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Abstract The ability of mechanically skinned muscle fi-
bres from the rat to respond to T-system depolarisation
was studied in relation to muscle glycogen content. Mus-
cle glycogen was altered by incubating extensor digito-
rum longus (EDL) muscles in Krebs solution without
glucose or in Krebs solution with glucose (10 mM) and
insulin (20 U-I-1). The glycogen content of muscles
stored without glucose was rather stable between 30 and
480 min (11.27+0.39 pmol -g-1), while the muscles stored
with glucose and insulin maintained an elevated and sta-
ble level of glycogen (23.48+1.67 pmol-g1) between
100 and 360 min. Single mechanically skinned fibres
from paired muscles, incubated in either glucose-free
Krebs or in Krebs with glucose and insulin, were sub-
jected to cycles of T-system depolarisation—repolarisat-
ion in a controlled environment (8 mM ATP, 10 mM cre-
atine phosphate, 1 mM Mg?+, pH 7.10) and the force re-
sponse was monitored until the force had declined to
50% of the maximum response (50% rundown). Fibres
from muscles with a higher glycogen content reached
50% rundown after a larger number of depolarisations
and displayed consistently larger average response ca-
pacity values, calculated as the sum of the force respons-
es to 50% rundown divided by the maximum Ca2*-acti-
vated force response in that fibre. Thus skinned fibres
originating from muscles with a higher glycogen content
have an increased ability to respond to T-system depol-
arisation when the effect of metabolite accumulation is
minimised and the function of glycogen acting as an en-
ergy source is by-passed. This provides direct support to
the hypothesis that glycogen has a protective role in
maintaining fibre excitability.
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Introduction

Muscle glycogen stores are depleted at fatigue induced
by medium- to high-intensity exercise in humans [1, §]
and there is now a general acceptance in the field that
glycogen depletion corresponds with fatigue at medium-
to high-intensity exercise [5]. Chin and Allen [3] have
demonstrated in mouse skeletal muscle that a reduced
muscle glycogen concentration is closely associated
with reductions in sarcoplasmic reticulum (SR) Ca2* re-
lease and force production following fatiguing stimula-
tion. The mechanism by which glycogen depletion is
linked to reduced Ca?* release is not known. It has long
been assumed that fatigue associated with glycogen de-
pletion is due to the loss of an energy source, athough
attempts to demonstrate near total ATP depletion at fa-
tigue have failed [2, 7]. In their study of fatigue in hu-
mans, Vallestad et al. [20] report minimal depletion of
ATP but substantial depletion of glycogen and creatine
phosphate. This suggests that one cannot simply link fa-
tigue to the function of glycogen as an energy store be-
cause the ATP pool was not greatly reduced when fa-
tigue had occurred. One possible reason why fatigue is
correlated with glycogen breakdown is that when glyco-
gen is low, creatine phosphate is also low and various
metabolites such as inorganic phosphate (Pi) are high,
and it iswell established that Pi has a powerful inhibito-
ry effect on both Ca?+ available for release from the sar-
coplasmic reticulum [6, 11] and the contractile appara-
tus [5]. The aternative possibility is that glycogen per
se exerts a protective action on excitation—contraction
coupling. Evidence for this hypothesis was obtained in a
study of muscle fibres from cane toads using the
skinned fibre technique [19]. However, there is no direct
evidence for this hypothesis in mammalian muscle, for
which most data on glycogen function in muscle have
been obtained.
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Table 1 Composition of solutions (mM except for [Ca2*] which is expressed in pCa=—log[Ca?*]) used in skinned fibre experiments. All
solutions also contained 8 mM total ATP, 10 mM creatine phosphate and 90 mM HEPES buffer (pH 7.10+0.01)

K+ Na* M0rotaL Mg?* HDTA EGTA1o7aL pCa
Repriming 127 37 85 1 50 0.05 7
T-system depolarising 0 164 8.5 1 50 0.05 7
Low Mg?* 139 37 1.08 0.02 50 0.05 7
Maximally Ca2* activating 126 37 8.12 1 - 50 45
Relaxing 127 37 10.3 1 - 50 >9.0

The mechanically skinned fibre technique can bypass
the role of glycogen as an energy source and is also ca-
pable of eliminating the effects of metabolites; therefore,
it can be used to distinguish between these possibilities.
In the mechanically skinned fibre the T-system reseals
[13] and becomes normally polarised when the prepara-
tion is placed in a solution mimicking the internal envi-
ronment. The sealed T-system can be then depolarised,
initiating contractile activation by the usual sequence of
events. The effects of glycogen content on fibre excit-
ability can be studied without interference from possible
changes in ATP supply and accumulation of metabolites,
because the fibre can be bathed in solutions containing
high and constant concentrations of ATP (8 mM) and
creatine phosphate (10 mM). The aim of this study was
to use the mechanically skinned fibre preparation and in-
vestigate whether the glycogen level in fast-twitch mam-
malian muscle fibres is related to the ability to respond
to T-system depolarisation in an environment of high en-
ergy (ATP) and where any metabolites produced can be
washed away from the fibre’s internal environment.

Materials and methods

Muscle preparation

Male rats (Long-Evans Hooded), 4—6 months old, were anaestheti-
sed by halothane inhalation and killed by asphyxiation as ap-
proved by the Animal Experimentation and Ethics Committee at
La Trobe University. Both extensor digitorum longus (EDL) mus-
cles were removed and pinned out under Krebs solution (mM:
NaCl 118; KCl 4.75; KH,PO, 1.18; MgSO, 1.18; NaHCO, 24.8;
CaCl, 2.5; pH 7.4, 23.5+1.5°C) with or without glucose (10 mM)
and insulin (20 U-I-1) as appropriate. Krebs solutions were con-
stantly bubbled with 95% O,, 5% CO..

Glycogen levels

Whole muscles or muscle strips exposed to Krebs solution with or
without glucose (10 mM) and insulin (20 U-I-1) were rapidly fro-
zen in capped polypropylene test tubes in 2-methylbutane at
—76°C for glycogen analysis.

Glycogen content was determined using the phenol—sulfuric
acid method modified from Lo et a. [16]. After freezing, portions
of muscles (15-50 mg) were separated from visible connective tis-
sue and weighed into polypropylene test tubes. A 0.5-ml aliquot of
a solution of 30% potassium hydroxide saturated with sodium sul-
fate was added to the sample. Tubes were placed in a boiling water
bath for 60 min and then allowed to cool before adding 2 ml of
95% ethanol, vortexing, and leaving on ice for 12 h. Samples were
then centrifuged at 840 g (Jouan CR412) for 30 min. The superna-
tants were removed and the remaining precipitate was dissolved in

2 ml water. Aliquots of the glycogen solutions, including stan-
dards, were made up to 1.0 ml with water and produced in tripli-
cate. One millilitre of a 5% phenol solution and 5 ml of a sulfuric
acid solution were added rapidly in succession to each tube. The
tubes were allowed to stand for approximately 20 min before their
content was thoroughly mixed and absorbance was read at 490 nm
using a Varian Carey spectrophotometer. Controls have been run
where known amounts of glycogen were added to a test tube in-
stead of portions of muscle and then extracted by the same proce-
dure as for the muscle samples. These results show that a 90+5.5%
yield is achieved using this method over the range of glycogen
concentrations measured in al samples. No correction has been
applied to our results.

Single fibre preparation

Following a suitable incubation (between 2 and 6 h) muscles were
removed from the Krebs solutions, blotted thoroughly on filter pa-
per and placed under paraffin oil.

Single fibres were dissected and mechanically skinned under
oil from each muscle using fine forceps as previously described
[15]. While under oil, the skinned fibres were attached to a force
transducer (AME 875, Horten, Norway) using a braided silk loop
(Deknatel 10.0) and clamped at the other end in the jaws of afine
pair of forceps. Fibres were then stretched by 20% of their slack
length, which is optimal for recording force production within
any section of the preparation. In mechanically skinned fibres the
T-system reseals [13] and becomes normally polarised when the
preparation is placed in a K+-based solution (see repriming solu-
tion in Table 1) mimicking the internal environment in a muscle
fibre at rest [14, 15]. By transferring the fibre into a similar solu-
tion in which all K+ isreplaced by Na* (see T-system depolarising
solution in Table 1), the T-system can be rapidly depolarised re-
sulting in aforce response [14, 15].

The preparation was allowed to equilibrate for 2 min in the
K+*-based repriming solution before being subjected to successive
cycles of T-system depolarisation—repolarisation. The fibre was a-
lowed 1 min in the repriming solution between depolarisations.
The cycle was terminated when the force response declined to
50% of its highest value, i.e. at 50% rundown. At the end of the
experiment the fibres were transferred to a low-Mg2* solution (see
Table 1) to release Ca2* from the sarcoplasmic reticulum (SR), to
ensure that the decline in the T-system depolarisation-induced
force response was not due to Ca2* depletion in the SR. All exper-
iments were performed at 23.5+1.5°C.

All results are presented as mean +SEM (n).

Results
Muscle glycogen

Muscle glycogen can be manipulated in isolated EDL
muscles of the rat by simply incubating the muscles
in Krebs solutions with or without glucose and insulin.
The glycogen content did not change in whole EDL



0.6+
‘g I Olucose free
n _ . (&
o2 E=R insulin + glucose
2 041
oD
o=
o
8 (10 (1o (8
—— D?-
T
=
0.0-
30 240

480 360

incubation time {(mins)

Fig. 1 Glycogen levels in muscles frozen following various
lengths of time in bubbled (95% O,; 5% CO,) glucose-free Krebs
solution and in Krebs solution containing insulin (20 U--1) and
glucose (10 mM). The numbers above the bars indicate the num-
ber of muscles used

muscles placed, at rest, in glucose-free Krebs solution
for a period of between 30 min and 8 h after dissection
(Fig. 1). After 30 min the glycogen content was 11.71+
0.72 pmol-g! (n=10) and there was no significant
change in glycogen content after 8 h (10.88+0.33 pmol-
g1, n=8). When whole muscles were left idle in Krebs
solution containing insulin (20 U--1) and glucose
(10 mM) for 100 min, the glycogen content was
considerably higher (25.31+2.78 pmol-g-1, n=5) and
was not significantly different after 6 h (22.31+
2.00 pmol-g-1, n=8). Since it is known that glycogenesis
is stimulated by activity [5], we aso tried to further in-
crease the glycogen content by placing muscle strips in
Krebs solution containing glucose and insulin with stim-
ulation. The stimulation protocols consisted of 30 min
stimulation at 0.1 Hz, 1 ms pulse duration or 30 min
stimulation at 0.1 Hz, 1 ms pulse duration followed by
60 min of stimulation at 30 Hz with a 1:20 duty cycle.
The level of glycogen attained after 30 min of stimula-
tion at 0.1 Hz was 16.93+1.61 pmol-g-1 (n=6) and after
30 min stimulation at 0.1 Hz followed by 60 min of stim-
ulation at 30 Hz with a 1:20 duty cycle, the glycogen
level was 27.37+1.94 pmol-g-1 (n=12). The latter proto-
col resulted in a higher level of glycogen, but it was not
significantly different from that of muscles kept idle for
the same length of time in the Krebs solution containing
insulin and glucose. Since there was no further increase
in glycogen content with stimulation, which would have
also introduced complicating factors due to fatigue, it
was decided to use the simple incubations in either glu-
cose-free Krebs solution or Krebs solution containing in-
sulin and glucose which gave stable and different glyco-
gen levels over the period of interest. Thus incubation in
Krebs solution containing insulin and glucose for 6 h re-
sulted in a 2.13+0.18 (n=8) times increase in the muscle
glycogen content when compared to that of paired mus-
cles from the same animals incubated in glucose-free
Krebs solution. Pairs of EDL muscles from the same rat,
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where one muscle was treated by incubation in Krebs so-
lution containing insulin and glucose and the other in
glucose-free Krebs solution, were used to provide mus-
cle fibres from two distinctly different populations with
respect to glycogen content.

Rundown and fibre response capacity

As indicated in Materials and methods, the mechanically
skinned fibre preparation can be used to study the entire
sequence of events in excitation—contraction coupling,
by first polarising and then depolarising the sealed T-
system [14, 15]. Typical responses to T-system depolari-
sation in fibres from the two EDL muscles of the same
animal are shown in Fig. 2. The trace in Fig. 2A is from
a fibre dissected from the muscle incubated for 120 min
in glucose-free Krebs solution and the trace in Fig. 2B is
from a fibre dissected from a muscle incubated in Krebs
solution containing insulin and glucose for 165 min. As
can be seen in Fig. 2, the depolarisation-induced forces
decreased to 50% (50% rundown) after 17 depolarisat-
ions in Fig. 2A and after 25 depolarisations in Fig. 2B,
while the maximum level of activation of these two fi-
bres was not different.

The decrease in the depolarisation-induced force re-
sponse at “rundown” is not due to depletion of Ca2* in
the SR, because the SR contained sufficient Ca2* to pro-
duce near-maximal force responses when Ca2* was re-
leased directly from the SR by lowering the Mg2* con-
centration in solution, as shown in the second last re-
sponses on each trace (Fig. 2). Also the decrease in the
force response at rundown is not due to impairment of
the regulatory system and contractile apparatus as evi-
denced by the last response on each trace in Fig. 2,
which is due to direct activation of the contractile appa-
ratus by placing the fibre in a strongly buffered Ca2+ so-
lution (pCa 4.5) and indicates the maximum Ca2*-acti-
vated response that can be elicited in the fibre at the end
of the experiment. Therefore, events preceding the open-
ing of the Ca2* channels must be causing the decrease in
the T-system depol arisation-induced responses.

In this study we used the fibre response capacity as an
indication of overall fibre excitability. The fibre response
capacity is calculated as the sum of the amplitudes of the
force responses to rundown divided by the maximum
Caz+-activated force response measured at the end of the
experiment. This measurement indicates the capacity of
a fibre to repeatedly develop maximum Ca2*-activated
force when the T-system is depolarised and is a more en-
compassing indicator than time to 50% rundown or peak
force. The average fibre response capacity for fibres
from all muscles incubated in the absence of glucose and
insulin was 9.7+2.3 (n=18) and the fibre response capac-
ity of the low-glycogen fibre in Fig. 2A was 12. The fi-
bre from the high-glycogen muscle in Fig. 2B had afibre
response capacity of 21 and the average fibre response
capacity for fibres from all muscles incubated in insulin
and glucose was 10.6+1.3 (n=23).
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Fig. 2A, B Forceresponsesin-
duced by depolarisations of the
sedled T-system in mechanicaly
skinned muscle fibres from the
rat. A Fibre from amuscle treat-
ed with glucose-free Krebs solu-

tion. The fibre response capacity
(seetext for definition) of thisfi-

breis 12. B Fibrefrom amuscle
treated with Krebs solution con-
taining insulin and glucose. The

fibre response capacity of thisfi-
breis21. The force responses
obtained in low-Mg?* solution at
the end of the experimentsindi-
cate that the sarcoplasmic reticu-
lum was not depleted of Ca2*
when the depol arisation-induced
responses decreased to less than
50% of their respective maxi-
mum response. Thelast force re-
sponsein A and B representsthe
maximum Ca2+-activated force
in that particular fibre and was
used to estimate the fibre re-

sponse capacity. Fibre dimen-
sions (diameter, dack length): in
A 17.5pm, 2 mm; in B 20 pym;
2mm

There was a large variation between average values
for fibre response capacity from muscles of different rats
following identical incubations in either glucose-free
Krebs solution or Krebs solution containing insulin and
glucose. In order to reduce the possibility that factors
other than glycogen affect the results, the average fibre
response capacity for muscles incubated in glucose-free
Krebs solution was compared with that of the contralat-
eral muscle incubated in the presence of glucose and in-
sulin for each individua rat.

Results for individual rats were recorded as “+” or

depending on whether the muscles treated with insu-
lin and glucose yielded fibres with a higher response ca-
pacity than fibres from the muscles incubated in glucose-
free Krebs solution. Out of nine experiments, only once
did afibre from alow-glycogen muscle result in a higher
fibre response capacity than the average response of fi-
bres from the high-glycogen muscle for the same animal.
The proportion of animals demonstrating a positive ef-
fect of higher muscle glycogen on fibre response capaci-
ty was significantly greater than that expected by chance
(Sign Test, P<0.03). On average, the increase in fibre re-
sponse capacity in muscles incubated in the presence of
glucose and insulin compared with that in paired muscles
from the same rat which were not incubated in glucose
and insulin was by a factor of 1.88+0.43 (n=9, P<0.05).
We also considered the time or number of contractions to
50% rundown and the maximal level of depolarisation-
induced activation expressed as a percentage of maxi-
mum Ca2+-activated force in fibres from contralateral
muscles incubated in the absence and in the presence of
glucose and insulin. The number of contractions to 50%
rundown were significantly greater for fibres from mus-

w o n

T Low Mg} Max
50 % rundown

T Low Mg27 Max
50% rundown

cles with a higher glycogen content compared to fibres
from contralateral control muscles (Sign Test, P<0.03).
However, there was no significant difference between
the maximal level of depolarisation-induced activation
and glycogen content (Sign Test, P>0.25).

Discussion

This study demonstrates that the muscle glycogen con-
tent can be successfully manipulated by incubating
whole muscles in Krebs solution containing or not con-
taining glucose (10 mM) and insulin (20 U-I-1), achiev-
ing stable levels of muscle glycogen content which differ
by a factor of 2.13+0.18 (n=8) for up to 6 h. This study
also demonstrates that fibres from muscles with a higher
glycogen content have a higher fibre response capacity
to T-system depolarisation-induced responses. The con-
centration of glycogen in EDL muscles measured in this
study is at the low end of results reported by others (e.g.
[9, 10, 18]). This may be because of differences between
strains of rats and feeding. Importantly, when the muscle
was incubated in the presence of glucose and insulin the
glycogen concentration was considerably higher and re-
mained stable for the duration of the experiments used in
this study.

Fibres from muscles with the higher glycogen content
were better able to respond to successive T-system de-
polarisations, producing more force before running
down, as indicated by the significantly greater fibre re-
sponse capacity and number of contractions to 50% run-
down. Importantly the increase in fibre response capacity
in muscles incubated in the presence of glucose and in-



sulin (high glycogen) compared with that in paired mus-
cles from the same rat incubated in the absence of glu-
cose and insulin (by afactor of 1.88+0.43, n=9) was sim-
ilar to the increase in glycogen seen in paired muscles
from rest to 6 h of incubation with glucose and insulin
(2.13+0.18, n=8). A similar observation was also made
with skinned muscle fibres from the toad [19]. This
shows that a higher glycogen content is somehow related
to the better preservation of the integrity of events pre-
ceding Ca2* release from the SR.

One should bear in mind that the range of fibre glyco-
gen content in a muscle is rather broad [19] and, there-
fore, it is possible that particular individual fibres from
the muscle incubated in glucose and insulin may have a
lower glycogen content than individual fibres from the
contralateral muscle incubated in the absence of glucose
and insulin. This explains why on one out of nine occa-
sions the average response capacity of fibres from the
muscle with a lower glycogen content was greater than
that of fibres from the muscle with a higher glycogen
content.

Although ATP has not always been demonstrated to
be depleted at fatigue [2, 7], it has been suggested that
microenvironments may exist within the fibre, where
ATP could become limiting in the region of the SR while
remaining high in the rest of the fibre [21] or metabolites
may accumulate which may impair function [17]. In this
study, the skinned fibre experiments were performed in
the presence of an essentially infinite pool of high ATP
and creatine phosphate, by-passing the function of glyco-
gen as an energy source and ensuring that local ATP was
not limiting at the time when the T-system was depolar-
ised. Therefore, we can conclude that the fibre's en-
hanced capacity to respond to T-system depolarisation
associated with a higher glycogen content is not related
to the function of glycogen as an energy source in mus-
cle.

A non-energy-related mechanism by which glycogen
can be involved has aso been proposed, whereby glyco-
gen acts as a Pi sink [19], preventing Pi accumulation
with the breakdown of glycogen and the formation of
glucose-1-phosphate. If a cell contains 20 mM glycogen
it has the potential to remove 20 mM Pi without any ATP
resynthesis. However, this mechanism cannot explain
these results, because the sheer volume of the solutions
used compared to the volume of the skinned fibre (ratio
[1106) would have ensured that all metabolites, including
phosphate, would have been washed away from the site
of generation between responses.

Mechanisms that could explain al our results involve
glycogen particles associated with the SR. These parti-
cles are known to contain a number of potentially active
molecules such as phosphatases and kinases [4] which
can be liberated when the glycogen particles become
smaller than a certain size. These agents may directly in-
terfere with the excitation—contraction coupling. Alterna-
tively, the glycogen particles may anchor molecules that
are locally important for excitation—contraction coupling
as suggested for the anuran muscle fibres [19]. There-
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fore, when the particle size is reduced, these molecules
would be redistributed within the cell and become un-
available at specific sites. Such mechanisms would ex-
plain the longer time to 50% rundown because it would
take longer for the glycogen particles to reach the mini-
mum critical size if the initial glycogen concentration in
the fibre was larger. It would also explain why the maxi-
mum depolarisation-induced response is not significantly
different when the initial glycogen is lower, because it is
only when the glycogen is below threshold that an im-
pairment would be expected. This is consistent with hu-
man research, where running speed was not altered by
theinitial level of muscle glycogen [12]. This study pro-
vides direct support for the idea that glycogen has a non-
energy-dependent protective role in maintaining fibre ex-
citability in mammalian muscle.
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