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Di scussi on

In this study the effects of prol onged nuscle
contraction on glycogen, glycogen phosphoryl ase, and
maxi num Ca®* upt ake rates associated with the SR were
investigated. The sciatic nerve fromone I eg of aninals
was repetitively stimulated in order to cause fatigue of
the gastrocnem us/plantaris nuscles. These contractions
were elicited once per second for 15 mnutes. This
prot ocol reduced force to less than 30% of initial,
therefore, these stinulated nuscles were considered to be
fatigued. The contral ateral |eg of each animal served as
the control. Significant differences were found for
gl ycogen, glycogen phosphoryl ase, and maxi nrum Ca®** upt ake
associated with the SR between control and fatigued

muscl es.

Whol e nuscl e gl ycogen concentration was significantly
decreased to 22.9% of control as a result of in situ
stinmulation (Figure 2). These data agree strongly with the
results fromother investigators (Stephenson et al., 1999;
Chin et al., 1997, Kelso et al. 1987; Galbo et al., 1979,
Ahl borg et al., 1967; and Bergstromet al., 1967).
Decreases in SR gl ycogen were acconpani ed by a reduction in
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maxi mum Ca®* uptake rates of the SR to 80.8% of contro
(p<0.05). dycogen associated with |light SR was
significantly reduced to 5.1% of control (p<0.05) (Figure
2). These results are not surprising because glycogen is
an i nportant substrate for the production of ATP, however,
this has not previously been shown. In 1989, Fridén et al.
used periodic acid-thiosem carbazide-silver protei nate (PA-
TSC-SP) staining of ultra-thin nuscle sections from human
vastus lateralis. The staining revealed a conpartnental
distribution of glycogen within the nuscle cell. After
exercise (sixty, 8 second sprint cycling bouts), glycogen
depl etion was particularly noticeable at the N,-line, or the
| ateral portion of the I-band. It is inportant to note
that the SR has been shown to be present at the |-band

(Sigel et al., 1969; and Pette 1975).

d ycogen associated with the SR in control sanples was
determ ned to be approximately 400 pg/ng SR protein in the
present investigation. Previous investigations by Cuenda
et al. (1994) and Entman et al. (1976) reported SR gl ycogen
concentrations to be 32 and 300 to 700 pg/ ng SR protein,
respectively. The discrepancy between these two previous
experinments can be explained by |ooking at the type of

tissue collected. Cuenda et al. (1994) isolated SR from
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rat skeletal nuscle, while Entman et al. (1976) perforned
their experinment on SR isolated fromdog cardi ac nuscl e.
The di screpancy between the reported SR gl ycogen
concentration in present investigation and that from Cuenda
et al. (1994) is likely due to SR storage conditions and
the SR gl ycogen assay. First, it appears that Cuenda et
al. (1994) and Entman et al. (1976) both had sucrose
present in their SR preparations. Because sucrose is
measured as if it were glycogen in their assay, it nust be
subtracted fromthe neasurenent if it is present. Since

t he anobunt of gl ycogen associated with the SRis very small
conpared to the sucrose content, this can be problematic.
It is unclear whether sucrose had to be subtracted from
their analyses or if sone other storage nmethod was used for
both of these investigations. Second, both Cuenda et al.
(1994) and Entrman et al. (1976) used an assay that utilized
sul phuric acid to hydrolyze the gl ycogen and phenol for
colorization, followed by neasuring the absorbance change.
The present investigation utilized an assay that used

anyl ogl ucosi dase to hydrol yze the gl ycogen, and
fluoronmetric nmeasurenent of [(-NADPH in an enzymatic system
The latter assay has been shown to be a nore sensitive

met hod for the nmeasurenent of glycogen associated with the

SR (Lees et al., 2000; for a brief summary, see appendi X
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B). There are two types of glycogen normally found in

skel etal nuscle: proglycogen and macrogl ycogen.
Macr ogl ycogen can be characterized by its acid solubility.
Since there is a perchoric acid precipitaion of the protein
in the phenol -sul furic acid assay and gl ycogen is neasured
fromthe resulting pellet, it is possible that this assay
does not neasure any of the macrogl ycogen associated with

t he sanpl e.

d ycogen phosphoryl ase has been shown to be associ at ed
wth the SR (Entman et al., 1980; and Wanson et al., 1972).
Specifically, glycogen phosphoryl ase associated with the SR
is nmore than 95%in its b (inactive, dephosphorylated) form
(Cuenda et al., 1995). Interestingly, glycogen
phosphoryl ase appears to be associated to the SRvia its
bi nding to the gl ycogen particles (Cuenda et al., 1994,
Entman et al., 1980; Wanson et al., 1972; and Meyer et al.
1970). The binding of glycogen particles to the SR nenbrane
may be achi eved by the hydrophobic tail of the glycogen
associ ated form of protein phosphatase 1 (Hubbard et al.
1990; Hubbard et al., 1989). There is evidence to suggest
t hat gl ycogenol ysis of SR glycogen results in the rel ease
of gl ycogen phosphoryl ase. Cuenda et al. (1994) showed

that preparing SR fromaninals that were starved for 48
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hours (a treatnent that causes glycogen depletion) resulted
ina2to 4 fold decrease in glycogen phosphoryl ase

activity and content. Simlarly, it was shown that anyl ase
di gesti on of endogenous gl ycogen resulted in 95% depl eti on

of gl ycogen phosphorylase (Entman et al., 1980).

d ycogen phosphoryl ase associated wwth the SR was
measured three different ways: optical density of the band
correspondi ng the 97,400 dalton nol ecul ar wei ght marker on
a SDS- PAGE, pryidoxal 5’ -phosphate (PLP) content of the SR
vesi cl es, and gl ycogen phosphoyl ase activity associ ated
with the SR vesicles. Three different neasurenents of
gl ycogen phosphoryl ase were used since all three are
i nherently flawed. Western analysis was not practical from
t he SDS- PAGE because an antibody for the skeletal nuscle
specific isoform of glycogen phosphoryl ase was not
avai l able. This reduces the confidence in neasuring
gl ycogen phosphoryl ase usi ng SDS- PAGE because ot her
proteins could be present with the sane nol ecul ar wei ght.
By renovi ng and neasuring PLP, the glycogen phosphoryl ase
content could be determ ned because over 95% of PLP in
skel etal nuscle is bound to this enzyne. However, absence
of PLP does not necessarily nean that glycogen

phosphoryl ase is not present, but glycogen phosphoryl ase
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wi thout PLP is inactive. Finally, neasurenent of glycogen
phosphoryl ase activity does not allow for quantification of
enzyne content. There is no way to determne if the
specific activity of the enzyne has been altered. Taken

t oget her, however, all three of the neasurenent techniques
strongly suggest that the glycogen phosphoryl ase content of
the SRis reduced with exercise. It seens unlikely that

all three nmethods would falsely indicate simlar changes in

gl ycogen phosphoryl ase associated wth the SR

d ycogen phosphoryl ase activity of the SR was
significantly reduced to 4.1% of control (p<0.05). These
data agree with the results from Cuenda et al. (1994) in
that starvation reduced gl ycogen phosphoryl ase activity.

Al so, Entman et al. (1980) found that glycogen
phosphoryl ase was reduced by 95% after a-anyl ase di gestion
of endogenous glycogen. If, in fact, glycogen
phosphorylase is bound to the SRvia its association with
gl ycogen, a treatnent that causes gl ycogen depletion should
result in glycogen phosphoryl ase dissociation fromthe SR
as well. Release of glycogen phosphorylase fromthe SR due
to gl ycogen breakdown i s conpounded by the fact that

gl ycogen phosphorylase is primarily bound to the SRin its

b form (dephosphoryl ated, inactive), whereas nuscle
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contraction nedi ates phosphorylation (activation) of this
enzynme, which in turn, reduces its affinity for the SR
(Cuenda et al., 1991). Pyridoxal 5-phosphate (PLP)
concentration of the SR was significantly reduced to 3.3%
of control (p<0.05). These data conpare well with results
from gl ycogen phosphorylase activity. Optical density of
gl ycogen phosphoryl ase determ ned via SDS- PAGE stained with
Coonassi e blue was significantly reduced to 21. 2% of
control (p<0.05). These data agree with the results from
Cuenda et al. (1994). Although the optical density of the
band contai ni ng gl ycogen phosphoryl ase was not reduced to
the sanme extent as PLP and gl ycogen phosphoryl ase activity,
there may be a reasonabl e explanation. Hrata et al.
(2000) has recently identified another 97,000 Dalton
protein other than glycogen phosphorylase. This protein
was reported to be involved in SR Ca* rel ease, therefore,
it seens likely that it may be present in the SR fraction

used in the present investigation.

Decreased gl ycogen associated with the SR could be
related to altered Ca** handling normally found in skel etal
muscl e fatigue, either directly or indirectly. It has been
shown that SR Ca** uptake can be supported solely through

the enzymati c breakdown of gl ycogen by gl ycogen
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phosphoryl ase (Nogues et al., 1996; Cuenda et al., 1993;
and Montero-Loneli et al., 1992). Also, there is evidence
t hat suggests that glycolytic, glycogenolytic, and Ca*-
accunmul ati ng enzynes are associated with the SR (Xu et al.
1995; Entnman et al., 1980; and Entman et al., 1976).
Decreased | ocal ATP concentrations, due to gl ycogen
depletion of the SR, may directly affect nmaxi num SR Ca*
uptake rates. A schematic representation of the SR
menbrane with gl ycogen, glycogen phosphoryl ase, and

gl ycol ytic enzymes bound in close proxinmty the SR Ca*-
ATPase is shown in Figure 1. It has been proposed that a

| ocal increase in the ADP/ATP ratio in the triads may be
responsi bl e for decreased SR Ca** rel ease found in fatigue.
Sonme ATPase activity, required for SR Ca* rel ease, utilizes
ATP in the mcroenvironnment of the triad. This ATP is not
inequilibriumw th the bulk cellular ATP probably because
t he My**- ATP conplex is |large and negatively charged,
therefore, |ocal ATP regenerating systens are necessary for
t he mai nt enance of the ADP/ATP ratio (for a review see
Westerblad et al., 1998). However, experinents using caged
ATP have shown no significant inprovenent on the slow
decline of [Ca*], late in fatigue (Allen et al., 1997).

Therefore, decreased SR Ca®** uptake found in fatigue may not
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be due to changes in [ATP] per se, but to sone other

mechani sm

Cuenda et al. (1991) found that gl ycogen phosphoryl ase
b status of the SR affected the confornmation of the SR Ca*-
ATPase. These investigators found that, as gl ycogen
phosphoryl ase b content increased, the binding of
fluorescein isothiocyanate (FITC) to the SR proteins al so
increased. Since FITC binds to a specific |ysine residue
| ocated in the ATP binding site of ATPase enzynes
(Mtchinson et al., 1984), it was concluded that the SR
Ca**- ATPase shifted towards an E2-1ike (ATP bi ndi ng)
conformati on. These data suggest that increased gl ycogen
phosphoryl ase concentration nmay allow for increased rate of
ATP hydrol ysis by the SR Ca*-ATPase and Ca* transport into
the SR This hypothesis suggests that the presence of
gl ycogen and gl ycogen phosphoryl ase, and not the resulting
ATP synt hesis, nodul ates SR Ca*- ATPase function. Thus,

gl ycogen may affect SR Ca** uptake indirectly.
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Concl usi on

Tetanic contractions elicited once per second for 15
m nut es reduced gl ycogen content, glycogen phosphoryl ase
content, and SR Ca*" uptake associated with the SR
d ycogen phosphoryl ase activity and PLP content of the SR
showed sim | ar decreases. Loss of optical density of the
band contai ni ng gl ycogen phosphoryl ase usi ng SDS- PAGE wer e
not as dramatic as seen with the other two neasures,
however, this may be expl ained by the presence of another
protein (Hrata et al., 2000). Reduced glycogen and
gl ycogen phosphoryl ase may be involved, either directly or
indirectly, in a mechani smthat causes decreased SR Ca*

uptake normally found in fatigue.
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Future directions

The following are directions for future research in the
area of fatigue and SR Ca** handl i ng:

1. Determne if digestion of glycogen associated with the
SR, using a-anyl ase, causes decreased SR Ca®** upt ake.

2. Determne if glycogen synthesis in fatigued SR
vesicles, with and without the presence of exogenous

gl ycogen phosphoryl ase, returns SR Ca®** uptake to control

| evel s.

3. Determ ne if decreased gl ycogen, and gl ycogen
phosphoryl ase associated with the SR affects Ca* rel ease.
4. Determ ne if decreased gl ycogen, and gl ycogen
phosphoryl ase alter SR Ca* rel ease and uptake rates when
they are supported solely by endogenously synthesized ATP.
5. Determne if SR vesicles incubated in a-anyl ase

exhi bit decreased FITC binding, indicating that the
probability of ATP binding to the SR Ca*-ATPase is

decreased as wel | .
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