
ORIGINAL PAPER

Effects of adrenaline on glycogenolysis in resting anaerobic
frog muscles studied by 31P-NMR

Kimio Kikuchi Æ Takenori Yamada Æ
Haruo Sugi

Received: 17 May 2009 / Accepted: 6 July 2009 / Published online: 8 August 2009

� The Physiological Society of Japan and Springer 2009

Abstract The effects of adrenaline (also called epineph-

rine) on glycogenolysis in living anaerobic muscles were

examined based on time-dependent changes of 31P-NMR

spectra of resting frog skeletal muscles with and without

iodoacetate treatments. The phosphate-metabolite concen-

tration and the intracellular pH determined from the NMR

spectra changed with time, reflecting the advancement of

various phosphate metabolic reactions coupled with resid-

ual ATPase reactions to keep the ATP concentration con-

stant. The results could be explained semi-qualitatively as

the ATP regenerative reactions, creatine kinase reaction and

glycogenolysis, advanced with time showing the charac-

teristic two phases. Thus, it was clarified for living muscles

that adrenaline activates the phosphorylase step of glyco-

genolysis, and the adrenaline-activated glycogenolysis is

further regulated at the phosphofructokinase step by PCr

and also possibly by AMP. Associated with the adrenaline-

activated glycogenolysis in the examined muscles, the Pi

concentration and the intracellular pH, factors affecting the

muscle force, changed significantly, suggesting compli-

cated effects of adrenaline on the muscle contractility.

Keywords 31P-NMR � Skeletal muscle � Glycogenolysis �
Adrenaline � Phosphate metabolism � Intracellular pH

Introduction

In anaerobic muscles, glycogenolysis, the degradation of

glycogen, regenerates ATP consumed in the cytosol and

ends up in lactate production. The generalized scheme of

glycogenolysis and its regulation has been documented in

the literature [1] (see a simplified version in Fig. 1) and has

been established based mainly on in vitro experiments.

Glycogenolysis is thought to be regulated sophisticatedly at

the phosphorylase and phosphofructokinase (PFK) steps,

the key regulatory steps, by various factors related to cel-

lular activity. As for glycogenolysis for muscles, however,

whether or not the general scheme of glycogenolysis can be

applied and which factors are directly involved in its reg-

ulation still need to be clarified.
31P-NMR studies clarified that glycogenolysis in living

muscle is activated by Ca2? released for contraction [2, 3]

and further regulated by a factor(s) related with the energy

state of muscle [4]. It is thought that adrenaline (also called

epinephrine) [5] activates the phosphorylase step of gly-

cogenolysis via cAMP production [1]. However, as far as

we know, limited studies have been made on how adren-

aline affects the phosphate metabolism of muscle. In the

present studies, therefore, the effects of adrenaline on the

phosphate metabolism and the intracellular pH (pHi) of

living frog muscles were examined based on improved 31P-

NMR measurements. NMR spectra of muscles thus

obtained had well-resolved resonance signals for essential

phosphate metabolites related to glycogenolysis and made

it possible to analyze the advancement of glycogenolysis

and its regulation in muscles. To facilitate the analysis,

comparative studies were made for resting anaerobic

muscles with and without iodoacetate (IAA) treatments,

considering that IAA is known specifically to inactivate

glyceraldehyde 3-phosphate dehydrogenase, one of the key
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enzymes of glycogenolysis, but not significantly to affect

other phosphate metabolic reactions in muscle [6].

Materials and methods

Materials

The care of the animals and the experimental protocol were

approved by the Animal Care and Use Committee of Tei-

kyo University School of Medicine. Semitendinosus mus-

cles were freshly dissected from the summer bullfrog

(Rana catesbeiana) for each experiment. Isolated muscles

(about 35 mm in length, about 0.3 g in wet weight) were

kept for about 1 h in a frog Ringer’s solution with the

following composition (in mM): NaCl, 95; KCl, 2.5;

MgCl2, 2.1; CaCl2, 1.0; NaHCO3, 20 (pH 7.2), and con-

tinuously bubbled with 95% O2/5% CO2 at 0�C. To put

muscles in an anaerobic state, they were transferred to a

frog Ringer’s solution containing 2 mM NaCN and con-

tinuously bubbled with 95% N2/5% CO2 at 0�C for 1 h.

These muscles are referred to as CN-treated muscles. The

IAA treatment of muscle was made as described previously

[3, 4] by incubating muscles for 45 min in a frog Ringer’s

solution containing 1 mM IAA and then treated with NaCN

for 15 min as above. These muscles are referred to as

(IAA, CN)-treated muscles. After the above treatments,

muscles were immediately used for NMR measurements.

Phosphocreatine (PCr), ATP, ADP, AMP, IMP, glucose

1-phosphate (G-1P), glucose 6-phosphate (G-6P), fructose

6-phosphate (F-6P), fructose 1,6-bisphosphate (F-1,6-BP),

and adrenaline were purchased from Sigma Chemicals (St

Louis, MO). IAA was purchased from Nacalai Tesque

(Kyoto, Japan). Other chemicals were of analytical grade

and purchased from Wako Chemicals (Osaka, Japan).

NMR measurements

31P-NMR spectra of muscles were obtained as described

previously [3, 4] using an NMR instrument [161.8 MHz for
31P; GX-400, JEOL (Tokyo, Japan)] with samplings from

usually 256 scans with a 45� pulse at 3-s intervals. A

muscle preparation was fixed at a slack length alongside a

glass tube (1 mm in diameter) by tying each tendon to the

glass tube with a cotton string. Then it was put in an NMR

glass tube (5 mm in diameter) filled with a frog Ringer’s

solution containing 2 mM NaCN pre-bubbled with 95%

N2/5% CO2. The NMR tube was put in the NMR instru-

ment after capping its top end. Muscle preparations were

kept at 20–22�C during NMR measurements by continu-

ously purging temperature-controlled air around the NMR

glass tube. Time-dependent NMR spectra of muscle were

obtained consecutively at 30-min intervals. Adrenaline was

applied to muscle preparations in between NMR mea-

surements by transferring them to a separate NMR tube

filled with a frog Ringer’s solution containing 1.1 lM

adrenaline [7] and 2 mM NaCN pre-bubbled with 95% N2/

5% CO2. Then it was put back in the NMR instrument as

described above to resume measurements.

NMR spectra of muscles thus obtained had well-

resolved resonance signals for phosphate metabolites, some

of which previously could only be identified as sugar

phosphates [2–4]. The resonance peaks in NMR spectra of

muscles were assigned based on those similarly obtained

for standard phosphate compounds dissolved in

10 mM K?-phosphate solution (pH 7.0). The concentration

of phosphate metabolites in muscle was determined as

described previously [3, 4] by integrating corresponding

resonance signals in NMR spectra, correcting for the sat-

uration factors and assuming the PCr concentration of fresh

intact muscles to be 27 mM. The pHi of muscles was

determined based on the pH-dependent chemical shift of

inorganic phosphate (Pi) [8, 9].

Analysis of phosphate metabolic reactions

The time-dependent changes of the phosphate-metabolite

concentration and pHi of muscles were analyzed by

assuming the advancement of major phosphate metabolic
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Fig. 1 A simplified glycogenolysis scheme. *Inactivated by IAA

treatment
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reactions following [10], i.e.: (1) ATPase reaction,

ATP ? ADP ? Pi ? 0.30H?; (2) creatine kinase reaction

(also called the Lohmann reaction), PCr ? ADP $
Cr ? ATP - 0.74H?; (3) complete glycogenolysis,

glycogen (n residues) ? 3ADP ? 3Pi ? glycogen [(n-1)

residues] ? 3ATP ? 2lactate ? 1.11H?; (4) incomplete

glycogenolysis (I), glycogen (n residues) ? Pi ? glycogen

[(n-1) residues] ? G-1P (or G-6P or F-6P) ? 0.33H?; (5)

incomplete glycogenolysis (II), glycogen (n residues) ?

ATP ? Pi ? glycogen [(n-1) residues] ? F-1,6-BP ?

ADP ? 0.96H?. The H? changes of reactions were cal-

culated as previously [4] by assuming that the pHi was 7.0

and relevant ionization constants of metabolites were as

follows: ATP, 6.5; ADP, 7.0; Pi, 6.9; G-1P, G-6P and

F-1,6-BP, 6.1; lactic acid, 3.9; PCr, 4.6. The buffering

power of muscles was assumed to be 35 mM/pH [4, 11].

It should be remembered that the Lohmann reaction is

reversible, and the incomplete glycogenolysis (I and II)

cannot regenerate ATP (Fig. 1). Thus, under the above

assumptions, (1) ATP is consumed by residual ATPase

reactions and by PFK; (2) ATP is regenerated by the

Lohmann reaction and/or glycogenolysis in CN-treated

muscles, and it is regenerated only by the Lohmann reac-

tion in (IAA, CN)-treated muscles; (3) Pi is released only

by ATPase reactions while it is taken up only by the

phosphorylase reaction in the incomplete glycogenolysis (I

and II) and by the phosphorylase reaction as well as by the

glyceraldehyde 3-phosphate dehydrogenase reaction in

complete glycogenolysis; (4) PCr is consumed and pro-

duced associated with the forward and backward Lohmann

reactions, respectively.

Statistics

All data are expressed by the mean ± the standard error of

mean (SEM) (n = 7–9). The analysis of data was made by

using the Student’s t test, and P \ 0.05 was considered

significant.

Results

Effects of adrenaline on the phosphate metabolism of

resting CN-treated muscles

Figure 2 shows a typical series of time-dependent NMR

spectra of resting CN-treated muscles with adrenaline

applied as indicated. Fresh CN-treated muscles had char-

acteristic NMR spectra, which were essentially the same as

those of intact fresh muscles and composed of PCr, ATP

and Pi peaks with no peaks for other phosphate metabolites.

Gradual changes of PCr and Pi peaks with time indicate the

Lohmann reaction and residual ATPase reactions advanced

in muscles [4]. The G-6P peak appeared after the appli-

cation of adrenaline, clearly due to the degradation of

glycogen (Fig. 1). The time-dependent changes of phos-

phate-metabolite concentration and pHi determined from

NMR spectra similarly obtained are summarized in Figs. 3

and 4, in which adrenaline was applied to muscles at two

characteristic timings after the start of NMR measure-

ments. The concentration of ATP was about 4 mM for all

the CN-treated muscles examined with and without

adrenaline applications, indicating that ATP consumed in

muscles was completely regenerated by the Lohmann

reaction and/or complete glycogenolysis.

Without adrenaline application, the pHi changed with

time, apparently showing two phases [see the control data

in Fig. 3 (n = 9)], consistent with the results of our pre-

vious study [4]. Initially the pHi shifted to an alkaline

direction at 0.034 ± 0.004 pH units/h, and later at about

2.5 h after the start of NMR measurements, it gradually

reversed to an acidic shift up to 0.023 ± 0.006 pH units/h,

so that the two phases are called the early and the late

phases. Like the pHi changes, the concentrations of PCr

and Pi changed, showing two similar phases, namely the

Fig. 2 A time-dependent series of 31P-NMR spectra of a resting CN-

treated muscle. Spectra are vertically shifted in the order of the time

of NMR measurement. The peak height of PCr signal for each

spectrum is indicated by an arrow with the time of NMR measure-

ment. Adrenaline was applied to muscle in between NMR measure-

ments as indicated
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PCr decrease and the Pi increase, which were fast in the

early phase (2.7 ± 0.2 and 2.5 ± 0.2 mM/h respectively)

and slow in the late phase (0.8 ± 0.1 and 0.8 ± 0.2 mM/h,

respectively). The changes of phosphate-metabolite con-

centration and pHi are qualitatively explained as ATP is

steadily hydrolyzed in muscle cytosol at about 2.6 mM/h,

and it is completely regenerated by the ATP regenerative

reactions advancing with two phases, i.e., in the early

phase, ATP is exclusively regenerated by the Lohmann

reaction advancing at about 2.6 mM/h and in the late phase

it is partly regenerated by the Lohmann reaction advancing

at about 0.8 mM/h and partly by the complete glycogen-

olysis advancing at about 0.6 mM glucose/h [(2.6–0.8)/3]

([4] and see below). Taking these results into consider-

ation, attention was focused in the following experiments

on how adrenaline affects the phosphate metabolism of

anaerobic muscles in the early and late phases.

Figure 3 shows the metabolic changes when adrenaline

was applied to CN-treated muscles near the start of the late

phase (n = 8). Shortly after adrenaline application, Pi was

decreased by 4.7 ± 0.9 mM (P \ 0.005) and G-6P pro-

duced by 2.7 ± 0.8 mM (P \ 0.025), compared with those

without adrenaline application, clearly indicating that the

glycogenolysis was advanced. The pHi decrease by

0.101 ± 0.023 pH units (P \ 0.01) and the PCr increase by

2.2 ± 0.8 mM (P \ 0.05) suggest that glycogenolysis was

advanced up to lactate production, and ATP was regener-

ated. After the transient period, the concentrations of PCr,

G-6P and Pi stayed nearly unchanged, while the pHi

decrease was slowed down to 0.048 ± 0.009 pH units/h.

These results suggest that ATP was exclusively regenerated

by the complete glycogenolysis.

Figure 4 shows the metabolic changes when adrenaline

was applied to CN-treated muscles at the start of the early

phase (n = 7). Shortly after adrenaline application, G-6P

was gradually increased up to about 3 mM (P \ 0.025),

and Pi decreased slightly to about 2 mM, although not

significantly, while the pHi was not changed significantly.

These results indicate that the glycogenolysis was

advanced, and Pi produced by ATPase reactions was

completely incorporated into G-6P. Notably, during the

transient period, PCr continued to decrease as in muscles
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Fig. 3 Time-dependent changes of the phosphate-metabolite con-

centration and the pHi in resting CN-treated muscles. (Open circle,

closed circle) PCr; (open triangle, closed triangle) Pi; (open inverted
triangle, closed inverted triangle) G-6P; (open diamond, closed
diamond) pHi. The open and the solid symbols represent the data

without and with adrenaline applications, respectively, and the error
bars SEM. Adrenaline was applied to muscles at the time indicated by

an arrow at the top (near the start of the late phase). The concentration

of ATP was all about 4 mM and omitted for clarity. See details in the

text
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Fig. 4 Time-dependent changes of the phosphate-metabolite con-

centration and the pHi in resting CN-treated muscles. (Open circle,

closed circle) PCr; (open triangle, closed triangle) Pi; (open inverted
triangle, closed inverted triangle) G-6P; (open diamond, closed
diamond) pHi. The open and the solid symbols represent the data

without and with adrenaline applications, respectively, and the error
bars SEM. Adrenaline was applied to muscles at the time indicated by

an arrow at the top (at the start of the early phase). The concentration

of ATP was all about 4 mM and omitted for clarity. See details in the

text
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without adrenaline application, suggesting that ATP was

not significantly regenerated by glycogenolysis, but almost

regenerated by the Lohmann reaction. After the transient

period, the concentrations of G-6P and Pi stayed nearly

unchanged, while the PCr decrease became slow, and the

pHi increasingly shifted to an acidic direction up to

0.055 ± 0.009 pH units/h. These results suggest that the

Lohmann reaction was gradually replaced by complete

glycogenolysis in the regeneration of ATP.

The results for CN-treated muscles can be roughly

summarized as (1) without adrenaline application, the

degradation of glycogen is suppressed in the early phase

and advances up to lactate production in the late phase, (2)

adrenaline activates the phosphorylase step, and (3) the

adrenaline-activated glycogenolysis is interrupted after the

G-6P production without regenerating ATP in the early

phase and advances up to lactate production in the late

phase. The two-phase advancement of glycogenolysis is in

accord with stepwise accumulations of lactate in resting

anaerobic frog muscle examined by 1H-NMR [12].

Effects of adrenaline on the phosphate metabolism

of resting (IAA, CN)-treated muscles

Figure 5 shows a typical series of time-dependent NMR

spectra of resting (IAA, CN)-treated muscles with adren-

aline applied as indicated. Fresh (IAA, CN)-treated mus-

cles had essentially the same NMR spectra as those of fresh

CN-treated muscles. The gradual increase of F-1,6-BP,

having characteristic double peaks, clearly indicates that

the glycogenolysis was advanced and blocked at the

glyceraldehyde 3-phosphate dehydrogenase step because of

the treatment of muscles with IAA [6]. The time-dependent

changes of phosphate-metabolite concentration and pHi

determined from NMR spectra similarly obtained are

summarized in Fig. 6b. The results without adrenaline

application are summarized in Fig. 6a as the control

results. The concentration of ATP was again about 4 mM

in all the (IAA, CN)-treated muscles examined with and

without adrenaline applications, suggesting that ATP con-

sumed in muscles was completely regenerated by the

Lohmann reaction (Fig. 1).

Without adrenaline application, the accumulation of F-

1,6-BP advanced with time showing two phases, an early

and a late phases, as can be seen in Fig. 6a (n = 7). In the

early phase, in which F-1,6-BP was not produced, the

changing pattern of the phosphate-metabolite concentration

and the pHi was essentially the same as that in the early

phase of CN-treated muscles, indicating that ATP was

exclusively regenerated by the Lohmann reaction. In the

late phase, in which F-1,6-BP was increasingly accumu-

lated (up to about 4 mM/h), G-6P also started to be accu-

mulated almost in parallel with, or slightly prior to, the

accumulation of F-1,6-BP, and gradually leveled off at

about 3 mM. On the other hand, the PCr decrease became

accelerated (up to about 6 mM/h), while the Pi concen-

tration was slowly decreased, and the alkaline shift of pHi

became slow. The changing pattern of the PCr and F-1,6-

BP concentrations suggests that the glycogenolysis was

advanced up to the F-1,6-BP production, and ATP con-

sumed at the PFK step was fully regenerated by the Loh-

mann reaction.

Figure 6b shows the metabolic changes when adrenaline

was applied to (IAA, CN)-treated muscles at the start of the

early phase (n = 7). During the early phase, the concen-

trations of PCr, G-6P and Pi, and the pHi changed nearly in

the same fashion as in CN-treated muscles with adrenaline

similarly applied. Notably, G-6P was accumulated up to

about 4 mM (P \ 0.025), but F-1,6-BP was not produced

significantly, clearly indicating that the degradation of

glycogen was advanced and interrupted before the PFK

step. After the late phase started, F-1,6-BP increasingly

accumulated (up to about 7 mM/h), and the PCr decrease

became accelerated (up to about 10 mM/h) nearly in par-

allel while the Pi concentration gradually decreased, the

pHi stayed almost unchanged, and the concentration of

G-6P gradually decreased after a slight increase. These

results indicate that incomplete glycogenolysis (II) was

increasingly advanced.

Fig. 5 A time-dependent series of 31P-NMR spectra of a resting

(IAA, CN)-treated muscle. Spectra are vertically shifted in the order

of the time of NMR measurement. The peak height of the PCr signal

for each spectrum is indicated by an arrow with the time of NMR

measurement. Adrenaline was applied to muscle in between NMR

measurements as indicated
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The results for (IAA, CN)-treated muscles can be

roughly summarized as (1) without adrenaline applica-

tion, the degradation of glycogen is suppressed in the

early phase and advanced over the PFK step in the late

phase, (2) adrenaline activates the phosphorylase step,

and (3) the adrenaline-activated glycogenolysis does not

significantly advance over the PFK step in the early

phase and increasingly advances over the PFK step in the

late phase.

Analysis of the advancement of phosphate metabolic

reactions in CN-treated and (IAA, CN)-treated muscles

Thus, in CN-treated and (IAA, CN)-treated muscles, ATP

is steadily hydrolyzed by residual ATPase reactions at

about 2.6 mM/h, and it is fully regenerated by the ATP

regenerative reactions advancing with two characteristic

phases. Notably, the early and the late phases for CN-

treated muscle and those for (IAA, CN)-treated muscle

advance with a similar time scale, suggesting that the two

phases for these two muscles are in comparable metabolic

states. Apparently the late phase of (IAA, CN)-treated

muscles started slightly earlier than that of CN-treated

muscles, possibly due to artifacts associated with the

treatment of muscles with IAA. Thus, we may assume that,

in resting anaerobic muscle, (1) both the phosphorylase and

PFK steps are suppressed in the early phase, and they are

activated in the late phase, (2) adrenaline specifically

activates the phosphorylase step, and (3) the adrenaline-

activated glycogenolysis is interrupted at the PFK step in

the early phase and advances up to lactate production in the

late phase. Based on these assumptions, the pHi changes

were calculated by assuming the release of protons asso-

ciated with the advancement of relevant metabolic reac-

tions, and the calculated values are compared with the

experimental results as follows.

In the early phase without adrenaline application (see

Fig. 4), the Lohmann reaction advances at 2.6 mM/h to

completely regenerate ATP consumed by residual ATPase

reactions. The net reaction is PCr ? Cr ? Pi - 0.44H?,

which makes the pHi alkaline at 0.033 pH units/h

[2.6 9 (0.44)/35]. This value is consistent with the exper-

imental result of the alkaline shift of pHi at about

0.034 pH units/h. When adrenaline is applied, the incom-

plete glycogenolysis (I) advances at 2.6 mM/h with com-

pletely incorporated Pi produced by residual ATPase

reactions into G-6P. As the Lohmann reaction advances

in parallel to regenerate ATP, the net reaction is glycogen

(n residues) ? PCr ? glycogen [(n-1) residues] ? Cr ?

G-6P - 0.11H?, making the pHi alkaline at 0.008 pH

units/h (2.6 9 0.11/35). This is in accord with the experi-

mental result of almost no pHi changes. After the transient

period, the complete glycogenolysis gradually and then

completely replaces the Lohmann reaction in the regener-

ation of ATP. Thus, the net reaction is glycogen (n resi-

dues) ? glycogen [(n-1) residues] ? 2lactate ? 2.01H?

advancing at 0.9 mM glucose/h [2.6 9 (1/3)], making the

pHi acidic at 0.050 pH units/h [2.6 9 (1/3) 9 2.01/35].

This value is comparable to the experimental result of the

increasing acidic shift of pHi up to about 0.055 pH units/h.
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treated muscles a without and
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In the late phase without adrenaline application (see

Fig. 3), ATP is regenerated by the Lohmann reaction

advancing at 0.8 mM/h and also by the complete glyco-

genolysis advancing at about 0.6 mM glucose/h. The net

former reaction, the Lohmann reaction coupled with ATPase

reactions, makes the pHi alkaline at 0.010 pH units/h

(0.8 9 0.44/35). The net latter reaction, the complete gly-

cogenolysis coupled with ATPase reactions, makes the pHi

acidic at 0.034 pH units/h (0.6 9 2.01/35). The net pHi

change is an acidic shift at 0.024 pH units/h, which is com-

parable to the experimental value of an acidic pHi shift at

about 0.023 pH units/h. Shortly after adrenaline is applied,

the incomplete glycogenolysis (I) advances to produce G-6P

by 2.7 mM, which makes the pHi acidic by 0.025 pH units

(2.7 9 0.33/35). The PCr increase of 2.2 mM is due to the

backward Lohmann reaction, coupled with the complete

glycogenolysis [2.2 9 (1/3) mM glucose]. The net reaction

is glycogen (n residues) ? 3Pi ? 3Cr ? glycogen [(n-1)

residues] ? 3PCr ? 2lactate ? 3.33H?, which makes the

pHi acidic by 0.070 pH units. The net pHi change is an

acidic shift by 0.095 pH units, consistent with the experi-

mental result of an acidic shift of pHi by about 0.101 pH

units. After the transient period, ATP is regenerated

exclusively by the complete glycogenolysis, which shifts

the pHi to being acidic at 0.050 pH units/h. This is com-

parable to the experimental value of the acidic shift of pHi

at about 0.048 pH units/h.

Thus, the time-dependent pHi changes in CN-treated

muscles with and without adrenaline applications can semi-

qualitatively be explained based on major phosphate met-

abolic reactions by assuming the two-phase advancement

of the ATP regenerative reactions. The time-dependent pHi

changes in (IAA, CN)-treated muscles with and without

adrenaline applications (Fig. 6a, b) can similarly be

explained semi-quantitatively (the results not included).

Discussion

In 31P-NMR spectra of CN-treated and (IAA, CN)-treated

muscles obtained in the present studies, essential phosphate

metabolites related to glycogenolysis were well resolved,

with occasional trace signals of G-1P (at a shoulder of Pi

peak) and of F-6P (as overlapped to F-1,6-BP peaks). As

detailed above, the time-dependent changes of the phos-

phate-metabolite concentration and the pHi clearly showed

that the phosphorylase step of glycogenolysis was activated

by adrenaline application [1], and the PFK step was further

regulated, producing the two-phase advancement of ATP

regenerative reactions.

It is generally documented in the literature [1] that gly-

cogenolysis is sophisticatedly regulated at the phosphory-

lase and the PFK steps, the key regulatory steps of

glycogenolysis, by many factors, such as ATP, pHi and so

on. For living muscles, previous NMR studies [2, 3] con-

firmed that the phosphorylase step is activated by Ca2?

released for muscle contraction, in accord with the result of

in vitro study [13]. Based on the results obtained above,

other factors can further be examined concerning how they

are involved in the glycogenolysis regulation observed in

muscles examined. Thus, ATP may not be a regulatory

factor as its concentration stayed unchanged. Similarly,

neither Pi nor pHi may significantly be involved in the

regulation as the magnitude of their changes was relatively

small compared with that expected from in vitro experi-

ments [14]. Remarkably, it could consistently be noted that

the late phase of the ATP regenerative reactions was started,

or the PFK step was significantly activated, after the PCr

concentration was decreased below around 20 mM (Figs. 3,

6a, b). As it has been documented that PCr significantly

suppresses PFK in this concentration range [15, 16], this

strongly suggests that PCr may be involved directly at the

PFK step in the regulation of glycogenolysis in muscle. On

the other hand, in CN-treated muscles with adrenaline

applied at the start of the early phase (Fig. 4), glycogenol-

ysis significantly advanced over the PFK step, apparently

making the start of the late phase early. This may be due to

the acceleration of the PFK step by its substrate F-6P, which

would be converted by phosphoglucose isomerase from

G-6P accumulated by adrenaline application [1].

Other further factor(s), having low concentrations and

undetectable by the present NMR measurements, could be

involved in the regulation of the glycogenolysis observed

above. AMP is one such candidate [1] and significantly

activates both phosphorylase and PFK at the concentration

of less than 1 mM [14, 17, 18]. The concentration of AMP

is indirectly coupled with the PCr concentration via the

Lohmann reaction plus the myokinase reaction,

2ADP $ ATP ? AMP [10]. Therefore, as the concentra-

tion of PCr was decreased with time as observed, the AMP

concentration (about 30 lM in fresh muscles [19]) would

be increased and eventually activate both phosphorylase

and PFK. Separately, in the late phase of (IAA, CN)-treated

muscles (Fig. 6a, b), F-1,6-BP was increasingly accumu-

lated. This could partly be due to the activation of PFK by

fructose 2,6-bisphosphate (F-2,6-BP), which is converted

from F-1,6-BP by PFK 2 and strongly activates PFK in the

concentration range of 0.1–1 lM [1, 18].

In the present NMR studies of living muscles, the Pi

concentration and the pHi, factors affecting the force pro-

duction of muscle [20–23], could be determined. As the

effects of adrenaline on the muscle contractility are still not

clear [24–26], it would be worth noting how these factors

were affected by adrenaline application in the muscles

examined above. When the adrenaline-activated glyco-

genolysis advanced up to the lactate production, Pi was

J Physiol Sci (2009) 59:439–446 445
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decreased and the pHi acidified with the ATP concentration

unchanged as shown above. As the former factor enhances

the muscle contractility and the latter factor suppresses it

[20–23], adrenaline would have a dual and opposite effect

on the force production of muscle. As Ca2? released for

contraction activates the actomyosin ATPase [10] as well

as glycogenolysis [2, 3], the situation would be greatly

complicated in contracting muscles. Further, as the excit-

ability of muscle fibers is also affected by various metab-

olites [27, 28], elaborated studies are required to clarify the

effects of adrenaline on the contractility of muscle in situ.
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