoles per milliliter of intracellular
water. The incubations were terminated by plunging the muscles into isopentane
cooled to —170°C. The media were likewise frozen immediately. Procedural
details have been published (9).

Analyses for lactate and glucose-6-P were carried out on the same muscle
using chemical and enzymatic procedures (9). Inorganic P was determined as
described previously (9). Methods for the extraction of phosphorylase at tem-

1 This work was supported in part by research grants AM-6830 and AM-9242 from the
National Institutes of Health, U. S. Public Health Service.
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peratures below 0° C and methods for the determination of phosphorylase b and
a activity have likewise been published (4). Epinephrine hydrochloride was ob-
tained from Parke, Davis and Company and stored frozen as 1 X 10— M solution
containing 1 X 10~2 M ascorbate. Except where stated otherwise, E was used in
a concentration of 5 X 10=7M (ca. 1 in 10 million) in frog Ringer’s solution
containing 1 X 10~2 N\ ascorbate, pH 7.0. Dichloroisoproterenol (DCI) was a
gift of Dr. I. H. Slater, Eli Lilly Co.

RESULTS

The effect of epinephrine on the glycolytic system in frog muscle. The effect of E
on the rate of glycogenolysis in the anaerobic frog sartorius at 20° C is shown in
figure 1. It was assumed that “glycogen lost”’ was equal to one half lactate +
glucose-1-P + glucose-6-P + fructose-6-P. Glucose-1-P and fructose-6-P were
assumed to be 0.05 and 0.2 times the concentration of glucose-6-P, respectively
(15). The amount of fructose-1,6-diphosphate present in the E-treated muscle
or in the anaerobic control muscle was negligible (15). In the 10- to 30-min
period of incubation with epinephrine the rate of glycogenolysis of frog muscle
is increased about 10-fold over the basal rate. This increase in rate is preceded
by a lag period of 3 to 4 min duration. E action results in a sharp rise in glucose-
6-P [and, as shown in other experiments, of fructose-6-P (15)] without a con-
comitant change in the rate of lactate formation. Only after 30 min does the
rate of lactate formation begin to increase. It then attains a rate of 0.04 umoles
per ml per min, which is only 4 times faster than the basal rate. A steady state
between formation of glucose-6-P and its removal is not established since glu-
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FiG. 1. Effect of epinephrine on glycogenolysis in frog muscle. (From J. biol. Chem.
239: 3139, 1964.) For calculation of the amount of “Glycogen Lost,”” see text.
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TABLE 1
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Comparison of effects of electrical stimulation and of E on glycolysis of frog muscle

Electrical Stimulation Increase in Glucose- Decrease in Inorganic Increase in Lactate
(30 min Duration) 6-P over Control P over Control over Control
Shocks/min umoles/ml
3 0.2 6.7
6 0.2 9.8
12 0.2 14.9
18 0.3 20.6
24 0.6 26.1
5X1000"ME
30 min 1.7 1.3 0
60 min 2.6 2.8 0.8
120 min 3.4 3.6 3.0

The experiments were carried out anaerobically at 20°C, without added glucose.

TABLE 2
Effect of dichloroisoproterenol on the formation of glucose-6-P in E-treated frog muscle

Additions Glucose-6-P

M umoles/ml
None 0.2 =+ 0.08
DCI (5 X 107%) 0.25 = 0.07
E (6 X 107) 2.71 £ 0.44
E (6 X 1077)

+
DCI (6 X 107%) 0.13 + 0.01

The muscles were incubated anaerobically for 1 hr at 30°C with the additions as noted.
Mean value and standard error of the mean of five experiments are given. Summer frogs
were used in these experiments.
cose-6-P is still rising at the end of the incubation period, although at a slower
rate. This is in marked contrast to the effect of electrical stimulation. As shown
in table 1, electrical stimulation causes a much greater increase in lactate forma-
tion without much change in the concentration of glucose-6-P up to 24 shocks
per min. It appears that enzymatic rates are not as well synchronized in muscle
during E action as they are during stimulation (9).

Activation of the phosphorylase system in the E-treated frog muscle. When one
compares the decrease in inorganic P produced by E with the increase in glucose-
6-P, it becomes apparent that at each time point there is a corresponding change
in the concentrations of these two compounds (table 1). The reaction sequence
is: glycogen + inorganic P — glucose-1-P — glucose-6-P. The first reaction is cata-
lyzed by phosphorylase. Dichloroisoproterenol (DCI),an analogue of E, completely
abolishes the rise in glucose-6-P resulting from E action (table 2). This sug-
gests that the effect of E on glycogenolysisin frog muscle is mediated through in-
creased phosphorylase activity. The conversion of phosphorylase b to a during
E action or during stimulation is one possible mechanism for the activation of
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the phosphorylase system. It is therefore of interest that DCI blocks the rise
in phosphorylase a produced by E but has no effect on the increase produced by
stimulation (table 3). In the former case the rise in cyclic 3’,5’-AMP, an activator
of phosphorylase b kinase, is prevented by DCI (7, 14). Since Posner et al. (16)
have shown that the concentration of cyclic 3’,5’-AMP does not increase in the
stimulated muscle, it seems likely that the mechanism of activation of phos-
phorylase b kinase is different in the two cases.

In table 4 the rise and fall of phosphorylase a in the E-treated muscle and in
the muscle stimulated tetanically are compared. The rise of phosphorylase a in
the E-treated muscle is rather slow, but this is also the case when E is injected
intracardially in the intact frog (16). The decrease in phosphorylase a after
stimulation has been shown to be a first-order process catalyzed by phosphorylase
phosphatase, now no longer opposed by the action of phosphorylase kinase (4).
It might therefore be inferred that the slow reversal of the E effect in the isolated
frog muscle is related to the slow release of the hormone from the receptor site
and hence to the persistence of elevated levels of cyclic 3’,5-AMP. The fact
that inclusion of DCI in the wash fluid greatly accelerates the fall in phosphoryl-
ase a supports this assumption (table 4).

Effect of epinephrine on muscles stimulated electrically. When frog sartorius
muscle is stimulated by single shocks at rates from 2 to 8 per sec, the phosphoryl-
ase a content rises to a plateau which is proportional to the frequency of stimu-
lation (5). The rise in phosphorylase a is preceded by a lag period which at 2

TABLE 3

Differential effect of DCI on the formation of phosphorylase a in frog muscles treated with E or
stimulated electrically

84 72

Muscle contraction

Conditions l Phosphorylase a in Percent of Total Phosphorylase
l -DCI ’ +DCI
E1.1X 106 M i 64 3

Paired muscles from a single frog were incubated anaerobically at 30°C for 30 min in the
presence or absence of 1 X 10~* M DCI. E was then added and the incubation was continued
for an additional 30 min. The muscles to be stimulated were also preincubated with or
without DCI. They were fixed after a 2 or 4 sec tetanus.

TABLE 4
Comparison of effects of stimulation and E on rise and fall of phosphorylase a in frog muscle
Rise in Phosphorylase a l Fall in Phosphorylase a
Conditions t 14 (sec) | Conditions t 1% (sec)
Tetanic stimulation 0.7 Rest 12
E (1.1 X 10-¢ M) 370 | Washout 660
| Washout + DCI (1.1 X 10~¢ M) 150

All experiments were carried out anaerobically at 30°C.
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F1a. 2. Effect of fatigue on phosphorylase a content of frog muscle. (From J. biol. Chem.
239: 3133, 1964.) The design of the experiment is explained in the text.

shocks per sec is about 25 sec. With increasing frequencies of stimulation the
lag period becomes progressively shorter. When the muscle is first exposed for
30 min to subthreshold concentrations of E (1 X 102 to 7 X 108 M), which
per se produce no rise in phosphorylase a, the lag period during stimulation at 2
shocks per sec is completely abolished and the plateau to which phosphorylase
a rises is higher (5). The lag period probably reflects a delay in the onset of
activity of the phosphorylase b kinase. A similar delay in the onset of activity
is observed in vitro, when the utilization of ATP with phosphorylase b as sub-
strate is used as a measure of the rate of the kinase reaction (5). This rules out
the possibility that the delay is related to some configurational change of phos-
phorylase after the kinase has acted.

The facilitation by E of the b — a conversion in stimulated muscle may be
related to the effect of E on contractility of skeletal muscle. As is well known,
this effect is particularly prominent in fatigued muscle. G. T. Cori and Illing-
worth (3) have shown that when rat gastrocnemius muscle was stimulated to
fatigue by repeated short tetani, the phosphorylase a content fell to very low
values. Previous injection of the rat with E prevented the complete disappear-
ance of phosphorylase a during stimulation to fatigue, and injection of E after
fatigue had set in hastened the recovery of phosphorylase a. This problem has
been reinvestigated with the rapid fixation technique (4), which was not available
in the earlier experiments. In figure 2, the muscles were first stimulated at 6
shocks per sec for periods of time recorded on the abscissae. After 5 min of re-
covery to allow the phosphorylase a to revert to the b form, a second train of
single shocks at 6 per sec for 20 sec was given to each muscle. The ordinates
show the level of phosphorylase a attained at the end of the second period of
stimulation. It can be seen that the more fatigued the muscle was, the less it was
capable of responding with an increase in phosphorylase a during stimulation
(lower curve). Prior exposure of the muscles to E (upper curve) resulted in in-
creased resistance to fatigue as measured by their ability to form phosphorylase a.

The importance of phosphorylase a for rapid glycogenolysis is shown in an
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TABLE 5

Effect of electrical stimulation on lactate formation in frog muscle in the presence
and absence of E

Lactate Formed during Stimu- Lactate Formed during Stimu-
lation in the Absence of E lation in the Presence oi r
Frequency and Duration of Stimulation
| Extracellular Total Extracellular | Total
umoles/ml
3 S. P. M. for 30 min 6.30 6.42
6 S. P. M. for 10 min 0.38 0.24
6 S. P. M. for 20 min 1.05 7.21 0.84 6.33
6 S. P. M. for 30 min 2.12 9.57 i 2.27 9.80
12 S. P. M. for 10 min 0.46 ! 0.43
12 S. P. M. for 20 min 1.53 | 1.57
12 8. P. M. for 30 min 3.42 14.80 ‘ 3.46 12.98

Incubations were anaerobic at 20°C. E when added was 5 X 10~7 M. 8. P. M. refers to
shocks per minute.

experiment carried out by Danforth and Lyon (6). After 1 sec of stimulation,
the muscle of normal mice (C57 strain), containing about 50 % phosphorylase a,
has a more rapid and extensive glycogen breakdown than does the muscle of a
strain of mice (I strain) lacking phosphorylase b kinase. It seems reasonable to
suggest that the effect of E in delaying muscle fatigue is related to the ability of
muscle to maintain its phosphorylase a level, since this would make possible a
more rapid supply of energy to the working muscle.

Phosphofructokinase activity of frog muscle during epinephrine action. From the
experiment in figure 1, it has been deduced that in isolated frog muscle treated
with E there is initially a much greater increase in phosphorylase than in phos-
phofructokinase activity. As a result the concentrations of glucose-6-P and
fructose-6-P rise, whereas that of fructose-1,6-diP remains very low (about 0.02
wmoles/ml (15)). During 30 min of incubation with E the concentration of
hexose monophosphate has risen to about 10 times the values found in control
muscles, but an increase in lactate formation has not yet set in. During stimula-
tion of muscle a similar rise in hexose monophosphate is associated with a large
increase in lactate formation (cf. table 1). These results raised the question
whether E might actually cause inhibition of phosphofructokinase activity in
muscle. When frog muscle previously treated with E was given a short tetanus
there was an immediate and substantial rise in fructose-1,6-diP up to values of
about 1 umole per ml intracellular water (15). Although this experiment indi-
cated responsiveness of phosphofructokinase to activation by stimulation, it
would not rule out some degree of inhibition. A more rigorous test for inhibition
is provided by the experiments in table 5, where muscles were stimulated with
single shocks at relatively slow rates. It can be seen that E did not have an
inhibitory effect on lactate formation in these stimulated muscles. It is therefore
not inhibition but rather lack of activation which characterizes the effect of E on
phosphofructokinase activity, at least in amphibian muscle. In mammalian mus-
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cle hexose monophosphate is also markedly increased as the result of E action,
but at the same time there is a greatly increased lactate production (see 2).

DISCUSSION AND SUMMARY

The sequence of events set in motion through the activation of adenyl cyclase
by E is: increase in cyclic 3',5-AMP — activation of phosphorylase b kinase —
increase in phosphorylase ¢ — increase in glycogen breakdown. Since cyclic
3’,5-AMP is destroyed by a phosphodiesterase, its actual level in the tissues
will depend on the relative rates of two opposing reactions, catalyzed by cyclase
and diesterase (1, 20). Posner et al. (16) have shown that the concentration of
cyclic 3’,5’-AMP increases in frog muscle after E administration. Concentrations
of the order of 1 X 1077 to 1 X 10~ M activate the phosphorylase b kinase of
muscle both #n vivo and in vitro (10, 16). Phosphofructokinase, on the other
hand, is activated in vitro by concentrations of cyclic 3’,5-AMP so much higher
than are present in muscle that one wonders whether this activation is of physio-
logical importance (13). In the isolated frog sartorius incubated at 20° C in 5 X
10-7 M E a rise in phosphorylase a can be demonstrated in less than 5 min and
this is followed after a lag period of a few minutes by a rise in glucose-6-P, but
an increased lactate production through activation of phosphofructokinase does
not take place until after 30 min of incubation. Stimulation of a muscle during
incubation in E at frequencies as low as 3 shocks per minute, results in an im-
mediate rise in lactate production. Thus, there is no evidence that E has a spe-
cific activating effect on phosphofructokinase. )zand and Narahara (15) found
that addition of glucagon-free insulin to one of a pair of muscles incubated in
E resulted in a smaller accumulation of glucose-6-P and in a larger production
of lactate; this result suggests that insulin enhanced the activity of phospho-
fructokinase. At present it is not definitely known by what mechanism electrical
stimulation or insulin increases phosphofructokinase activity in muscle.

That the problem of activation of glycolytic enzymes in vivo is complex is
shown by the fact that according to Lyon and Porter (12) muscle of mice lacking
phosphorylase b kinase respond to the injection of epinephrine with increased
glycogen breakdown. This suggests that E can increase phosphorylase b activity
in an as yet undetermined manner. It would seem that the mechanism of regula-
tion of enzyme activity by hormones requires further study.
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