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Abstract

Skel etal nuscle fatigue can be defined as the
inability to produce a desired anmount of force. Fatigue can
not only limt athletic performance and rehabilitation, but

it can affect one’'s ability to performevery day activity

as well. Despite extensive investigation of nuscle
fatigue, little is known about the exact nechani sns that
result in decreased nuscle performance. It likely involves

several factors that are thensel ves dependent upon
activation patterns and intensity. The process of
excitation-contraction (EC) coupling is of particular

i nportance with respect to regul ation of force production.
The rel ease of calcium (Ca®) fromthe sarcoplasnic
reticulum (SR), which is stinulated by the depol ari zati on
of the sarcol enma, causes nuscle contraction. The SR Ca*-
adenosi ne tri phosphat ase (ATPase) drives the transl ocation
of two Ca** ions into the SR utilizing the energy derived
fromthe hydrolysis of one adenosine triphosphate (ATP)

nmol ecul e.  The process of SR Ca®** uptake causes nuscle
relaxation. It has been proposed that both gl ycogen and
gl ycolytic enzynes are associated with the SR nenbrane (SR-
gl ycogenol ytic conplex). Interestingly, glycogen
phosphoryl ase, an enzyne involved in glycogen breakdown,

seens to be associated with the SR-gl ycogenol ytic conpl ex



through its binding to glycogen. The presence of the SR-
gl ycogenol ytic system nay serve to locally regenerate ATP

utilized by the SR Ca*- ATPase.

The purpose of the present study was to investigate
the effects of prolonged nuscle contraction on glycogen
concentration, glycogen phosphorylase content and activity,
and maxi num Ca** uptake rate associated with the SR
Tetani c contractions, elicited once per second for 15
m nutes, significantly reduced gl ycogen associated wth SR
to 5.1%of control from401.17 £ 79.81 to 20.46 + 2.16 ug/ ny
SR protein (&ound; 0.05). The optical density of glycogen
phosphoryl ase from SDS- PAGE was significantly reduced to
21. 2% of control (&pound; 0.05). Activity of glycogen
phosphoryl ase, in the direction of glycogen breakdown, was
significantly reduced to 4.1% of control (&pound;0.05). Pyridoxal
5" -phosphate (PLP) concentration, a quantitative indicator
of gl ycogen phosphoryl ase content, was significantly
reduced to 3.3%of control (&pound; 0.05). Maxi num SR Ca*" upt ake
rates were significantly reduced to 80.8% of contro
(&pound; 0.05). These data suggest reduced gl ycogen 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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CHAPTER 1: Introduction



| nt roducti on

Prol onged nmuscle contraction often results in altered
muscl e performance. This phenonenon is referred to as
muscl e fatigue. Skeletal nuscle fatigue manifests as a
result of repetitive or sustained nuscle contraction and
can be characterized by a tenporary reduction in the
capacity to generate force. Skeletal nuscle fatigue
af fects people in many ways. Miscle fatigue can contribute
to decreased athletic performance, increased susceptibility
to injury, and nore seriously, it can be a debilitating
synptom of certain clinical conditions |ike congestive
heart failure. Although the changes in nuscle performnce
are well docunented in the literature, the exact nmechani sns
that regul ate these changes in nuscle perfornmance are

poor |y under st ood.

The sarcoplasmc reticulum (SR) acts as a storage site
for calcium (Ca*), as well as, controls cytoplasnc Ca*
concentration, which in turn regulates the force of nuscle
contraction. There are cases where disease alters SR
function. For exanple, Brody’'s disease is a condition
where SR cal ci um adensoi ne tri phosphat ase (Ca*- ATPase)

activity is dimnished (Benders et al., 1994), which causes



i npai red Ca** uptake by the SR and hence, relaxation is
slowed (Karpati et al., 1986). Also, sone clinica
conditions result in changes of phenotype of certain SR
proteins. These phenotypi c changes are acconpani ed by
changes in Ca* handling properties of the SR, as well as,
changes in contractile function of the nuscle. For
exanpl e, congestive heart failure has been shown to result
in changes in SR Ca*-ATPase isoform expression (Peters et
al., 1997; Sinonini et al., 1996) and function (WIIlians

and Ward, 1998; Perreault et al., 1993).

Prol onged nmuscle contraction results in decreased
muscl e gl ycogen concentration (Kelso et al., 1987).
d ycogen appears to be specifically associated with the SR
in skeletal nuscle (Cuenda, 1994; Fridén, 1989; and Ent man,
1976). The binding of glycogen particles to the SR
menbrane may be achi eved by the hydrophobic tail of the
gl ycogen associ ated form of protein phosphatase 1 (Hubbard
et al., 1990; Hubbard et al., 1989). Therefore, it seens
| ogi cal that prolonged nuscle contraction results in
decreased gl ycogen associated with the SR However, the
esti mated anount of gl ycogen associated with the SR varies
greatly in the literature. Cuenda et al. (1994) reported

32 ug gl ycogen per ng of SR nenbrane protein isolated from



rat skel etal nuscle, whereas, Entman et al. (1976) reported
a range of 300 to 700 pg of glycogen per ng of SR nenbrane

protein isolated from dog cardi ac nuscle.

d ycogen phosphoryl ase, an enzyne involved in
gl ycogenol ysis, is also associated with the SR (Wanson et
al. 1972, Entman et al. 1980, and Cuenda et al. 1995).
Interestingly, glycogen phosphoryl ase may be associ at ed
with the SRvia its binding to the gl ycogen particles
(Meyer et al. 1970 and Wanson et al. 1972). Further,
gl ycogenol ysis of SR glycogen may result in the rel ease of
gl ycogen phosphoryl ase. Cuenda et al. (1994) showed t hat
preparing SR fromrabbits that were starved for 48 hours (a
treatnment that causes gl ycogen depletion) resulted in a 2
to 4 fold decrease in glycogen phosphoryl ase activity and
content. As for glycogen, glycogen phosphoryl ase
associated with the SR m ght be expected to decline with

exerci se.

Many researchers have shown decreases in SR Ca* uptake
as a result of prolonged nmuscle contraction (Ward et al.
1998; WIllians et al., 1997, WIllians et al., 1995; Luckin
et al., 1992; Luckin et al., 1991; and Byrd et al. 1989).

The process of SR Ca* uptake is nediated via SR Ca*- ATPase.



Adenosi ne tri phosphate (ATP) is the high energy phosphate
substrate needed to drive Ca* uptake into the SR During
muscl e contraction, glycogenolysis of SR glycogen may
provi de sone of the needed ATP. Also, the specific

| ocation of this systemmy allow for the SR Ca*- ATPase to
preferentially utilize the ATP produced (Cuenda et al.
1993). It is possible that as SR gl ycogen is broken down,
ATP is synthesized for Ca®** uptake and gl ycogen
phosphoryl ase is released fromthe SR Al so, decreased SR
Ca®* uptake rates found after prol onged nuscle contraction
may be related to this nmechanism This notion is supported
by Cuenda et al. (1993). These investigators found that,
as gl ycogen concentration was increased in their SR
preparation, in the presence of added hexoki nase and
phosphogl uconut ase (PGV), Ca*" uptake rate increased as

wel | .

St at enent of Probl em

Muscl e gl ycogen is an inportant substrate for energy
production in the cell. dycogen breakdown provides
gl ucose- 1- phosphate, which is subsequently converted to
gl ucose- 6- phosphate and enters glycolysis. Each nolecule
of gl ucose-6-phosphate transfers 2 electrons to NAD,

generates 2 nol ecul es of ATP, and 2 nol ecul es of acetyl



CoA. Acetyl CoA enters the citric acid cycle where

el ectrons are transferred to both NAD" and FAD. The

el ectrons transferred to NAD" and FAD are transported to the
el ectron transport chain where the energy yield fromthe
transfer of electrons fromone nolecule to another is used
to create an el ectro-chem cal gradient of H. This system
drives the generation of ATP through controlled transport

of H down the el ectro-chem cal gradient.

ATP serves several functions in the nuscle cel
i ncl udi ng the mai ntenance of the sodi un potassi um gradi ent
across the sarcol emma, cross-bridge cycling of the
contractile apparatus, Ca* uptake into the SR and Ca*
release fromthe SR Because decreased nuscl e gl ycogen
content is often found after prolonged nuscle contraction
and fatigue, it was once thought that glycogen depletion
resulted in decreased ATP concentration, therefore, causing
fatigue. Now, several investigations show that ATP
concentration of the whole nuscle changes very little with
prol onged nuscle contraction and fatigue (for review, see
Green, 1991). There is the possibility that
conpartnentalization within the nuscle cell allows for
| ocal changes in ATP concentration. Local changes in ATP

may be responsible for sone nechani sns of nuscle fatigue



like inpaired SR Ca** release rates (Allen et al., 1997; and
Koérge and Canpbell, 1994). It nust al so be considered that
in vitro experinents involving the SR control for the
extravesi cul ar environnent. Therefore, intrinsic changes
of the SR nenbrane and/or proteins are likely responsible

for altered Ca** handling and not the availability of ATP.

A ycogen is specifically associated with the SR
(Cuenda, 1994; Fridén, 1989; and Entnan, 1976). dycolytic,
gl ycogenol ytic, and Ca*-accunul ati ng enzynes al so appear to
be associated with the SR (Xu et al., 1995; Entman et al.
1980; and Entman et al., 1976). |In addition, SR Ca®*" uptake
can be supported solely through the enzymatic breakdown of
gl ycogen by gl ycogen phosphoryl ase (Nogues et al., 1996;
Cuenda et al., 1993; and Montero-Loneli et al., 1992).

d ycogen and gl ycogen phosphoryl ase, specifically

associated with the SR, may be involved in the regul ation
of SR Ca®* handling. Thus, the depletion of glycogen and
subsequent | oss of gl ycogen phosphoryl ase may be invol ved

in a nmechani smof nuscle fatigue.

The specific purpose of this study was to investigate
how prol onged nuscle contraction affects gl ycogen

concentration, glycogen phosphorylase content and activity,



and Ca** uptake rates specifically associated with the SR
Muscl e fatigue was acconplished through 15 m nutes of in
situ stinulation of one leg via the sciatic nerve, while
the contral ateral |leg served as a control. The
gastrocnem us and plantaris nmuscles were used for SR

vesi cl es isol ation.

Si gni ficance of Study

Muscl e gl ycogen decreases with prol onged nuscle
contraction and gl ycogen may be depleted fromcertain
conpartnments before others. Specifically, Fridén et al.
(1989) found glycogen to be decreased primarily at the N,-
line of the sarconere after prol onged nuscle contraction.
The N,-line is at the lateral end of the |I-band of the
sarconere, which is where the SR has been shown to be
| ocated (Sigel et al., 1969; and Pette 1975). It has yet
to be established that glycogen associated wth SR
preparati ons decreases with prol onged nuscle contraction.
Also, it has not been established if the anount of gl ycogen
phosphoryl ase (an enzyne involved in gl ycogen breakdown)
bound to the SR is decreased with prol onged nuscle
contraction. |Investigating the changes that occur with SR
menbr ane bound particles, specifically enzynes and an

energy substrate, may help us to better understand the



changes in Ca* handling by the SR normally found after
prol onged nuscle contraction. Further, identification of
mechani snms of fatigue nay lead to clinical treatnents for
patients who suffer fromnuscle fatigue. Because nuscle
fatigue can be a debilitating synptom such treatnents may
result in dramatic inprovenent in quality of life of these

patients.

Specific A ns

1) To determne if glycogen associated with the SR is
decreased follow ng fatiguing stinulation.

2) To determne if glycogen phosphoryl ase content of the SR
is decreased followi ng fatiguing stimulation. The |Ioss
of gl ycogen phosphoryl ase was neasured by three nethods:

t he anobunt of PLP associated with the SR, optical density
of the gl ycogen phosphoryl ase band on SDS- PAGE, and a

gl ycogen phosphoryl ase activity assay.

Resear ch Hypot heses

The following are the null hypotheses tested in this

i nvestigation:



Hy: Prolonged nuscle contraction will have no effect
on the concentration of glycogen associated with
t he SR

Hy: Prolonged nuscle contraction will have no effect
on the activity of glycogen phosphoryl ase
associated with the SR

Hs: Prol onged nuscle contraction will have no effect
on the concentration of pyridoxal 5’ -phosphate
associated with the SR

H,: Prolonged nuscle contraction will have no effect
on the optical density of the band, after sodi um
dodecyl sul fate pol yacryl am de gel el ectrophoresis
(SDS- PAGE), corresponding to the nol ecul ar wei ght
of gl ycogen phosphoryl ase usi ng sanpl es prepared

fromthe SR

Delimtations

The following delimtations were set by the

i nvesti gat or:

1. The treatnment (in situ stinulation) was only adm ni stered

to one leg of the animal, while the contral ateral served

as an unstinul ated control.

10



Li

. Cal ci um upt ake was only neasured at the steepest negative

sl ope of the free calciumversus tine curve, indicating
t he di sappearance of free calciumfromthe extra

vesi cul ar envi ronnent .

Muscl e fatigue was induced by stinulation of the sciatic
nerve, which can only mimc in vivo nuscle contraction.

Muscl e stinmulation was limted to the sane duration,

frequency and intensity.

. Assays were perforned in vitro, which can only mmc the

intracellular mleu.
The subjects were limted to only one species and gender

(femal e Sprague-Dawl ey rats (200-225 qg)).

mtations and Basi c Assunptions

The following are limtations, which are inherent to
t he experinental design, and basic assunptions nade by

the i nvestigator:

Rats were di sease and pat hogen free.

. Rats were well fed and hydrat ed.

. The SR vesicles were undamaged by the isolation protocol.

There were no underlying factors within the nuscle that

woul d affect normal function.

11
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| nt roducti on

Skel etal nuscle fatigue affects people in many ways.
Muscl e fatigue can contribute to decreased athletic
performance, increased susceptibility to injury, and nore
inportantly, it can be a debilitating synptom of certain
clinical conditions |ike congestive heart failure. Despite
extensive investigation, nmechanisnms of nuscle fatigue are
| argely unknown. The purpose of this review of the
literature is to | ook at nechani sns of nuscle fatigue as
they relate to gl ycogen, glycogen phosphoryl ase, and SR

functi on.

Excitation Contraction Coupling

Excitation contraction (EC) coupling is the process by
whi ch el ectrical activation of the skeletal nuscle cel
causes the nmuscle to contract. The nuscle contraction
process begins with the activation of the soma of an a-
nmot or neuron. Neural depolarization is carried down the
axon and delivers the electrical signal to the nerve
termnal. Depolarization of the axon results in the
rel ease of acetylcholine (ACh) fromthe nerve termnus into
the synaptic space of the neuro-nuscular junction. ACh
binds to receptors on the nuscle nenbrane (sarcol emm).

Bi nding of ACh to these receptors causes a |ocal increase

13



in sodium (Na") perneability of the sarcol enma, thereby,
maki ng the nmenbrane potential of the sarcolemma | ess
negati ve. Depol arization of the sarcolenma will occur once
a threshold potential is reached via binding of ACh to the
ACh receptors. Sarcol emmal depol arization is propagated
the length of the cell and down through the transverse
tubul es (T-tubules) (reviewed in Hasson, 1994).
Subsequently, this propagation affects the voltage
sensitive di hydropyridine receptors (DHPR). The DHPR, in
turn, causes Ca** release fromthe SR via the ryanodi ne
receptor (RyR) through an unknown nechani sm ( Ebashi, 1991,
Endo, 1977; and Ebashi, 1976). Calciumreleased into the
cytoplasmof the cell binds to troponin (the C subunit),
which relieves the inhibitory affect troponin (the I
subunit) normally has on energy utilization of the
contractil e apparatus. The devel opnent of force is then
acconpl i shed through cross-bridge cycling of the
contractile apparatus via the hydrolysis of ATP by nyosin
ATPase (Chal ovich, 1992; Brenner, 1991; Chal ovich, 1991;
and Brenner, 1987). Cross-bridge cycling is the
alternation of force generating and non-force generating
interactions between the thick and thin filaments of the
contractile apparatus. At the cessation of sarcol emmal

depol ari zation, calciumis no |longer released fromthe SR

14



and is resequestered via the SR Ca*- ATPase (Martonosi,
1995). As the concentration Ca® in the cytoplasm
decreases, so does the cross-bridge cycling, therefore, the

muscl e rel axes.

Skel etal Muscl e Fatigue

Skel etal nuscle fatigue is a phenonenon that can occur
with repeated nmuscle contraction. It is characterized by a
reduced shortening velocity (Ednman and Mattiazzi, 1981,
Crow and Kushnerick, 1983; de Haan et al., 1989; and
West er bl ad and La&nnergren, 1994), prolongation of
rel axation (Westerblad and Lannergren, 1991; Edman and
Mattiazzi, 1981), and decreased maxi num force generated by
a nmuscle, due to decreases in both the Ca* sensitivity of
the contractil e apparatus (Wsterblad and Al len, 1993; and
West erbl ad and Al len, 1991) and intracellular Ca*
concentration ([Ca®];) (Kabbara et al., 1999; Gyorke et al.
1991; Lee et al., 1991; Allen et al., 1989). Although the
exact nechani sns of nuscle fatigue are unknown, it is
likely that there are many different contributing factors.
Further, the nmechani sns of nuscle fatigue nay be dependent
upon the stimulation intensity and frequency. For exanple,
the mechanismof fatigue in a nuscle that was stinul ated at

a lowintensity for a prolonged period of tine may be

15



different than the nechanismfor a nuscle that was

stinulated at a high intensity for a short period of tine.

Skel etal Muscle G ycogen and Fati gue

It is well established that prol onged nuscle
contraction results in decreased nuscle gl ycogen
concentration (Kelso et al. 1987). Furthernore, glycogen
depl eti on has been associated with decreased nuscle
performance (Stephenson et al., 1999; Chin et al., 1997;
Gal bo et al., 1979; Ahlborg et al., 1967; and Bergstrom et
al., 1967). Since glycogen is an inportant substrate for
energy production in the nuscle cell, glycogen depletion
may be |inked to decreased force production. Although a
mechani sm for such a relationship has not yet been
established, there is evidence that sone glycogen is
tightly bound to the SR (Cuenda et al., 1994; Fridén et

al., 1989; and Entman et al., 1980).

In 1989, Fridén et al. used periodic acid-
t hi osem car bazi de-si |l ver proteinate (PA-TSC-SP) staining of
ultra-thin nmuscle sections from human vastus | ateralis.
The staining reveal ed conpartnentalized distribution of
gl ycogen within the nuscle cell. These researchers

suggested that glycogen is stored at 5 topographically

16



different sites: subsarcolemmal, internyofibrillar, para-Z-
disc (in between the thin filanments at either side of the
Z-disc), N-line (the lateral end of the I-band), and the H
zone (flanking the bare region of the nyofibrillar M band).
After exercise (sixty, 8 second sprint cycling bouts),

gl ycogen depletion was particularly noticeable at the N,-
line. It is inportant to note that the SR has been shown
to be present at the I-band (Sigel et al., 1969; and Pette

1975) .

A ycogen and the Sarcoplasm c Reticul um

d ycogen has been shown to be specifically associated
wth the SR using different nethods (Cuenda et al., 1994,
Fridén et al., 1989; and Entman et al., 1976). Both Cuenda
et al. (1994) and Entman et al. (1976) used a phenol -
sulfuric acid assay on isolated SR vesicles for their
i nvestigations, whereas, Fridén et al. (1989) used PA-TSC
SP staining of ultra-thin nuscle sections (discussed
previously). Using a sucrose density gradient isolation
procedure, Entman et al. (1976) reported a range of 300 to
700 pg of glycogen per ng of SR nenbrane protein isolated
fromdog cardiac nuscle. Cuenda et al. (1994), using a
differential centrifugation SR isolation procedure,

reported 32 pg gl ycogen per ng of SR nenbrane protein
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isolated fromrat skeletal nmuscle. The binding of glycogen
particles to the SR nenbrane may be achi eved by the
hydr ophobic tail of the gl ycogen associated form of protein

phosphatase 1 (Hubbard et al., 1993; Hubbard et al., 1989).

Sarcopl asm ¢ Reticul um Bound d ycogen Phosphoryl ase

d ycogen phosphoryl ase, an enzyne involved in
gl ycogenol ysis, can be found in skeletal nuscle in either
its inactive b form (dephosphorylated) or its active a form
(phosphoryl ated). d ycogen phosphoryl ase has al so been
shown to be associated with the SR (Entman et al., 1980;
and Wanson et al., 1972). Specifically, glycogen
phosphoryl ase associated with the SRis nore than 95%in
its b (inactive, dephosphorylated) form (Cuenda et al.
1995). Interestingly, glycogen phosphoryl ase may be
associated with the SR via its binding to the gl ycogen
particles (Cuenda et al., 1994; Entman et al., 1980; Wanson
et al., 1972; and Meyer et al., 1970) (schematic
representation of SR bound gl ycogen phosphoryl ase i s shown
in Figure 1). Moreover, glycogenolysis of SR glycogen nay
rel ease gl ycogen phosphorylase. Cuenda et al. (1994)
showed that preparing SR fromaninmals that were starved for
48 hours (a treatnent that causes gl ycogen depl etion)

resulted in a 2 to 4 fold decrease in glycogen
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phosphoryl ase activity and content (neasured using SDS-PAGE
and PLP concentration). Simlarly, it was shown that

anyl ase di gestion of endogenous glycogen resulted in 95%
depl eti on of gl ycogen phosphoryl ase (neasured via gl ycogen

phosphoryl ase activity) (Entman et al., 1980).

Regul ati on of SR Bound d ycogen Phosphoryl ase

d ycogen phosphoryl ase seens to be bound to the SR in
its inactive b form (Cuenda et al., 1994). dd ycogen
phosphoryl ase nust be phosphorylated to its active a form
for rapid glycogenolysis. Activation of glycogen
phosphoryl ase can occur via a hornonal and/or neurona
mechani smin skeletal nuscle. The hornonal pathway begins
Wi th various endocrines, epinephrine being the nost potent,
bi nding to the epinephrine receptor on the sarcol emm.
This stinulates the conversion of ATP to cyclic adenosine
monophosphate (cAMP) catal yzed by adenyl ate cycl ase. CcAW
then binds to the regulatory subunit of protein kinase A
causing it to be released fromthe enzyne. Once the
regul atory subunit of protein kinase Ais released, the
catal ytic subunit pronotes the phosphoryl ation of
phosphoryl ase ki nase. Active phosphoryl ase ki nase
(phosphoryl ated) then catal yzes the reaction which

phosphoryl ates the inactive glycogen phosphorylase b to its
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active form glycogen phosphorylase a. The neurona

pat hway begins with the depol ari zation of the cel

menbrane, which, in turn, causes a rapid rise in
intracellular calcium Cal nodulin, a subunit of
phosphoryl ase kinase, is also allosterically activated by
calcium Activation of calnodulin |leads to the
phosphoryl ati on of phosphoryl ase b kinase, which results in
the activation (phosphorylation) of glycogen phosphoryl ase
(the regulatory cascade is diagrammed in Figure 2)
(Hochachka and Sonero, 1984). It has been shown that the
regul ation of this activation is affected by many factors
(Parolin et al., 1999; Nogues et al., 1996; Cuenda et al.
1995; Cuenda et al., 1993; Cuenda et al., 1991; and

Schwartz et al., 1976).

In 1976, Schwartz et al. investigated the effects of
protei n ki nase and phosphoryl ase b ki nase on SR Ca** upt ake
fromcat slow skeletal and dog cardiac, fast skeletal, and
m xed skel etal muscles. They found that phosphoryl ase b
ki nase stinul ated Ca®** uptake and the phosphoryl ation of a
protein conponent of about 95,000 daltons. It was
postul ated that gl ycogen phosphoryl ase was this
phosphoryl ated protein since it is about 94,000 daltons.

The aut hors concluded that Ca* likely activates
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phosphoryl ase b kinase, which in turn, phosphoryl ates
gl ycogen phosphorylase (b to a isoformtransfornmation),
t hereby, stinulating glycogenolysis, ATP formation, and Ca*

upt ake.

Adenosi ne nonophosphate (AMP) activates (Nogues et
al ., 1996; Cuenda et al., 1993) and caffeine inhibits SR
Ca®* uptake (Cuenda et al., 1993). In 1993, Cuenda et al.
postul ated that increases in AMP and adenosi ne di phosphate
(ADP) concentrations in the nuscle cell mght activate a
met abolic shuttle that produces ATP, via glycogenolysis,

used to facilitate Ca** transport into the SR

Parolin et al. (1999) investigated the tinme course of
activation of glycogen phosphoryl ase over 30 second bouts
of sprint exercise in humans. Subjects perfornmed three 30
second bouts of nmaxinmal isokinetic cycling separated by 4
m nutes of rest. They found that there was a rapid onset
of glycogenolysis in the first 15 seconds of exercise
acconpani ed by an increase in glycogen phosphoryl ase
activity. By the third bout of exercise there was
i nhi bited gl ycogen phosphorylase b to a conversion as well
as a decrease in glycogenolysis. The authors concl uded

that the rapid increase in glycogen phosphorylase activity
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(and gl ycogenol ysis) was due to Ca* release fromthe SR

As the exercise trial continued, other allosteric nmediators
(AMP, inosinate (I MP), and gl ucose-6-phosphate) decreased
gl ycogen phosphoryl ase activity and oxi dative

phosphoryl ation contributed to ATP regeneration to a

greater extent.

In 1995, Cuenda et al. investigated the possibility
that the association of glycogen phosphorylase with |ess
branched pol ysaccharides contributes to depressed activity.
This was thought to be inportant since it has been shown
t hat gl ycogen associated wwth the SRis | ess branched than
gl ycogen purified from skel etal nuscle (Wanson and
Drochmans 1968). They found that the maxi num reaction
velocity (V) for purified glycogen phosphorylase b with a-
anyl ose and starch (|l ess branched pol ysacchari des than
gl ycogen) was significantly [ower than with glycogen. The
apparent K, s ap (the estimted concentration of AWP at
which the reaction rate is half its nmaxi mal val ue) was
obt ai ned from of gl ycogen phosphoryl ase activity data
collected at varying AMP concentrations. Purified glycogen
phosphoryl ase b associated with a-anyl ose and starch had a
Ko.s (aey Much higher than that associated w th glycogen

Al so, the K, ap for endogenous glycogen phosphoryl ase
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associ ated with SR nenbranes was nuch hi gher than for
purified glycogen phosphorylase. In fact, the K;5 ap for
endogenous gl ycogen phosphoryl ase associated with the SR
menbranes was simlar to the K, 5 ap When starch was used as
a substrate instead of glycogen. The slope of the Hil

pl ot of the dependence of gl ycogen phosphoryl ase activity
on AMP concentration was 1.7-1.8. The slope of the Hil

pl ot indicated that the binding of AMP to gl ycogen
phosphoryl ase shows the characteristics of positive
cooperativity. Additionally, SR nenbranes incubated in a
medi um cont ai ni ng the conpounds needed to synthesize

pol ysacchari de fragnents caused inhibition of endogenous

gl ycogen phosphoryl ase. The authors concl uded that the

i nhi bition of glycogen phosphoryl ase associated with the SR
menbrane is in part due to the nore linear nature of the

gl ycogen fragnents.

Cuenda et al. (1991) investigated the interaction
bet ween gl ycogen phosphoryl ase and the SR at 25° C. They
al so studied this interaction with respect to the
phosphoryl ati on state of glycogen phosphorylase. The
activities of both isoforns of gl ycogen phosphorylase (a
and b) were neasured in the presence of SR proteins,

| i posones, and egg lecithin. d ycogen phosphoryl ase
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activity was neasured in the direction of glycogen
synthesis in a systemcontaining 10 mM gl ucose- 1- phosphat e,
0.45 g/l glycogen, 0.1 nM AMP, 1 nmM et hyl ene-gl ycol - bi s- (-
am noethyl ether)-N, NN ,N -tetraacetic acid (EGTA), 0.15 M
potassium chloride (KA), 10 mM (N

tris[ hydroxynet hyl ] net hyl - 2- am noet hanesul foni ¢ aci d; 2-

([ 2- hydroxy- 1, 1- bi s- (hydr oxynet hyl ) -

et hyl ] am no) et hanesul fonic acid) (TES), and 0.1 ng/m

gl ycogen phosphorylase. It was determ ned that the
presence of SR proteins decreased the activity of
phosphoryl ase b, but the |iposones and egg | ecithin had no
significant effect. Also, the presence of SR proteins did
not affect the activity of phosphorylase a to the sane
extent. The effect of SR proteins on glycogen
phosphoryl ase activity was determ ned in an experi nent
where the activity of glycogen phosphoryl ase was neasured
with varied SR nenbrane concentrations (0, 2, 4, 6, and 8
mg/ M SR nenbrane). Cuenda et al. (1995) later found that
when the tenperature of their assay was increased to 37°C,
the activity of glycogen phosphoryl ase was decreased even
further. These results suggest that under physi ol ogical
conditions (i.e., tenperature), the activity of glycogen

phosphoryl ase associated with the SR is decreased. For
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full activation of glycogen phosphorylase, it nust be not

only phosphoryl ated, but released fromthe SR as well.

d ycogen Phosphoryl ase Supported Ca?" Upt ake

SR Ca** uptake can be supported solely through the
enzymati ¢ breakdown of gl ycogen by gl ycogen phosphoryl ase
(Nogues et al., 1996; Cuenda et al., 1993; and Mbontero-
Loneli et al., 1992). There is also evidence that suggests
that glycolytic, glycogenolytic, and Ca*-accunul ati ng
enzynes are associated with the SR (Xu et al., 1995; Entnman
et al., 1980; and Entman et al., 1976) (schematic
representation of the SR-glycogenolytic conplex is shown in

Figure 1).

In 1976, Entman et al. studied the gl ycogenolytic
system associated with cardiac SR Using a sucrose density
gradi ent isolation procedure, they found that both Ca*-
accunul ati ng and gl ycogenol ytic enzynes sedinented in a
singl e peak (at about 33% w v sucrose). The contents of
this peak included glycogen, adenylate cyclase, protein
ki nase, phosphoryl ase ki nase, glycogen phosphoyl ase, and
Ca®*- ATPase. This observation indicated that these enzynes
are associated in vivo. Al so, this preparation exhibited a

very rapid rate of glycogen phosphoryl ase activity as
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measured by a spectrophotonetric assay. The authors
concluded that, taken together, these data suggest that the
SR cont ai ns both Ca*-sequestering and gl ycogenol ytic

enzynmes in vivo.

Since gl ycogenol ysis by gl ycogen phosphoryl ase results
i n glucose-1-phosphate production, other glycolytic enzynes
must be present in order to produce the ATP needed for SR
Ca®* uptake. Xu et al. (1995) investigated the coupling of
gl ycolysis and SR Ca** uptake. SR was isolated from hind-
| eg skeletal nuscle of Wiite New Zeal and rabbits. “*Ca
upt ake was neasured through the radioactivity of SR
vesicles pelleted after 15-20 m nutes of incubation in a
reaction mxture. Wen ADP (1 nmM and phosphoenol pyruvate
(PEP) were added to SR vesicles, Ca*-ATPase activity was
88. 9% of that when ATP (1 mM was added. “Ca upt ake
supported by glycolytic substrates, cofactors, and ADP were
71 + 22% 28 + 149% 38 = 12% 134 + 77% and 107 = 47%
conpared to the addition of exogenous ATP for pyruvate
ki nase, enol ase, phosphogl yceronut ase, gl yceral dehyde- 3-
phosphat e dehydr ogenase/ phosphogl ycer ate ki nase, and
al dol ase, respectively. At |ow concentrations of ADP (wth
PEP) or ATP (10 to 100 nM, ADP was narkedly nore effective

than ATP in supporting *“*Ca uptake. The authors concl uded
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that all of the glycolytic enzynmes from al dol ase onward
were present in their SR isolation preparation (Figure 1).
Al so, endogenously fornmed ATP is used nore effectively than
exogenous ATP for “°Ca transport into the SR They proposed
that ATP formed fromglycolysis is directly channeled to
the SR Ca*- ATPase and is not in equilibriumwth bul k phase

ATP.

In 1993, Cuenda et al. established that, in the
presence of phosphogl uconutase (PGV), Ca® uptake increased
as gl ycogen concentration was increased fromO to 3.6 g/l
over 10 mnutes. Then, in the presence of 1.8 g/l of
gl ycogen, Ca* uptake increased as PGM concentration was
increased fromO to 282 ug/mM over 15 mnutes. Finally,
the addition of 50 mM gl ucose al nost conpletely elimnates
Ca®* uptake. This result was expected because gl ucose
i nhibits the hexoki nase catal yzed synthesis of ATP from

gl ucose- 6- phosphate and ADP (Montero-Loneli et al. 1992).

In 1996, Nogues et al. neasured SR Ca* uptake rates
supported by endogenously produced ATP with the addition of
PGM hexoki nase, ADP, and gl ucose-1, 6-di phosphate
(physi ol ogi cal activator of PGW. Cal cium uptake w thout

added ATP was only neasured to be about 5% of that of Ca*
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uptake in the presence of ATP. However, Montero-Loneli et
al . (1992) also investigated SR Ca** uptake supported by an
ATP regenerating system This system consisted of glucose-
6- phosphat e, hexoki nase, and ADP in a SR preparation. They
reported that ATP supported Ca® uptake was only 2-3 tines
faster than that supported by their ATP regenerating

syst em

More inportantly, it seens that the breakdown of
gl ycogen, by gl ycogen phosphorylase, is directly linked to
t he sequestration of Ca** (Entman et al., 1980). This
notion is known as conpartnental i zed m croenvironents of
the muscle cell. 1In 1980, Entnman et al. showed that as the
[ Ca®*], decreased as a result of Ca*-sequestration,
i nactivation of glycogen phosphorylase followed. In
addi tion, they found that in the presence of a Ca*
i onophore (X537A), which inhibits Ca* sequestration,
gl ycogen phosphoryl ase a inactivation was not observed.
Al so, gl ycogenol ysis associated with the SR produces ATP
near by the Ca** ATPase, which may lead to faster and nore
effective relaxation of the nuscle than the utilization of
ATP produced el sewhere in the sarcoplasm (Nogues et al.

1996; Xu et al. 1995).
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Sar copl asnmi ¢ Reticul um Ca** Handl i ng and Fati gue

The SR regul ates intracellular cal cium ([ Ca*],)
concentration within the skeletal nuscle cell. Calciumis
rel eased fromthe SR through the ryanodi ne receptor and is
sequestered via the SR Ca*- ATPase. Cal ci um uptake via the
SR Ca**- ATPase is achi eved through the hydrol ysis of ATP.
The energy derived fromthe hydrolysis of one nol ecul e of
ATP is sufficient to transport two nol ecules of Ca** into

t he SR

Changes in the SR's ability to regulate [Ca*], may be
responsi bl e for decreased force production normally found
after prol onged nuscle contraction. Many studi es have
shown that Ca** release rates are decreased in isolated SR
preparations from exercised nuscles, conpared to those
isolated fromrested nuscles (@tenblad et al., 2000; Ward
et al., 1998, WIllians et al., 1998, Belcastro et al.

1993; Favero et al., 1993; Luckin et al., 1992). This
notion is also supported by studies that have shown
decreased tetanic [Ca*], in stinmulated single nuscle fibers
i sol ated from anphi bi an (Kabbara et al., 1999; Gyorke et
al., 1991; Lee et al., 1991; Allen et al., 1989) and
mamral i an nuscle (Westerblad et al., 1993; Baker et al.

1993; Westerblad et al., 1991).
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The SR Ca*-ATPase may also play a role in altered Ca*
handl i ng after prol onged nuscle contraction. It has been
postul ated that dysfunction of this enzyne may result in
either increased relaxation tine, decreased Ca**
availability for release, or both. The function of this
enzynme can be neasured using an enzyne activity assay, Ca*
upt ake rates, relaxation rates, or [Ca®],. Each of which

w Il be addressed separately.

| sol at ed SR vesicles can be prepared using
differential centrifugation or sucrose gradi ent techniques.
Since SR proteins and nenbranes isol ated by these
techni ques are resuspended in storage buffers, changes in
function cannot be attributed to changes in intracellular
mlieu. Researchers have shown that decreased SR Ca*
upt ake and Ca*- ATPase activity generally acconpany fati gue,
ei ther induced by prolonged (WIlson et al., 1998; Bi edernan
et al., 1992; Luckin et al., 1991; Byrd et al., 1989a) or
short term nuscle contraction (Ward et al., 1998; WIIlians
et al., 1998; Byrd et al. 1989b). These reductions in SR
Ca®*- ATPase activity range from about 20-60% However,
decreases in both SR Ca* uptake and Ca*- ATPase activity do

not always occur together. Belcastro et al. (1993) ran
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groups of rats on a treadm !l for 2, 15, 30, 45, and 130

m nutes. They found depressed SR Ca*-ATPase activity in
all exercised groups, conpared to control, with 70% of the
total reduction being observed after the first two m nutes.
However, SR Ca®" uptake rates were reported to have
increased in the exercise group, conpared to the control
Bonner et al. (1976) also reported no changes in SR Ca*-
ATPase activity isolated fromuntrained rats after exercise
to exhaustion, conpared to control sanples. In fact,

Bonner et al. (1976) found that SR vesicles isolated from
rats trained to run on a treadm |l for 30 mnutes daily,
five days per week had increased Ca®*-ATPase activities
after exercised to exhaustion. Simlarly, Geen et al
(1998) found that high resistance training, in human

subj ects, resulted in decreases in SR Ca*-ATPase activities
after a prolonged exercise bout that were | ess pronounced
than those found before training after the sane exercise

pr ot ocol .

Ferrington et al. (1996) investigated changes in Ca*-
ATPase activity isolated fromrats during post exercise
recovery after two hours of treadm !l running. They found
that increases in Ca*-ATPase activity correlated with tine.

ol lnick et al. (1991) found simlar results froma study
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done on humans. Maxi num voluntary contractile strength
tests (MVC) were perforned and nuscl e bi opsies were taken
before, imedi ately after, and 30 mnutes after a fatiguing
bout of a one | eg kicking exercise. They found depressed
SR Ca**- ATPase activity and MVC i medi ately after the

exerci se, conpared to before the exercise. After 30

m nutes of recovery, both SR Ca*-ATPase activity and MVC

i ncreased fromthose neasured i nmmedi ately after exercise,
but were still lower than the before exercise neasures. In
1998, Hargreaves et al. also found increased SR Ca** uptake
and ATPase activity in humans after 90 m nutes of rest
followng three 30 second "all-out” sprint bouts on a cycle
ergoneter. However, Booth et al. (1997) found little
recovery of SR Ca** uptake and ATPase activities in human
muscl e honogenates after 60 m nutes rest foll ow ng

prol onged exercise (increnental exercise on a cycle
ergoneter until volitional fatigue). These investigators
did find significant decreases in half relaxation tine
(RT,,) followi ng involuntary twitch contractions, but no
changes in RT;,, following involuntary tetanic contractions
after 60 mnutes rest. It is inportant to note, however,

that RT,, may not be an ideal neasure of SR function.

32



Whol e nuscl e honbgenates can al so be used to
i nvestigate SR Ca** uptake and Ca®*-ATPase activity. Wole
muscl e honogenates are prepared sinply by honogeni zi ng the
muscl e sanple and aliquoting directly to the desired assay.
In 1999, Yashuda et al. found decreased SR Ca*- ATPase
activity in whole nuscle honogenates of rat sol eus nuscle
after short (average tine 2.8 mnutes) and long term
(average tinme 87.7 mnutes) exercise to exhaustion.
Sinmlarly, researchers have shown decreased SR Ca* upt ake
and ATPase activity in humans follow ng three 30 second
"all-out" sprint bouts on a cycle ergoneter (Hargreaves et
al., 1998) and follow ng prol onged exercise (Geen et al.
1998; Booth et al., 1997, Geen et al., 1992; and Parsons
et al., 1992). However, Chin et al. (1995, and 1996) found
depressed Ca* uptake rates in both isolated SR vesicles and
honogenate fractions, while there were no differences in SR
Ca**- ATPase activities in either of these fractions,

conpared to control sanples.

In 2000, @ tenblad et al. investigated changes in Ca*
handl i ng due to short-term high frequency fatigue using
whol e nuscl e honbgenates. The investigators stinulated the
extensor digitorum (EDL) nuscles fromrats in vitro for 4

mnutes at 60 Hz, with a duty cycle of 150 mIliseconds
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every second. Although this stinulation protocol reduced
force to 14 = 2% of prefatigue val ues, these researchers

found no changes in either SR Ca*-ATPase or uptake rates.

Wllians et al. (1997, and 1993) stinul ated
sem t endi nosus nuscles of male grass frogs for 5 m nutes
(tetanic contractions elicited every two seconds for 100
nmsec at 80 Hz). Skinned fibers were isolated from both
stinul ated nuscles and contral ateral control nuscles. They
f ound decreased Ca®* uptake rates of the SR estimated by the

force-tine integral after caffeine contractures.

I ntracel lular [Ca*] measurenents can be used to detect
transi ent changes in [Ca*] during nuscle contraction.
Measur enment of [Ca®*], is done using fluorescent Ca*
i ndicators either mcroinjected into nuscle fibers
(Westerblad et al., 1993) or used with skinned fibers (Lanb
et al., (1999). SR Ca* uptake can be estimted by the rate
of decrease of measured [Ca®],. Westerblad et al. (1993)
found reduced rates of decrease in [Ca*], after the | ast
tetanus as well as elevated resting [Ca*], after 30 m nutes
of rest. However, these Ca* handling properties were
acconpani ed by dramatically reduced tetanic [Ca®];, which in

turn resulted in decreased force production.
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Concl usi on

Several investigators have shown that fatigue results
in altered Ca* handling properties of the SR The results
of these investigations have shown that the SR has
di m ni shed maxi numrel ease rates of Ca* (@tenblad et al.,
2000; ward et al., 1998, WIllians et al., 1998; Belcastro
et al., 1993; Favero et al., 1993; Luckin et al., 1992),
altered Ca** transient |levels (Kabbara et al., 1999; Baker
et al., 1993; Westerblad et al., 1993; Gyorke et al., 1991,
Lee et al., 1991; Wsterblad et al., 1991, and Allen et
al ., 1989), and in many cases reduced Ca* uptake and ATPase
activities (Ward et al., 1998; WIllians et al., 1998;
Wlson et al., 1998; Biederman et al., 1992; Luckin et al.
1991; Byrd et al., 1989a; and Byrd et al. 1989b). Taken
together, these results suggest that the changes in SR

function may be due to sone intrinsic changes in the SR

In vivo, the SR nenbrane is associated with gl ycogen
as well as glycogenol ytic enzynes, including glycogen
phosphoryl ase (95%in the b forn) (Cuenda et al. 1994). At
physi ol ogi cal tenperatures, the SR nenbrane has a greater
inhibitory effect on gl ycogen phosphorylase in the b form

than in the a form This effect is due to both SR nenbrane
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proteins (Cuenda et al., 1992) and to its association with
the | ess branched gl ycogen particles of the SR (Cuenda et
al ., 1995). Phosphoryl ati on of gl ycogen phosphoryl ase (b
to a conversion) activates this enzyne, which in turn
causes a dramatic increase in activity and a 10-fold
decrease in the apparent K, of association to the SR
menbr ane (Cuenda, 1995). Activation of glycogen
phosphoryl ase is regul ated by several different factors
(Parolin et al., 1999; Nogues et al., 1996; Cuenda et al.
1995; Cuenda et al., 1993; Cuenda et al., 1991; and
Schwartz et al., 1976). Cuenda et al. (1993) showed t hat
Ca®* upt ake supported by gl ycogen phosphoryl ase i ncreased
with increased glycogen concentration. Also, there seens
to be a | ocal ATP regenerating system capabl e of supporting
Ca®* uptake into the SR (Nogues et al., 1996; Xu et al.
1995; Cuenda et al., 1993; Montero-Loneli et al., 1992;
Entman et al., 1980; and Entman et al., 1976). The
follow ng questions still remain unanswered: whether

prol onged nuscle contraction results in decreased SR

gl ycogen concentration, and gl ycogen phosphoryl ase
associated with the SR nmenbrane, and whet her decreased SR
gl ycogen and gl ycogen phosphoryl ase are acconpani ed by

decreased SR Ca** upt ake rates.
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SR GLYCOGENOLYTIC COMPLEX

.~ *GIP SARCOPLASM KEY

% Glycogen
Glycogen
Phosphorylase

. Ca?'- ATPase

Glycolytic Enzyme
Complex

2 Ca*

SR LUMEN

Figure 1. Schenatic representation of the sarcoplasmc
reticulumconplex. dycogen is anchored to the SR
menbrane via its binding with the SR and is associ at ed
w th gl ycogen phosphoryl ase.
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Figure 2. Schenmatic representation of the activation cascade of
gl ycogen phosphoryl ase in a skeletal nuscle cell.

38



