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Control of adenine nucleotide metabolism and glycolysis in vertebrate skeletal muscle
during exercise
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Abstract. The turnover of adenosine triphosphate (ATP) in vertebrate skeletal muscle can increase more than a
hundredfold during high-intensity exercise, while the content of ATP in muscle may remain virtually unchanged.
This requires that the rates of ATP hydrolysis and ATP synthesis are exactly balanced despite large fluctuations in
reaction rates. ATP is regenerated initially at the expense of phosphocreatine (PCr) and then mainly through
glycolysis from muscle glycogen. The increased ATP turnover in contracting muscle will cause an increase in the
contents of adenosine diphosphate (ADP), adenosine monophosphate (AMP) and inorganic phosphate (P;),
metabolites that are substrates and activators of regulatory enzymes such as glycogen phosphorylase and
phosphofructokinase. An intracellular metabolic feedback mechanism is thus activated by muscle contraction. How
muscle metabolism is integrated in the intact body under physiological conditions is not fully understood. Common
frogs are suitable experimental animals for the study of this problem because they can readily be induced to change
from rest to high-intensity exercise, in the form of swimming. The changes in metabolites and effectors in
gastrocnemius muscle were followed during exercise, post-exercise recovery and repeated exercise. The results
suggest that glycolytic flux in muscle is modulated by signals from outside the muscle and that fructose
2,6-bisphosphate is a key signal in this process.

Key words. Muscle metabolism; exercise; frog; phosphocreatine; fructose 2,6-bisphosphate; glycogen phosphory-
lase; phosphofructokinase.

as myosin ATPase for powering contraction, and Ca**-
ATPase and Na®/K*-ATPase for the control of con-
traction. Physiological activity of ATPases requires the
ratio ATP/ADP in the cytosol to be maintained at a
high level as can be seen from the observations that (a)
ATPases can be inhibited by their reaction product
ADP (K, of myosin ATPase = 0.2 mM ADP); and (b)
ATPases cease to function if the free energy available
from the hydrolysis of ATP to ADP and inorganic
phosphate (P;) drops below a critical level'.

In resting vertebrate muscle the content of ATP is
typically around 5 pmol per gram wet muscle, whereas
the content of ADP is much lower, only about 10% of
the ATP content. Of physiological relevance, however,
is not the total content of a substance but its concentra-
tion in the cytosol (the intracellular water space), be-

Introduction

Motility, especially in the form of locomotion, is the
most conspicuous physiological capacity of animals.
Motion is brought about when muscles transform
chemical into mechanical energy. Muscles have to func-
tion under very different conditions, from almost com-
plete rest to very heavy exercise, and yet preserve their
structural and metabolic integrity. This requires efficient
regulatory mechanisms to maintain the metabolic ho-
moeostasis of muscle cells despite large variations in
metabolic rate. In this review we shall discuss some
aspects of energy metabolism in white vertebrate muscle
during exercise. White muscle is specialized for rapid
and powerful contraction, which requires a high rate of
ATP turnover. During heavy exercise ATP is regener-
ated almost exclusively from substrates that are stored

in the muscle and can yield ATP anaerobically, i.e. PCr
and glycogen. ATP, PCr and the regulation of the
glycogenolysis and anaerobic glycolysis are hence piv-
otal for exercising white muscle.

Muscle work and ATP

Exercise requires a controlled alternation of muscular
contraction and relaxation. Both processes are critically
dependent on ATP and on the activity of ATPases such

* Corresponding author.

cause only free molecules can interact with enzymes. To
estimate the free fraction of a metabolite is difficult if
conventional biochemical methods are used. Nuclear
magnetic resonance (NMR) spectroscopy of living tis-
sue can contribute information because bound
molecules remain invisible, i.e. they do not give rise to
NMR signals'®. Discrepancies between biochemical and
NMR data can therefore be accounted for by the disin-
tegration and extraction of tissues for biochemical analy-
sis causing either solubilization of compounds or arte-
factual degradation of metabolites. Destructive bio-
chemical methods and NMR spectroscopy in vivo yield
similar results for some metabolites but strikingly differ-
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Table 1. Total contents of some metabolites (in pmol per g wet muscle, biochemical analysis) and their estimated free concentrations in
the intraceliular water space (cytosol) of frog skeletal muscle at rest and during high intensity exercise.

For metabolites that are fully soluble in the intracellular water space and are not degraded to a significant extent during tissue
destruction, the concentration (in mM) has been calculated as content x 1.72 (assuming the intracellular water space to be 58% of wet
weight). However, with the exception of ATP (which appears to be fully soluble in muscle and decreases by not more than a few percent
during freeze-clamping), the free concentrations of the metabolites in this table cannot be calculated from the total contents directly
because (1) freeze-clamping leads to a brief activation of muscle metabolism, and (2) tissue extraction will free metabolites from
intracellular binding sites'>!® (for details, see text). As a further consequence of these artefacts the apparent changes in the contents of
metabolites in muscle during exercise may appear small, while the changes in their concentrations can be much larger. For instance, the
content of AMP in working muscle may not be significantly different from that in pre-exercise control muscle, while the free
concentration of AMP in working muscle may be 27-fold that in resting muscle. The data in this table are representative of frog

gastrocnemius muscle, pre-exercise control and after 10 s swimming, respectively'®,

Pre-exercise muscle Resting muscle

Working muscle

measured content (pmol/g)

calculated concentration

measured content (umol/g) calculated concentration

ATP 5.75 991 mM
ADP 0.68 14.0 uM

AMP 0.05 0.018 pM
PCr 20.04 46.48 mM
Creatine 11.68 8.21 mM
P, 15.17 2-4 mM

5.67 9.78 mM
0.73 73.3 uM
0.06 0.49 yM
12.24 25.24 mM
19.71 29.84 mM
21.27 2045 mM

ent results for others. ATP belongs to the first category
and hence can be regarded as being in solution (i.e.
mobile) in the cytosol. In contrast, no ADP and rela-
tively little P; can be detected in NMR spectra of resting
live musele. This is due to the fact that a major fraction
of ADP in muscle is bound to proteins, particularly
actin, whereas some phosphocreatine may be degraded
and some P; generated as a consequence of a brief
activation of muscle ATPases and creatine kinase dur-
ing freeze-clamping of muscle®*. Some P; seems also to
be bound to cell structures in vivo®*°, but exactly how
much is difficult to assess.

Estimates of total tissue metabolite contents and free
concentrations of frog muscle are collated in table 1.
Using these concentrations we can calculate the free
energy, AG, available from the hydrolysis of ATP ac-
cording to the formula

[ADP][P]

AG=RTIn [ATP|

+ AG®

where AG® refers to the standard conditions at a given
pH (other concentrations are 1 mol - 1=, the concentra-
tion of water is taken as unity). AG® and hence AG
depend on temperature, pH and [Mg?>*]. We have as-
sumed [Mg**];,.. = 1073 M in frog muscle and used AG®
values as determined by Rosing and Slater® for
T =25°C (298 K) between 6.0 and 7.5 pH. It should,
however, be noted that different values of AG®°, which
will result in different AG values, have been reported in
the literature. At pH 7 and 37 °C, for instance, AG® was
—28.4 kJ - mol~! according to Rosing and Slater®® but
given as —36.8 kJ - mol~' by Alberty'. The uncertainty
is due to the fact that (a) AG depends on various
factors in a complicated manner, and (b) the exact
conditions under which ATP hydrolysis occurs in vivo

are not known. This must be accounted for if AG values
reported in the literature are to be compared.

The free energy, AG available from ATP hydrolysis is
relatively high in resting muscle (about —60 kJ per mole
of ATP) because of the low concentrations of free ADP
and P;, but is reduced to about —46 kJ per mole of ATP
in fatigued muscle. During intense exercise the rate of
ATP hydrolysis may increase several hundredfold. To
maintain muscle work, ATP must be regenerated at
virtually the same rate as it is split, because otherwise the
decrease in AG and the massive increase in [ADP]g..
would halt muscle contraction. Thus muscle must be able
to adjust the rate of ATP synthesis rapidly according to
the work performed. In many animals, be they predators
or those trying to avoid becoming prey, survival is
critically dependent on this capacity.

Burst activity as required for ‘fight or flight’ can be
sustained only briefly, because energy sources are rapidly
exhausted, while lactate and H* ions are accumulated if
ATP has to be regenerated anaerobically®®. When ATP
demand in working muscle cannot be met by ATP
synthesis, a marked reduction of ATP will occur. Nearly
half the ATP can thus rapidly be degraded (see fig. 1),
via AMP to IMP (inosine monophosphate) plus NH},
through a transient activation of AMP deaminase. This
phenomenon has been studied for almost 70 years, but
how the activity of AMP deaminase is regulated in
working muscle is still not understood'® 4.

Studies on isolated muscle and exercising animals

Much of what we know about muscle physiology and
metabolism stems from work on isolated muscle, espe-
cially frog muscle, which has been the physiologists’
favoured preparation for more than half a cen-
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Figure 1. Effect of exercise, post-exercise recovery, and repeated exercise on the contents of metabolites and the intracellular pH in frog
gastrocnemius muscle (umol per g wet weight, nmol per g in case of F2,6P,). The frogs were carefully rested before the exercise, which
was swimming for up to 5 min (Exercise, intervals: 5, 10,30 s and 1, 2, 3, 5 min). After 5 min swimming frogs were allowed to recover
(Recovery, intervals: 10, 60 and 120 min). Some frogs that had recovered for 2 h were again induced to swim for up to 1 min (Repeated
exercise, intervals: 10s, 30 s and 60 s). For details see text and refs 17, 19, 20, 48.
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tury'>2>26 Frog muscle can easily be prepared and
remains viable and stable in vitro over a large range of
temperatures (0 to 25 °C) under both aerobic and anaer-
obic conditions. The external parameters affecting muscle
can be controlled, and the experimental conditions are
thus well defined. But the advantages of using isolated
muscle for experiments are limited by the fact that muscle
is separated from the body and integrative aspects of
muscle metabolism might be missed. Our goal has been
to study muscle metabolism in intact animals under
well-defined experimental conditions. This can, to a great
extent, be achieved by choosing the frog as experimental
animal and by analyzing metabolites in gastrocnemius
muscle during short-term exercise (swimming)'® 2048,
The gastrocnemius muscle of frog is a powerful muscle
of the hindlimb, involved in swimming and jumping.
The gastrocnemius is a white (pale) muscle consisting
predominantly of fast twitch fibres with high glycolytic
capacity (II b fibres). This type of muscle is specialized
for burst activity; it is poorly capillarized and contains
relatively few mitochondria. ATP regeneration during
exercise must therefore be based on substrates that are
stored in the muscle fibres themselves and can be used
anaerobically, i.e., PCr and glycogen®.

The exercise-related metabolism of PCr can be esti-
mated because the products of PCr degradation are not
lost from the muscle but reincorporated into PCr during
post-exercise recovery (see fig. 1). Glycogen breakdown
can easily be followed, because glycolytic intermediates
are confined to the cytosol, and the end-product, lac-
tate, is exported from amphibian muscle at a slow
rate® 23, The complete oxidation of glycogen to CO, and
H,O is quantitatively unimportant in frog gastrocne-
mius during exercise because of the poor oxygen provi-
sion. Thus, during short-term exercise frog gastro-
cnemius can be regarded as an almost closed metabolic
system, while it is still fully integrated in the body with
respect to neuronal and hormonal signals.

Phosphocreatine and adenine nucleotides in muscle
during exercise and recovery

PCr represents a store of energy-rich phosphate, and its
main function in white muscle is to buffer the ATP/
ADP ratio during intervals of high ATP turnover. PCr
can serve this function because its content in white
muscle exceeds that of ATP and the catalytic capacity
of creatine kinase is several fold higher than the maxi-
mal rate of ATP hydrolysis in working muscle'®- 2% 30,
As a result the system is maintained close to equilibrium
according to

PCr?~ + ADP*~ + H* s ATP*~ + creatine;

[ATP][creatine]

with K = TpC[ADPIH |
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The apparent equilibrium constant has been deter-
mined:

Kope = 233 x 107 M~! (at 20 °C)“°.

The [ADP];,.. in muscle can hence be calculated from
[PCr], [creatine] and [ATP] if the intracellular pH is
known (see table 1). The [ADP],,.. thus calculated can
be used to estimate the [AMP];.. because ATP, ADP
and AMP will be maintained in near-equilibrium in
muscle by adenylate kinase:

[ATP][AMP]
[ADP]?

with K., = 0.89%.

ADP + ADP s ATP + AMP; K=

Some properties of the creatine kinase and adenylate
kinase reactions deserve mentioning: (1) Regeneration
of ATP from PCr consumes H* such that the pH of
working muscle may slightly increase if PCr is the main
substrate for the regeneration of ATP. (2) Degradation
of PCr gives rise to P; which functions as a substrate in
glycogenolysis and glycolysis and is an activator of the
glycolytic key enzyme phosphofructokinase (see next
section). (3) Changes in the concentration of ADP will
be accompanied by larger fractional changes in [AMP]
because of the adenylate kinase reaction (see above).
Thus, an exercise-induced fivefold increase in [ADP]
corresponds to a 27-fold increase in [AMP] (see table
1). This amplification is important since AMP is a
potent activator of glycogen phosphorylase and phos-
phofructokinase.

Changes in PCr and P, have been followed in electrically
stimulated, isolated frog muscle by means of *'P NMR
spectroscopy''. From these data, changes in AMP and
ADP have been calculated for a 3s tetanus. NMR
spectroscopy has also been applied to isolated mam-
malian fast twitch muscle®®. The main results are similar
and indicate that (1) the content of ATP in muscle is
kept virtually constant during brief intervals of muscle
work; (2) the free concentrations of P;,, ADP and AMP
in resting muscle are much lower than the total con-
tents; and (3) the concentrations of ADP and AMP
increase almost instantaneously at the initiation of mus-
cle work while [P;] increases gradually as PCr is de-
graded.

Experiments in which we induced intact, well-rested
frogs to perform exercise (swimming) and followed the
changes in metabolites by biochemical methods gave
lower PCr and higher P; values in pre-exercise muscle
than would have been expected from the NMR studies.
This indicates that freeze-clamping caused an artefac-
tual degradation of PCr which was obviously caused by
a brief activation of muscle?®. If this is taken into
account, the data on PCr and adenosine nucleotides
appear very similar, irrespective of the analytical
method used and of how contraction was brought
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about (by electrical stimulation of isolated muscle or by
exercise in intact animals).

Regulation of glycolytic flux in muscle during exercise

Glycogen mobilization during exercise

Bursts of activity can be powered exclusively at the
expense of muscle PCr, but glycolytic ATP production
must be rapidly activated if exercise is to be sustained
for more than a few seconds'® “% %%, Because of the poor
blood (and hence oxygen and glucose) supply white
muscle can support high rates of ATP turnover only by
anaerobic glycolysis from muscle glycogen. The rate of
glycogen breakdown is controlled by the activity of
glycogen phosphorylase. Glycogenolysis and muscle
work are coordinated via an increase in cytosolic [Ca®*]
which triggers both muscle contraction and the phos-
phorylation of glycogen phosphorylase into an active
form. Glycogen phosphorylase is a dimeric molecule
made up of identical subunits which can be phosphory-
lated at a specific serine amino acid residue. The struc-
tural and catalytic properties of both forms, the
phosphorylated @ form and the unphosphorylated &
form have been thoroughly studied in the rabbit muscle
enzyme®’,

The b form is hardly active under physiological condi-
tions, but can be fully activated in vitro by high AMP
concentrations. The a form shows significant activity
even in the absence of AMP, and is fully active at
physiological concentrations of AMP.

In muscle of some vertebrates® and invertebrates”*
these two forms of phosphorylase have been shown to
coexist with a hybrid form ab, in which one subunit of
phosphorylase is phosphorylated while the other is not.
With respect to its kinetics the hybrid form is intermedi-
ate, but resembles more the fully phosphorylated a form
than the & form. The insertion of a partly phosphory-
lated form is thought to provide the system with a
greater flexibility and sensitivity towards metabolic
effectors! .

Muscle work will increase the proportion of phosphory-
lated (active) phosphorylase and, at the same time, also
the concentrations of its activator AMP and its sub-
strate P, (from degradation of PCr). Thus, initiation of
exercise will cause the phosphorolysis of glycogen to
glucose 1-phosphate which will be equilibrated with
glucose 6-phosphate and fructose 6-phosphate (F6P).
F6P is the substrate of phosphofructokinase (PFK), the
key regulatory element of glycolysis. Unlike glycogen
phosphorylase, PFK in vertebrate muscle is not regu-
lated by reversible phosphorylation, and Ca** has no
effect on the activity of PFK or any of the glycolytic
enzymes in muscle. How muscle work and glycolytic
flux are coordinated is still not fully understood, al-
though this problem has been intensively studied for
several decades'® %831,
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Regulation of phosphofructokinase activity in muscle
during exercise

PFK has long been recognized as a prototype of a
multimodulated enzyme. Its activity is influenced by a
multitude of effectors and very complex kinetics have
been demonstrated in vitro'> 3¢, The basis of PFK regu-
lation is the inhibition of its activity by physiological
concentrations of ATP. ATP is not only a substrate of
PFK but also a potent allosteric inhibitor. In addition
to its active site, PFK contains a regulatory site for
ATP™®. Binding of ATP to this site will decrease the
affinity of the enzyme for its second substrate F6P, thus
shifting the S, 5 value (S, s = the concentration of sub-
strate required to bring about half maximum activity)
out of the physiological concentration range which is, in
resting frog muscle, about 0.1 mM (0.06 umol - g~ wet
muscle'®). The inhibition by ATP is reinforced by citrate
and this property is thought to make PFK an important
element of control in fuel selection®®. According to this
hypothesis the availability of substrate other than car-
bohydrate will increase the concentration of citrate
which in turn will reduce PFK activity and hence gly-
colytic flux. Thus, carbohydrate reserves could be
spared in muscle, provided that ATP demand can be
met by aerobic ATP production, as would be the case in
white muscle at rest or, in more aerobic muscles, during
moderate work load. PFK is also sensitive to H* so that
its activity is decreased if muscle pH decreases due to
the accumulation of lactic acid.

PFK in working muscle cannot be activated by a de-
crease in the concentration of its inhibitors ATP or
citrate because the fractional changes in these metabo-
lites are too small (fig. 1) to account for a more than
huundredfold increase in PFK activity (see above sec-
tion). Neither can the exercise-induced increase in the
concentration of F6P account for the activation of
PFK. The breakdown of glycogen in working muscle
causes a marked increase in [F6P], but [F6P] and PFK
activity (as indicated by changtes in [F1,6P,]) follow
different time courses (see fig. 1). PCr, the concentration
of which decreases with exercise, is not an inhibitor of
PFK, although this has repeatedly been claimed. Conse-
quently, the relief of PFK from its inhibition by ATP
and citrate requires potent activators, which can be
grouped in two categories.

(1) Activators derived from °‘high-energy’ phosphates.
These are produced as a direct consequence of the
increased ATP turnover and the concomitant degrada-
tion of PCr in working muscle. This applies to AMP
and P, (see above), which can therefore be considered as
parts of an intracellular feedback mechanism by which
information on the rate of ATP hydrolysis is transferred
to PFK (and other regulatory enzymes''-**°), But it
has repeatedly been questioned whether such feedback
mechanisms are sufficient to bring about the rapid
and massive increase in glycolytic flux in contracting
muscle®® 3!
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(2) Hexosebisphosphates. Fructose 1,6-bisphosphate,
glucose 1,6-bisphosphate and fructose 2,6-bisphosphate
are activators of PFK in vitro, yet their physiological
significance is highly controversial® 3 344, There is evi-
dence that the muscle content of F2,6P, and possibly of
G1,6P, can be affected by hormones and neurotransmit-
ters> 8, Therefore, some of the controversy could be
due to the fact that experimental intervention, such as
animal handling, anaesthesia, and/or electrical stimula-
tion, may have interfered with mechanisms controlling
and integrating muscle metabolism.

Our studies on exercising frogs have indicated that the
simultaneous increase in PFK activity and [F1,6P,] in
muscle is of little regulatory significance but merely
reflects the fact that F1,6P, is the product of the PFK
reaction. This notion is corroborated by the observation
that the activation by F1,6P, is almost completely elim-
inated by near-physiological concentrations of cit-
rate’®*! (see fig. 2). However, F2,6P, appears to be an
important modulator of PFK activity in muscle in vivo
(see below). G1,6P, could be an activator of PFK in
muscle during repeated exercise in muscle that has not
fully recovered from previous exercise®.

Fructose 2,6-bisphosphate and the regulation of PFK
activity in vertebrate muscle

F2,6P, is a metabolic signal, not an intermediate of
glycolysis or any other metabolic pathway. The sub-
stance was discovered in rat liver in 1980 by Van
Schaftingen, Hue and Hers*. F2,6P, is a potent activa-
tor of phosphofructokinase and an inhibitor of the
gluconeogenic enzyme fructose 1,6-bisphosphatase.
F2,6P, is synthesized and degraded by the bifunctional
enzyme 6-phosphofructo-2-kinase/fructose-2,6-bisphos-
phatase (PFK-2/FBPase-2), which carries both enzyme
activities on the same polypeptide. The liver enzyme can
be phosphorylated by the cAMP-dependent protein ki-
nase (for instance, as consequence of the action of
glucagon) and will then act as a phosphatase specific for
the degradation of F2,6P,. The level of F2,6P, is deci-
sive for directing glucose metabolism in the liver, fa-
vouring either glycolysis or gluconeogenesis (the latter
at low levels of F2,6P,). Hence the function of F2,6P, in
liver is well established.

F2,6P, has been found in all animal tissues tested so far,
but in many organs its function is not well understood.
No agreement has yet been reached as to the physiologi-
cal functions of F2,6P, in skeletal muscle. In rat gas-
trocnemius muscle electrically stimulated in situ, F2,6P,
was twofold increased upon stimulation at low fre-
quency, but during tetanus its content did not correlate
with the rate of lactate accumulation®, In sharp con-
trast, brief exercise (a few seconds swimming) triggered
a rapid increase in the content of F2,6P, in gastrocne-
mius muscle of frog (up to fortyfold from less than 0.1
to about 2 nmol - g~'muscle)*. The difference between
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Figure 2. Hexosebisphosphates and the activity of 6-phosphofruc-
tokinase from frog skeletal muscle in vitro at pH 7.2 (see ref. 16).
Fructose 1,6-bisphosphate (), glucose 1,6-bisphosphate (A),
and fructose 2,6-bisphosphate (@). The assays contained sub-
strate concentrations (0.1 mM fructose 6-phosphate, 7.5 mM
ATP) in the physiological range for resting muscle'’. The same
applies to the activator inorganic phosphate (2 mM NaP;) and the
inhibitor citrate (0.5 mM), whereas [AMP] in the assay was
10 pM, which is higher than the [AMP];;.. in the cytosol of resting
muscle. V,, refers to PFK activity under optimum conditions™.
Under the given conditions, of the three hexose bisphosphates
only fructose 2,6-bisphosphate has a significant activatory effect
on PFK.

rat and frog is mainly due to the fact that, in unstimu-
lated rat muscle, levels of F2,6P, were much higher than
in muscle from non-exercised frogs, as long as the frogs
had been carefully rested before the experiment. Re-
cently, Pette and coworkers® have shown a very rapid,
transient increase (fourfold within 1s) in F2,6P, in
contracting fast-twitch rabbit muscle.

The observations suggest that the F2,6P,-system in
skeletal muscle is affected by the physiological state of
the animal, i.e. by signals from outside the muscle cell,
such as hormones or neurotransmitters'®, This notion is
supported by experiments that have shown F2,6P, in
muscle to respond very flexibly to exercise, depending
on the amount of previous exercise and the degree of
recovery. Frogs, fatigued by swimming for 5 min (exer-
cise), were allowed to recover for 2 h, which is sufficient
for most metabolites to return to their pre-exercise
control levels (fig. 1). When the frogs were then induced
to swim again for up to one minute (repeated exercise),
a striking difference was seen with respect to F2,6P,
between exercise and repeated exercise. The content of
F2,6P,, which had fallen to almost zero during recov-
ery, remained at this level and did not increase upon
repeated exercise (fig. 1 and ref. 20). Glycolytic flux was
lower during repeated exercise than during exercise in
rested frogs, and this was partially compensated for by
an increased rate of PCr breakdown and an earlier
degradation of ATP (see fig. 1 and ref. 19) to IMP. It
required many hours of recovery before the F2,6P,-sys-
tem regained its reactivity to exercise (Krause and We-
gener, unpublished results).

Obviously, different means for the activation of phos-
phofructokinase can be recruited in frog muscle depend-
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ing on the physiological state and previous experience
of the animals. The molecular mechanisms underlying
this phenomenon are not yet known. PFK-2/FBPase-2
from frog muscle has recently been isolated and its
properties studied®!. The enzyme is more a kinase than
a phosphatase (in contrast to the rat muscle enzyme),
but from its kinetic properties no consistent hypothesis
can be proposed to account for the different responses
of F2,6P, to exercise and repeated exercise. The F2,6P,-
system in skeletal muscle appears to have regulatory
properties yet to be discovered. Finally, there remains
the question to be answered of whether or not similar
effects of exercise and repeated exercise, as seen in
muscle of frogs, are also present in skeletal muscle from
other vertebrates.

Conclusions and perspectives

The regulation of energy metabolism, and particularly
of glycolysis, in muscle is much more complex than had
previously been envisaged. Studies of muscle by non-de-
structive methods such as *'P NMR spectroscopy have
contributed much to a better understanding of intracel-
lular regulation based on energy-rich phosphates and
related metabolites®>. But NMR in vivo cannot detect
compounds that are present at very low concentrations,
such as metabolic signals (second messengers, transmit-
ters, hormones). In this respect much progress has been
made by using techniques of molecular biology on iso-
lated tissue and cells. Both approaches, if combined and
complemented by experiments on intact animals and/or
humans exercising under physiological conditions, will
further advance our understanding of how muscle
metabolism is coordinated and integrated in the exercis-
ing body* 274247,
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