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' The effects of long~term,’ high intensity endurance ekercise

-‘were examined in purified 1ight and heavy vesic’les of

sarcoplasmic reticulum isolated from the superficial vastus
latéralis muscle of female adult‘ rats. Light and heavy’
‘ ireSicles qf control tissue were typical in terms of peptide
profile ratio of 115 kdal to- 30 kdal proteins and ca2*
_A'I?P.ase""'activity. Training induced adaptation ‘the SR

(ie.-' yield" of membrane- protein, Caz"'_" ATPase ¥ activity,

".-peptide profile and. the ratio of the 115 'Eaal ‘bo the 30

kdal p,roteins) Was limited to the ves.icles isolated from
_ A ~
the terminai Cisternae (heavy) membranes, suggesting‘ a-

separate gene for the production of the ca?t ATPase or

- ' 1
different regulation of the same gene in these two regions
s .

of the SR. The fact that défined parameters changed in_,\t\he
-~ 4

. same direction and With at’ least the same ‘magnitude as
those obs\?Ved in preVious studies employing this training
.regimen confirms that ‘a training program is capable of )
lI.lhdllClng transformations of the functional characteristics
of skeletal ,yuscle. Agecondary objective of the study ‘was
to observe Mes and food consumption in sedentary_
and exerCise groups throughout the program. _ The rats Bf
‘the training group conSistently consumed léss. chow than'

.their sedentary counterparté but at no time was’ there a

statistical difference in body, mass between groups. e

'.\\' .

K
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v - CHAPTER 1 x
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' - ‘ Introduction

R '

- et

The ex1sten e of skeletal cell muscle types which vary in
their contraci&le; metabollc ‘and functlonal characterlstlcs
enable‘the’mammal to perform a var;ety‘of endurance, power

" and skill activities: ‘Thefmotor unit (the collective term
'for'.the" motor neuron and gthet‘muscfe' fibres\.which it
innerVateS) are under control of the nervouSESYStem. “The

phy51ologlcal parameters appear to be’ genetlcallyjdetermlned

“but vary somewhat 1n response o use. .

.Flbre SpelelC dlfferences have been dol

lelded into contractlle metabollc andpfu, 1ona1 domalns
' ST RIS
aracterlstlcs and

%Yy

“Table 1.1 summarizes’ these fibre spec1floy

E a detalled dlscus51on of the flbre spech c'dlfferences is
lﬂ N w .

“iocatedlln Appendlx A.f Speed of contractlonmis proportlonal

B v
5 . . . N * k3

:to myosin ATPase aotiyity; The existence of ‘polymorphic
forms,of this contraotile.protein aliows for the division-of‘
skeletal muscle nto two well’ deffhed groups iif'v1tro
CHEFEEEErlzatlon is made p0551b1e dd¥ to the flbre spec1f1c

ﬁdlfferences ‘in the sen51t1v1ty of thlS ATPase to actlvatlon

. A

or inactiVation in response to pre 1ncubatlon in ag¢id or

v

alkailne solutlons (Brooke and Kaiser, 1969).= The so-named
, S

-type I flbres appear lightly stained (Engely 1962) and_pave
relatively long' peakv.contraction and relaxation times"

ES
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(Buchthal and ®Schmalbruch, 1970), thus the designation slow

i .

twitch ftibre. Likewise,yfibres which are darkly stained and

have comparatively - short times to peak contraction .and
> . .
relaxation are known  as type II, fast twitch muscle fibres.

. . . I T s

Metabolic properties‘have alIowed'cIassification ofifibre.

types which are not only con51stent with, but further extend
\ . A
-that achleﬁed through contractlle characterlzatlon \En vitro

\ \ hlstochemlcal technlques are based on the variability of the
S ;

\conoentratlon-of glycolytlc and ox1dat1ve enzymes. The. type
I (siow type), fibres have been shown to contaln a hlgh
concentration of enzymes of the c1trlc acid cycle but were

'llmlted 1n their ablllty to convirt carbohydrate to lactate

l

(Haggmark and Thorstensson, 1979)1 ,InACOntrasQ are the type

"I (fast type muscle), where the enzyme profile is not as
.distinot; Some muscles found to ~ stain dark after
,myoflbrlllar ATPase stalnlng possess the antlolpated enzyme

proflle,' ‘that is hlgh glycolytlc and' low oxidative
. o - ¥

capacities. « = However, another subpopulation was © observed

which was. well ‘endowed ‘in' bo¥h enzyme systems.“ . The

ndmenolature thus assigned to the - high ox1dat1ve hiqh

'glycolytlc flbre was type 'IIA while those flbres hlgh

g;ycolytlc.enzymes\but low idn ox1dat1ve enzymes were namcd
: . T

type IIB (Barnard et ablk., 1971). - wqile considerable

variability in- Enzyme characteristics' may exist within a
# , ' -

desrgnated fibre type (Lowry et al. '1978), limited variation.

~

occurs in fibres w1th1n a motor unit (Pette et al., 1980).

-

.5:/, ‘ .' o . , -

7

27
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TABLE 1.1: A summary of grelative - fibre, specific
o . v e P T . . . ' T
" characteristics of skeletal- muscle in’ untrained Hhumans
. e oo
(adapted from Saltin et al., 1977). . e
et I - " © FIBRE
L : © .
_ . Type I Type IIA Type IIB
3
AJ‘ ‘
Fibre Area . . IR R S + 2 . ‘
\ T . : |

SN . Coe : S ‘ ,
Capillary Supply » ST & & ++ . + .
Mybsin ATPase activity R - .-{"¥ﬁ¢ ) 3 K

] B . i} h . . | -\‘ - (-

\ Vo . < . - . . ’ / . i ) . -
Time to Peak rehsion e Lo+ SRR G D B
Glycolytic Potential Lot ) K+ R

a2 ? L}
N . . X ° Y J » )
* ‘Oxidative Potential +++ B e o
L s - o
Glycogen Storage Potential +++ o+ T+ |
. e T q . n . . . ’ . [ ‘ ‘\’\
. Triglyceride Storage Potential = +++ - + o+
1 - -~ .~ N . . %Y ' b_ -
o~ ) &
: ~— . 7 . ¢
Legend: low + ++ 4+ ++§# high *
." “ to Y
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'Functionally, it s of interest to _examine _the fibre

Ps

SpelelC parameters of the sarcoplasm‘z.c reticulum (SR), the

sﬁb‘cellular organelle respon51ble foi ca101um Sesquestratlon

L "y

‘from._“.the . cor\t_ractlle machlnery and‘ hence relaxatlon.
 Sembrowich et. al.,‘ (1985) noted a ~g\reater vield of SR’ from-

. type IT flbres than from type L flbres, son‘(e researchers
- b

reportlng up to two- fold dlfference (Felhn and ' Peter, 1971;

Wang et al., ‘1979)“. . Protein co'mp"osition'of the SR from

"different fibre’ tylpes revealed 'f.ibre-speoific 'differences‘.

only in the number ‘and mobll’ixg_‘of mlnor proteln components,

Lt

o of lower molecular welght (Margreth et al., 1974b) ThlS.

group reported a" reduced amount of the ;Loo kdalton proteln‘
IR .

(1dent1f1ed' as the Ca2+ stlmulated Mg "dependent ‘ATPase

(\%cLennan et a1, 1971)) hxen compared to; pe II(/flpres.'

It has been-document,ed that the highest cdncentraty

on of th7
ca2* 'ATPase and a membrane bound calcium *binding protein

calséquestrin, is| observed, in type I,IB‘fib'res (Zubrzycka-—

@ .

~Gaarn et al.,:1982; Wang .et\ a¥., 1979). The ratio of the 100

~

kdal protein (the ca?t A‘I‘P‘ase) to the 30_kdal_f1avoproteivn

' ((NADH cytochrome/ bg - reductase (Sal'viati et al.t, 1981) Yo haC' '
5" '
been..proposed as a fibre- spec1flc marker (Weihrer and Pette., ‘

1983) (\In _~vitr 51mulatlon of the actlon of the CaZJr ‘ATPaCe‘.

is achieved t rough - the use of "vesicles of, fragmented SR
.

(FSR) 1so.late through dl»fferentlal centrifugation. , In type

I fibres, SH 'was observed to play .a negligable. role 1n .

calcium movs ments 1linkeéd to relaxation~ (Margreth et:al.,

P " -
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19,7'4a).; as the mitochondria was o ervecy to take parte in

-y

N T
c‘falcium'uptake' ‘This group observed that the 1n1t1a1 rate of

.Caz* accum\xolatlon in type IIA flbres was as much as 10 times

that recorded for type I fibres. Many 1nvest1gators have

concluded that the- max1mum rate of uptake was at least 4

«

tlmes higher in type I Bythan type. I flbres (Felhn and Peter,'

1971 Kim et al., - 1984%) . ThlS is’ thought to be moro than

just a fufction of sthe number of active sites”as Wang et al.,
. : Y] ] > .
(/{979) observed vardation between ﬁibre ty.pe‘s with reference

éo the affinlty of the Ca2'+ A’tPase for calc1um*

- Varlatlon is also noted w1th1n the SR, between portlons of

the _memb_rane derlved from dlStlnCt reglons.' The termlnal

cisternae ( t area of the SR which is in 1mmed1ate con’tact

S ¢
.

with the "t tubules) " may ‘”be dlfferentlated from the

longltudlnal retlculum (that area of the nfembrane whlch forms
N

'an anastom031ng networ)j overlylnq the A~ band regldn of the

sa-rcox_nere), by virtue ot the presence,' in the for‘me}r_ reglon,

t . R °

. ° 3
of the calcium bindihg protein, .calsequestrin - (Campbell ‘et

, 1980) Based on miqratiorL lin a gsucrosk -density
. ) [ C
gradlent the former region is termed ‘heavy SR" and the -

°

'latter "light SR" (Lau et al., 1977). o ‘

¢ . -

 The functional ) consequences of these fibre _specific»
4

characterlstlcs are such that the type IIB flbres are ‘poorly

des~1gn__ed_ to \malntaln long~term aeroblcv metabolism in

<

comparison to typé€ ;I fibres.  The. type . IIb’ _f‘ib\re . is

associated with'a high speed of contractile' activity and a .
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low res)stance to fatlgue. oo L : ' .

w

: klissouras (1976) reported on a study which utilized s

percutaneous muscle blopsy to examlne some - ultrasxructural
v a ,

characterlstlcs of human skeletal muscle 1n\$onozygotlc (MZ)
ill

and dlzygqtle— (DZ) tW1n _pairs. Since ,they observed nQ

1ntrapa1r dlfferenCes ‘' for selected‘ Jwell-defined

ultrastnuctural and metabolu: parameters, i as coﬁciuded‘

‘that'any 1gter1ndiVidual,yariability arose from extragehetic
> o : ’ ) Ce
. . - q .. . . .
influe?ces. ,However, Komi et ail., (1977) observed an almosg

e . - ) : B '
identical percentage of type. I skeletal fibres in the 'vastus

[

“lateralis muscles of MZ twins and notlfﬁ.DZ'twihs; Fugl-

meyer et al;, (1982) observéd similar genetiC‘relatiohships
.7 . . 1

in fibre type comp051tlon of human fofearm muscles. It has

thqf been - proposed that the motors unlt composition in

N

skeletal muscle is’ genetlcally fixed such that a motor heuron

1nnervates a phys1ologlcally unlform flbre type and that thls

fact _has 1mplrcatlons uypon gptentlal for phy51ca1

performance. | R S S .

Eiéctrical stimulation (ES) haswbéén-psed:as a wodei to

*

, ‘examine the neural control of géne express1on ~in adult

skeletal muscle Appendix A contalns a lengthy dlscuss1on of ’

“/
the . effects 0f ES. Chronlc 1nd1rect electrlcal stlmulatlon

. of type II flbres at a frequency pattern resembllng that’
which 6ccurs naturally in slow tw1tch type I muscle has been

used ‘to induce a;flbre-type transformatlon. These protocols

have . been especially useful because ~the mechanics of the

-
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mptor un1t can be ampllfled and because the procedure may be

examlned in’ "slow motlon" )through the appllcatlon of
el . ‘

1nterm1ttent protocols Changes induced by. ES have been-well .

documented 1n the main areéas of muscle functlon, nanely

"

',energy/ metabolism .tTable 1.2), SR function (Table "1.3),

. [ [} .
function of the myofibrillar proteins (Table H 1.4) and
‘ultrastructure (Table 1.4). Receb¢ ,workj'has ‘demonstrated
that the frequency pattern is not the major lnfluencing

factor, but rather the total amount of contractlle act1v1ty

* .

induced upon the muscle (Sreter et al., 1989) . ThlS‘leads

one to, speculate whether a load of _contractile actiVity,

3

. imposed upon the muscle in what ma? be considered ag a more
[ . . ’ ’

P

physiological setting, such as exercise, may achieve
. . ' . 4 . .

comparable transitions of tHe muscle fibres ,metabolic,

o

contractile and functional charactéristics. To date, the

bulk ; of research using tralnlnq protocols have been
unsuccessful at a&chieving mdre than metabollc and limited

functional changes 1in° response to increased’ contractlle

~

activity. It may ' be squested:.however, that . the" exércise

regimes used nay have been too weak to . elicit -

* . !
4
N ~

transformatlonal ' changes « or that 1ndeed. "complete"

transformat&on of flbre type may not be viable at this level.

Grepn et al., (1983) uslng an 1ntense lQng term endurance
unning protocoliobserved changes .in the enzyme'
rofile ¥h1ch were quantltatlvely similar to those observed

[4

in studles u51ng elec;rlcal stlmulatlon After the same
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TABLE 1.2: Supmary of contractile changes .in animal skeletal

muscle induced by e}égtrical stimulagion (ES§ "or physical

tréining (PT). (See also Appendix A).

> ¢ i !
PARAMETER . ES  Source gource
N ‘ - . ,‘) . J. T .
. Time to peak tension PR
L4 Time to 1/2 relaXaEion ; 0 . .
 Fime o - ror 1;5?, -
Twitch tension ratio. e ‘
) [ a ' T i y
Mydsin ATPase activity’ - 18,%0,27' < 50,28,29,30,
Light chains: ' . / ,
1£, 2f, 3f . e .31,32,33,34 49 (1f,3 of
¢ . K IIA)
i ;
1s, 1s',2s - 28,29,30, o 49 (1s,2§)
, L S . ¢ ol
. N . . * $ - ‘ . g
- Myosin heavy_chafﬁs . ® 29 . : . '(//
(ie. N MeHis) -
Tropomyosin L . -, 31,37 :
o Ky e ’ L= . . .
Mg2*t myofibrillar ATPase
Activity ¥ . ‘e 20 e 48 )
NN _ S
Note.. "Source" numbéfs'cornespond to the numbéred'references
which appear at the énd‘of'this chapter.
’ . ’ R ¢ _
. ‘ i )
, .
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TABLE 1.3: Summary of metabolic changes in gnimal ské al

s ‘muscle induced} by. electrical stimulation (ES) or 'phyégiaJ
o i L ' ) N , « - / - . 3
training (PT).

(See also Appendix.A).

1}' PARAMETERS . .. - _ES  Source  PT Source
k ' . <. : l = ) ’ ‘
r . . . [ ]
_Hexokinase - . - 1,2,4,7,8
Per\z'vate' Kinase } . - 2,7 ' ' o 46, 47
Phospho-fr\;ctol‘dnase' . 3 : - ﬁ,? ' Ne 47 "
Lac}:ate Dehydrogenasé (DH) g ‘ 1,2 , 5., 7 g Ec, 46
Succinkc Dehydrogenase -  ‘ 1,2, 3 , 4
»Giycercphosphate DH } - 1,2
éitrat'e’ Synthase o ’\ - ‘ 2,4,5,6,7 o 46,47
. Fruqtose—l,§3Diphosphatase ( - 2:7 R <o 47
Gly'cogben Phosphorylase _ - 1, é, 5 . cA> ,?c 47 '
3-Hydroxy—CoA_—Dﬁ | te (172, 4, ‘ o 47
- o -

‘ | . {5,6,7 e
Palmitoyl-CoA-Synthase ) . ” &« 39. ‘
34Retoacia Transferase | - 1] o 47;
é:Hydroxybﬁtyréte DH T & 4. .o
Q}eatine Kinase = “ . e 1 | - o
Adénylate Kiq;&e“ . 7-* 1 | l
mm—— ---T-—--*v--"*‘j";"r“?”“" .

Note. "Spurce" ﬁumbers correspond‘tp the numbered references

b‘ which appear at the end of this chaptér,

3

3
. ; A
“ ¥
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TABLE 1.4: Summary of functional (SR) changes in animal
skeletal muscle induced by electrical stimulation (ES) or

physicai training (PT). (See also Appendix A).

‘PARAMETER . : ES Source " PT Source
) IIA 11B
" ' . . >
SR Yield 13 Ne NG 48
¢ ;
. . e «,» i .

Parvalbumin content g-o.14 - L Lr a9
ca?t ATPase Activity 15

Ini;t.'.ial rate of ca<t up{:a)_(e'l3,,16 ]
Total ca?t uptake . 7,13,16
'17,'18'; | _‘C? 48
[ 115 kdal ] protein - P 13,15,16 - X LFao _
[ 30 kdal ] protein 4 15,16 d‘Ow .

ratio 115 kdal / 30 kdal g 19 O LCHao :
N ' , ,
7-9 nm particles _ Y16 ¢ , S

, b2
concave:convex (A:B rzbtié) ' 16

: 14
-‘Note. § "Source" numbers correspormd to the¢ numbered references

which appear at the end of this cﬁaptef.

L . p
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TABLE 1.5: - Summary of.ultrastructural changes in animal
skeletal muscle induced: by electrJical stimulation (ES) or

physiéal training (PT). (See also Appendix A). ‘

. ~
.

PARAMETER . C "ES _ Source PT  Source
capillarization’ B i,38y40 | O 54,55

~ o . ’
Fibre x-sec. area YY-14,38,40,41 NC 55

.

Yield of t-system. Y 41
Mitochondrial content - | <y 52,55
y‘

‘Uni.t. volume of Py
mit’ochondé‘ial membrane - Y 4
Sarcolemmal’ mitochondria NC 4 ' > s6,55

AY A 4
Intracw Lipid- - NC 4 | <y s
Z-disc width M, :1,43,44 ,
" Note. "Source" . numbers corresponds te the numbered -

’ . N\ .
references whichv appear@h‘e end of this chapter.
. . . “ 5w *

v
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experiments, Green et al., (1984) reported changes in the
myosin isozyme profile of the type IIa fibres, in the same
manner,” but to a lesser degree as those documented a}ter

.

electrical stimulation.
Functional changes documented by Green, et al., (1984)

ihcluded decreased concentration of the cytosolic ca?t
7 8

binding protein, ,pérvalbumin, and changes in fhe_

Al

elegtrophoretic pattern of some SR membrane proteins. A
2y .
decrease in the concentration of the ca?' ATPase, in type 11

fibres and an increase in the concentration of 30 kdal NADH
théchrome bs'%eductase hFad tg a decrease in the ratio of
these’ proteins, a“ phenomenon observed after electrical

e,

stimulation.

-

It therefore appears that. some changes in the SR protein

- ratio can occur through an exercise stimulus but the extent

to{ whieh these protein changes represent ca?*t t?ansporq
changes is mnknown. Similarly, there is no .literature

available as to the adaptability of the SR derived from

different regions of the membrane. oOn this basis, the

A3

following questions werg proposed:

s . )
1. Can high intensity endurance training induceé a change

fn the. SR Ca2% transport profile of type IIB ‘faSt twitch
glycolytic fibres  (ie. yield of sarcoplasmic reticululnm,

1

3

ca?t ATPase acsﬁzity, and the fibre specific ratio of select .

‘membrane profein ) kéuch that it resembles .the previously

- 3

defined characteristics of type; I slow twitch oxidative



",;y~ endurance tralnlng affects the fractlons of the

‘jsarcoplasmlcvretlculun'derlved form the termlnal'c1sternae'

" -and the-longitudinal’membrane?g ;o

“Ji 'is~there a difference in the quantity of food consummed

and the pattern of growth in the anlmals of the sedentary and

&

kK from the termlnal ¢01sternae

;exerC1se groups durlng a program of hlgh 1ntens1ty endurance'

tra1n1ng7 jﬁ S e : T

Deflnltlons .

Heavy SR is- that portlon of the me@dfane whlch orlglnates

"and mlgrates -in'.a den51ty-

"gradlent w1th the lsopycnlc p01nt at 40% sucrose (Lau et al.

-

' Light SR is that portion af the membrane7whiCh originates"

w1th the 1sopycnlc p01nt at 31% sucrose (Lau et al "1977) o

[
The Su1tab111tv of the Experlmental Model

The ‘use  of . anlmals to study the effect of hlgh 1ntens1ty

‘s

'endurance‘tralnlnq has Several advantages_over the use of

N

3through electrlcal stlmulatlon have been demonstrated in then

rat, rabblt and cat.».In order to be able to compare the
results of_this study w1th'ogher1publlshedfwork, the?rat was

Cee

25, Is there a dlfference in the degree to which high -

_from the longatudlnal SR and mlgrates 1n ‘a denslty gradlent.

- . co T . . T . : :
humans ‘t, he documumented fibre '1nterconver51ons achieved

, Chofen; . The animal- model’fis; well.fsuitedu‘to 'contrOl' and"

y P
LN .

G R e - R e N il ’
magipulation of factors. such as environment, diet, ‘drugs and:

"(




.

: ) N ' ' - v
had ' . .. , -

infectious'disease. Unfortumately, iﬁ'the rat,-the”potential;'”

. ‘for motivation. is not as qm&t, necessitating the use of

negatlve relnforcement. e " . “
For the purpose of studylng adaptlve responses of skeletal
muscle to a tralnlng stlmulus,;the uSe&o% the rat model 1s

therefore both approprlate andﬂ‘dequate. However,‘not all of‘

the responses of the rat to exerc1s@ tralnlng are identical

'to those seen in humans whlch llmlt thelr ‘use for certaln

- types of studles. For example, the~rat does not experlence,

an 1ncrease in. stroke volume in response to -exercise (Popov1c

increase  in cardiac- output is manifested ent.reiy as an

- increase jjx'hearh>rate (HR) 'Thus, Barnard et al., (1974)

L

et ai., (1969) in Barnard et al., 1974)) ther fore -an:,‘

obseryee\that even at moderate workloads, the steady state'HR-\

was above 80/ of max1mum HR. ‘In addltlon,'they observed that

untralned rats-whlch were made to run at 10% grade and 26.6
) < . ) .

meminT1, respomded with afHR,of 95% of maximum.  .In spite of.

»

this - apparently excessive rate, these‘researchens observed

vthat unllke the'human, some untralned rats courd work at thlS

-
rate for upwards of 3 hours It is assumed hoWever, that

these dlfferences do not affect the fundamental ablllty of
skeletal muscle ffom any spec1es of mammal’ to adape to a

EN

" training regime.

Delimitations
. To control for a sex-linked inhteraction, ohly;female rats‘
were, used in - this investigafion. V~Oscai-,et.,al., (1971) .

. ) .
i t .



.

reported that ‘intense’ exer01sé appears to have an appetlte't

2

supress1ng effect upon male rats whléh is superlmposed upon

"the 1ncreased caloric expendlture of the exerc1se’reg1me

They hypothe51zed that the appetlte supres51on is -mediated by
_stress 1nduced catecholamlne release However, these‘
researchers observed that .female rats. galned welght at the
same rate  as thelr, sedentary controls, as a vesult of a
voluntary increase in.food’COnsunption‘beyond_that of the -
‘sedentary group\ They attempt no erplaination for this sei;‘
difference, Whlle-lt may be exPected that the sex of the

\

animal will not '1nfluence. ”its potential - for frbre
' \

qtransformatlon, one sex was used in an: attempt to ensure that:
bdth control and tralnlng groups were healthy ,from a

i

nutrltlonal standp01nt - ‘i

The' heart @nd the tibialis anterior; -epitrochlearis‘ and
soleus muscles were used to 1dent1fy tralnlng—lnduced changesi
ln muscle: mass anq; total muscre proteln, “but only the
superficial portlon of the vastus lateralis muscles were
analysedlfor functional.changes of the SR. ;Baldwin et al.,
(l972)' reporteda that the superficial portion consisted
prlmarlly of type IIB fibres. It‘may~ge.assumedv thererore,
that this portlon of the ‘muscle would be the 1last ta ‘be

rrecrulted on the 1ntens1ty—related haerarchy of motor unlt
recruitment. Any bi0chem%cal changes which were observed ini
"

this muscle may therefore be observed to occir to at least

the'same degree in the deep anddintermediate portions of the

£y
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vastus lateralis. Baldwin et al., (1977) in a time course

o S ’ 161

‘-

observation .of interval and “intense endurance running

programs;'fOUnd that citrate synthase increased in all three

»«types in the vastus lateralis. With the endurénée

ol, the. change dJbserved in the type IIB fibres

regreséed,as the animal adapted to the stress. However, the

interval training protocol had the greate$t‘re%ative,effect
upon the type IIB fibrqu,poihting.out the need for a progfam

having both endurance and interval compbnents‘inVorder to

cqnfinualiy recruit those fibres. Based on this intensity

dépendent recruitment Yeffect, orily - superficial vasfus
lateralis nuscle weraranalysed.:

The protein identified"thrbughout the \1itéqqture as the
ca2t ATPase has associated witﬁ it; a range of noléqqlar

(4

—TWeighté of betWeeﬁxlao_kdél and 120 kdal. For the sake of
. . ) 3 )

consistency, this protein shall be referred to as having a

'molecular weight of 115 kdal, in this thesis. 7

The term\"functional"zappéarsvthroughout'this thgsis‘and'is

used in the context of the function of SR in terms of its
. & - . ) ‘
" calcium translocating abilities. 'Literagure dealing with the

-

SR may therefore be divided ﬁggto contractile, metabolic .and

’funééional data. e
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CHAPTER II :
. )~_ ‘ ;igz’g?m&;% e . .,
", o~ Methodology e ‘
' . ' ‘ ' B ’ /\3 »

1. An}mal Selectior
' ‘\!\

Mature “(meén‘ age 75 days, initia¥ - bodg mass 177.2 gqg),
N .

" female Sprague Dawley'rats of " the Buffalo strain (bred at the

Unlver51ty of Alberta,g department of énlmal Sc1ence? Were
. Lo b J ‘

’

" used in this 1nvestlgatlon1 o : X

~ w" “t
2. Animal Care :

o

' The rats were random V% a551gned to elther a runnlng group

h

© (N=23) or a sedentary control group) (%-17) Three weeks,
@ -

‘prlor to the end of the study approximately half of the rats

L]

from each group were donated to?a'separate study. A larg&'

.
N

number of ‘animals were assigned to the running group to

attempt zto"achievé‘ a sufficient numbers in light of the

v

bossibility of _attrition' due to significant ~injury or

illnessy leavimy a final.N\of 8 and 7 for ~the control and
running groups rdspectlvely

+ The rats were housed 1n 1nd1v1dual hanglnq cages outfitted

with a metal late which 00cdp1ed epprox1mately 1/3 of the 

¢

floor area t ‘create a smooth surface upon whieh the animals

. - . . L4 .
could rest. They were maintained on a reversée .light/dark

on o . <y

3

cycle and were fed water and ground Purina laboratc At

v

chow‘ad libitum. ' ' ‘

3. Anjmal Preparation h
A > ~ : '. o e \ )
Ptior to each training’ period, both runner and sea<nta:

Y
o
o

& o 20
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control animals were‘transported from \their storage room to
' the exercise’ physiology laboratory. in the Surgical Med}calb

.

Research Institute.

13 -

: 4.,nWarm—Up'and'Coqd—Down?

The rats were placed-in‘the appropriate treadmi{l channels °
and'the (Quinton,Instrunents ﬁodent) treadmlll was set. in -

~ "mction; - The 1q1t1al incline was zero degre%f A The treadmlll-h
| apeed and incline.were gradually increased over 6-8'minutq$'

-
4

. Such that the'timer was started.when\the speed had reached 27

\
-

m'min~l and the incline was approximately "~ 75% of the

ptescribed angle of incline feor that particular training day

The 1nc11ne was gradually'lncreased to the de51red degree

v over the flrst 2 mlnutes of the timed run. ' ti
' When the tlmed run;had been completed, the treadmill angle

was 1mmed1ately decreased to zero - The animals continued to -

~

run for 2—3'm1nqtes)as the belt was gradually brought tq'a

stop. While Barnard et al., (1974) ‘repotrt that, in the rat
_ there is a very rapld drop in recovery heart rate within' the >

.Zﬂﬁirst'mlnute,»post exercise, witH nd~further change in HR in’

@ V- - °

the subsequent 10 - minutes, our protocol was adopted to aid
; - , < S , N
venous return after o¢ne animal appeared to experience  post-
. ) . te 3
. exercise carfiiac arrest resulting in death. 2
< ' N Pl

5. Training Program

The training progfan. employed a ‘15 week, 6° daYS'week';l
s [y v o : :
- program which involved increases in both duration"(minutes)

and'angle of' incline (degreee). It was an adaptation of the
/ ) .
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program designed by Green et al. . (1983) from Terjung (1976).

(Table 2.1)

‘The running speed’ was maintained at 27‘m'mln'l. Beginning -
at‘12_min5'day"1 and 5 gegrees, thetduration and angle of .
incline‘were inoreased'byyz‘minutes dally’and'o,s degrees

every 3 days, respectively. It ig apparent that Green ‘et
a¥., (1983) ‘occasionally had 'to 'make adjustments to the

) progression- in 1nten51ty and duratlon from thelr‘ or1ginal
. 7
schedule Vdue to the 1nab111ty of the rats to oomplete £the

work session. The present study employed a program which was

designed to meet the same'Weekly and final wogk loads as the

-~

1983" study but an incremental adjustment ‘was) made to the’

Jdesrgn, such that the duration ofs each bout and the angle of

L] . R

incline .were 1ncreased in smaller 1ncrements. Whlle Green=et
.al;ﬂ (1983) increa sed the time by 3 mlnutes dally and the“
1nclln? by . 0.5 degrees every two days the program 1nuthe

present study employed 1ncreases of duration of 2 minutes

ty

dally and O. 5 every 3 days. To ensure that work load and
!

power output lncreased gradually but 51gn1t1cantly throughout-

v

the duratlon of the study, these parameyers“were calculated}

. and monltored dally (Figure 2.1). R 'l.
- .0

Asmfn the study/by Green et al.d’(l983),f€he dallylexe;oise ’

. was split ninto‘/two“sesslons ‘at  week 77X a}nce iprevi?us~

research has~linked‘exerCise duration”?nd glycogen depletlon.

‘"Terjung et al (1974) . noted that glycogen levels in .fast-

[ 4

twitch glycolytlc fibres and slow tw1tch ox1dat1ve leres

. . .
. . : . | ‘o Al
N ) .
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*TABLE 2.1: Training Protocol
-y . .
3 XfIME (minutes) / ANGLE OF INCLINE (degrees)
WEEK DAY 1 DAY 2 DAY 3 - DAY 4 - DAY 5 DAY 6

1. 12/5 14,5 16 /5 18 / 5.5 20/ 5.5 22 Z 5.5
2 24 /6 26/ 6 2876 30/ 6.5 32/ 6.5 34 / 6.5
3 “36 /7 38 /7 40 /7 42/ 7.5 44 / 7.5 46 / 7.5
4 48 /8 50,8 52,8 54/ 8.5 56, 8.5 58/ 8.5
5 40 62 / 9 ‘64 / 9 "66 /9.5 68/ 9.5 70 / 9.5
6 72 s10 ) 74 /10 76 /10 78 /10.5 80 /10.5 “82 /10.5
7 84 }19.'5_ 86 /10.5 88 41p.5 90 /10.5 92 /10.5 94 /10?5'.

12. y10.5 14 /10.5 16 /10.5 18 /10.5 20 /10.5 22 /10.5
8 " 94 /11 94 /11 94'/11‘ 94 /11.5 ™ 94 /1¥.5 94 /11.5
24 /11 26 /11 . 28 /11 30 /11.5 32 /11.5 54‘/11.5
9 94 /12 94 /12 4 /12 94 /12.5 94 s12.5 94 /12.5

36 /12 38 /12 8 /12 40 /12.5 42 /12.5 44 /12.5

10 94 /13 94 /13 _.94”/13 94 /13.5 94 /13.5 94 /13.5 .
48 /13 50 /13 52 /13,54 /13.5 56 /13.5 158 /13.5
11 94 /T4, 94 /14 94 /14 94 /14.5 94 /14.5 94 /1425
60 /14 62 /14 64 /14 66 /14.5 68 /14.5 - 70 /14.5
12 94 ;15 94 /15 94 /15 94 /15.5 94 /15.5 94 /15.5
72 /15 74 /15 76'/15 78 /15.5 80 /15.5 .82 /15.5
139X 416 94 /16 94 /16 94 /16.5 94 /16.5\ 94 /16.5
. 84 /16 86 /16 88 /¥ 90 /16.5 92-/12k5. 94 /16.5
14 94 /17 94 /1?_ 94 /17 94 /17.4_;94;/17.5 94 /17:5
96 /17 98 /17 100217..'102/17.5” £04/17.5 106/17.5
15 94 /18 94 /18 94 /18 94 /18.5 94 /18J;.,\E'/1é.5
]

.

108/18 -110/18  112/18 114/18.5' 116/18.5 £18/18.5

A -
{ .
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_FIGORE 2.1: Work Load (e——®) and Power Output (O-—-O')
c‘;'lculated on the. final trair;ing day ’(;f Qe‘vach week. The
proto'cfci)l“ consisted ‘of daily bouts¥of exercise at. 27 m‘mip‘l,.'
beginning ,at an incline‘ of 5 degrees for a durati'on of 12
minutes. The duration was i'ncrea'sed‘ by 2 min evéry day‘a‘nd
*the irﬂ'ncl‘ine. was ingreaséd'.by 0.5 deg"reles .every"}_ training.

day;s; At week 7 ,9the training sessions were held rtbwi'ce each

day (— — - .
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were'fully reblexed 4 ﬁours after an exhaustive run, while
the fa;; twitch giycolytic fibres had only recovered 75% of

o ‘ £hé muscle glycogen. However, with training, enzymes
specific to glycogen ‘repletion (hexokinase and glycogen

synthetaé&( increase (Terjung et al.,(1974)% Baldwin et al.

N
(1977); Green .et al., (1983)) so it may be expected that
muscle glycogen is gestoréd after 6- hours. Thus, for the
N
first 6 weeks, the rats ran. 6 day5°w00k'1 at 8 a.m.. From'

R —

weeks 7 to 15, the rats trained at 8 a.m. and again at 6 p.m.
The duration of’ the morning run was maintained at the 94
minutes which had been achieved by the end of the 6th week;

tLe evening run began at 12 minutes and increased by two
=

v . ) N

J- mindtes-day~l. .Both daily, bouts followed the progrgssion in

A . S .

treadmill angle. The duration of the run ,on the final

training day was a total of 212 minutes at a incline of 18.5
s, degrees. Aﬂ.mechﬁniéal dysfuhction iiné weé& 9 lead to thg/
’ ) progfam~being set-back by 1/2 week.

t
6. "Post-Mortem Treatmeng
. N B \

All rats were . sacrificed by ‘ injection with sodium

pentobarbital 36-48 hours after the final training run,

followed by dissection of the vastus lateralis;d tibialis

anterior, epitrochlearis and soleus muscles and the heart.

/
/

A Thewhuscles were weighed after removal of fascia and adipose
tissue. TheﬂQggsp and superficial vastus lateralis were

iy . . ’
separated by visual appearange. Baldwin et. al., .(1972)

yd

reported that the former consists primarily of fast oxidative



-

iglycoljtic'$ibres; The muscles were qulck frozen in liquld
. . . )
inltrogen u51ng a freeze clamplng technlque .- Samples were"

s
stored ‘at —70' C untll\‘analysed.

7. Blochemlcal Ana1v51sv gq‘
(see Appendlx B for detalls)

Total muscle proteln ' was determined;; on the oright
R ™
‘ep trochlearlg and tlblalls anterior muscles of control and

tralned anlmals.(lFollow1ng the proceedure of Lowry et al
(1@51, -as mOdlerd by Campbgll and Sargeant 1967) the whole

muscle homogenate was dlluted in a suspen51on buffer of 300

0
. mM  sucrose, S’QaM 1m1dazole HCl and 0. 5 nM dlthlothreltol

(DTT) and assayed for total proteln concentratlon agalnst a

_standard .curve of known 'concentratlonsd of bov1ne;'serum
albumin (BSA) . ' |

Natlve ve51cles of SR were 1solated from the superf1c1al

‘vastus laterdlls muscles of control and t%alned anlmals,'by‘

N H

»den51ty gradlent centrlfugatlon follow1ng the proceedure .of
Salto et al (1984) Brlefly, whole muscle was flrst ground
.under llquld nltrogen before belng homogenlzed 1n a medlum of

A

300 mM sucrose,vzo mM Imldazole HCl 0.5 mM ethylene dlamlne'

o etetraacetlc ac1d (EDTA) and* 0. 5, mM 'DTT eAfter“ a set' of .;

KN

dlfferentlal centrlfugatlon, the purlfled pellet was yayered
onto a sucrose den51ty*§rad1ent and centrlfuged for l@whours
atv20LOOO_rpm _ The second and thlrd fractlons, representlng

_light.and' eavy fractlons of SR ves1cles respectlvely,vwere;“'

“reSuspen d in 5 mM,lmldazole HCl and further purified before
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a‘belng frozen in a media of 300 mM sucrose, 5.0 mM imidazolg

”Hcl and,@ 5 mM DTT for future biochemical ana1y51s. The'.

proteln concentratlon of the solutlons of 1solated ves1c1es

b «

was determlned' folloW1ng the proceedure of Lowry"et al., .
(1951) u51ng a standard curve of known BSA concentratlons. .
ATPase enzyme act1v1ty was determlned follow1n5 a modified
_uvers1on o; the proceedure reported by ‘a ouse and
Belcastro, (1987),, Ca101um stlmulated— magnesiu “*dlependel'
enzyme act1v1ty was’ determlned 1n the presence of 5 uM ca?t. E
-Magneslum stlmulated ATPase- actlylty was -determ;ned -;n a
"media which containedtl:mM ethyiene glycol te@raacetic acid
(EGTA). : To{ascertain the degree of conE?mination‘:by
; 'mitochondriaf in the’,iSOlated protein preparationsﬁ ATRase
.activity‘was determined-in a solutign containing 10 uM-sddium.
'a21de (NaN3) A solutlon contalnlng 15 uM ruthenlum red (RR)
uwas prepared .to evaluate ‘the enzyme act1v1ty in the face of_
}blocked ca101um channels. The reactlons were carrled out ‘in
solutlon whlch contalned one of the above llsted constltuent
. alonq WiU1v2me phosphoenolpyruvate (PEP), 0. 2 mM reduced
‘nicotinamide adenine dinucleotide (NADH), 10 8] 'lactate
dehydrogenase*(LDH), 10 U . :avate kinase (PK), buffered by a -
standard reactlon media whlch contalned 300 mM sucrose, 100
M KC1, “10 mM plpera21ne ethane sulfonlc acid fFIPES) andpi,S
‘mM Mgélzj and the '"Thomogeniz,ition buffer as deta%,ed ‘above.
Follow1ng a 10 manute 1ncubatlon at 37-C, .the reactions was

: 1n1t1ated by the addltlon of 5 mM MgATP. Thegreaction was

Y
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termindted by an excess of 70% perchloric acid ‘after 10

minutes. Enzyme act1v1ty was assessed by caiculatlon of the

L]

change in opt1cal den51ty " as a functlon of proteln

concentratlon%nd tlme. Ca1c1um stlmulated ATPase actlv‘ity

~ 8

was calculated by subtractlng that value observed in a medlum

a

r

contalnlng EGTA from that observed Lp ‘a nwdlum contalnlngv
free ca101um ’ .
.

Samples of llght ‘and heavy SR Qeslcles from control and
tra ned anlmals . were denatured with sodlum dodecylsulfateh
"(SDS) and layered onto a polyacrlyamlde gel of 2% stacking.
and 10% runnlng layers (Laemmli, 1970) » The'“gels Qerev

stainéd'with Coomassie Blue. After drying and mountlng, the

L]

concentratlon of* the separated protelns 'was determined - by
A .

den51tometry‘ at- 540 nm usang an LKB Ultroscan. Relatlve

<

concentration of the 4 mafOr’ SR membrane protelns ‘was

determlned by cuttlng out and welghtlng the area- under the

4 o ' ’

F,prote;n—spec1f1c peaks on the densltqmetrlc scans."

8. -Statistics.

P . . . 5.

s

. (see Appendix C.for detailS)'.
" Body weight"and food consumptionA were .analysedi with -a

multivariate ANOVA with repeated ﬂeasures. against' time

[N

'1ncorporat1ng a ‘%reenhouahFGelser analy51s (Hopkins and

U

w N ’ N B
Glass, 1978)., Muscle mass, heart mass - as well as the ratio
oﬁ»heart mass‘: body mass (HM 1 BM) were compared'between

exercise and control grugps u51ng a Student's t test ' Total

muscle proteln, SR yleld and ATPase act1v1t1es were analysed
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by a 2-way ANOVA, with a post hoc Neuman Kuel t-test. Ca?*,.
" ’

" Mg2* ATPase ,Tta were éomparéd to that with sodium azide

D

(NaN3) and ruthenium red (RR) by Sttgcgn{:'s t-test.
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* CHAPTER TII:

Results ) T

. S . o
1. Success of the Training Program

[

* The traihind¥program employed in theﬁpresent~investigation“

,44 -~

ﬁ .wa& a modlflcatlon ‘of that used 5& Green et al (1983‘and

-’

*l‘ . »
“é%'ﬂ1984) as orlglnally de51gn d by Terjung (1976) The runnlng

»

C

,speed-was malntalned as in th;'prev1ous reports, however, the
total  time. and angle of lncllne were somewhat darger than“
that used earller.‘ Many of the anlmals susta ned injury such

~ . as seVere abra51ons of the foot. and ta11 from the seam of the
tread and muscle spralns from becomlng caught between the
‘moving tread and “the’ statlonary' channel apparatus.” This
resuited in injured animals being given'z or 3 days of rest
after’whlch tlme a(vpdgement was made on thelr recovery, and -
ablllty te return to the tralnlng program Total ‘work was

) made—up where possrple. T@snty-flve percent of the running
\group were’ eliminated due . to recurrent ”1n]ury or the
\“1nab111ty.to complete the requlred exercise bout whlle 136 of
. the runnlng group were eliminated due to accxdental death. |
Desplte the apparent high rate of attrltlon,jattrlbutable

‘ ‘to injury, rather «+ than. -inabllity to adapt _;to‘ the
cardiovasquhar’stress, 1t was observed that all healthy rats

‘were quite capable oﬁ completlng.the program,‘suoh\thatiln
the‘final'traininé'gays.theseirats were running up an incliméy
of 18.5 degrees for{over 3.5 hours.

P ) . ) . T

.31



the duratlon of study, the 1arger food consumptlon by the

2. Anthropometric Data \

,Animals of “both the control and training éroups continued

to mature throughout the study.' Fﬂgure 3.1‘represenu§.tne

weekly nean body mass and food consumption for each gwoup

determlned on the final tralnlng day of éach week. At no

time was there a stapxstlcal dlfference ,

'(pS ,05) between groups however, the tralnlng group tende?

¥

towards lower body mass in the flnal weeks of the study

- [

Control ‘and endurance tré&ned rats dld not dlffer in their

K A

heart mass (p>.05) when - -compared on elther an absolute or

relative basis. the- between group dlfference was Stlll not
. . ,

significant (p}.OS). Table 3.p summarlzeSche flna} body and
t}ssue Weignt data. Muscle mass of the epitrocnlearis and’
tibialis anterior muscles did not differ -between. groups
(p>.05)',‘ aithough ‘.a{ trend was ev'.ident. ' Norma;'l‘ized muscle
mass'was not significantly different between groups. Total

. O ‘ . :
muscile protein did not differ between groups™(Table 3.1).

- e

[

3. Fobd Coﬁsumptlon Data 4 ' !
%/

A élgnlflcant dlfference ‘between groﬁps in terms of food

consumptlon was'not apparent untll the 4th week (p< 05). For

t .
L .
trained rats remained and was ‘not reflected in a larger body

°

. 4
mass (Fig. 3.1).

32



".. ] ¢ . N L A 9 ~
. ) , o $ . r 33
3. Electrophoretic.Data (/// ‘

PLATE'3.1 shows SDS PAGE .of light and heavy SR vesicles

'Y

obtained from the superg;c1al vastus lateralls muscles of

the ‘control and trained rats. - ,Co electrophore51s with

i)

‘protein, standards (lane C) revealed that the proportions of
major SR proteins (namely,'Ca2+”ATPése, calsequeétrin, High
Affinity Calcium 'Binding Protein (HACBP),, and the 30 kdal

‘rNADH cytochrome b5 reductase) were typical of: that ob&erved
¢

in llght and heavy fractlons of tlssue fybm untrained rats.

Quantltatlve evaluatlon of the prdteins .by den51tometry‘

-

demonstrated that' 79% of the total protein in light vesicles

* of control tissue was the 'Ca2+ ATPasé In heaVY'vésicles[

3

thls calcium txanslocatlng proteln constltuted 7b\2 of the
t

total membrane protelns of thls fractlon. The ra _Of the

- 115 kd§k—prote1n and - the 30 kdal protein, which has - been
~

suggeétéd as a flbre spe01f1c manker (Wlehrer and Pette,
. -

1983)* 1s shown in Table 3.3.

:Si Biochemical Data

Total muscle protein was not 'sfghificantly different

A

bet%een groups’ or ?between muscles within a 'groop (p>.05;
table “3.1). The training protocol-had'éh effect.upon ‘SR

yield in both vesicle types such that SR isolated from the
. . ' N ) - . ' :
muscle of trained animals was less abundant (p%.05s see Table-
< B EY . . Ry

AN -

3.4). Likewise within either group significantly more SR was
o, E 3 . . . - . - .

obtained from heavy wesiclés: The ihteractionj?f the

\  §{:* | T o
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L

as ?ng -of food consu"med per g of. body weight, for' control 9
and .training (\\\) groups Mean body mass on the final

d

'tralnlng day of each week for control (.) ‘and training (Q)

groups. Error bars ‘denote standard error of -the mean. At

.

week 7, ‘the Vtralnlng sessions were held tw1ce each day (—-—9.

v ~

FIGYURE 3.1: Mean daiiy'food consumption per wee#, calculated -

-\

[
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- TABLE. 3.1: ‘Summary of ‘select d&nthropometic and proﬁé&n

) »

endurance training groups. Data are expressed as

(standard érror of the mean). '
CONTROL + TRAINED
3 : A
Terminal Body Mass (9g). 244.9 (8.1) 237.9 (2.8)
. LA o , . ) (% .
‘ﬁéart Mass (mg) 900 (36) - 1140 (58)
o ,
e HM : BM ratio, (mg-g~1) 3.7 (.15) 4.8 (1.8)
&uscle Mass’ (mg)" ‘ ' _ .
Epitrochlearis; \ 55 (3) ‘ 59 (2)
Tibialis Anterior 3619(15) 3797 (7)
2 ’ ‘
- i
Normalized Muscle Mass (mg-g‘l) D~
/1/ - ) i ’ . ) ~ . ) "
\\22‘- Epitrochlearis - 7226 (10) 248 (5) °
~EX . Tibialis Anterior 1471 (29) 1596 (23)
[V I NS R v, - » .

» . L K

,‘: <& 4

' Total Muscle Protein (mg-g~1) .
Episrocklearis ‘ 227.5 (4.8) 233.8 (4.0)
Tibialié‘Anteri@r 22446 (3.7)- . 239.1 (4.0)

v~ Ad
.. ;

. [} Al () \
concentration results of animals 1in the sedentary control and



’ 37

tréining program and vesicle type was not significant
‘ ' ‘ "

(p>.05) . | \ .

BoW~ the total (Mg2t + ca2%) ATPase ‘and caZ’t ATfﬁse
activities in light and heavy vesicles isolated from animals

o - !
of the training group were significantly depressed when

compared fo that of the controls (p<.01; Tables 3.5 and 3.6J.

)

In addition, the enzyme activitfes determined with light
. -~ ! : . 3 ' ’

Vesiclés wére significantly lower tham thdse of heavy

-vesicles (p<.01); There was a sigﬁifiéant interaction effect

(p<.01) such that the heavy vesicles isblated from muscle

[}

. obtained 'ffpm trained animals had significantly depressed
total and ca?t ATPase activities when chpared to light and

heavy vesicles 1isolated from “contrpl animals and 1light
¢ i '

vesicles isolated from trained animals (p<.01). To assess

‘ P .
the possibility of mitochondrial membrane contaminatior, :the
enzyme assays weréd repeated with the addition of 10 uM NaN5.

There was no significant difference observed in either type
' ’ A\

of vesicle in either’experimental group demonstrating limited
R ’ .

mitochondrial contamination (table 3.6).

" Likewlse, to aness the extent of the effect of ca?t efflux

on the Ca?t ATPase function, 15. uM ruthenium red (a calcium

channel blocker) was ,added t& the media. ‘There was no
! - .
\

difference in the ca2* ATPasé activites of trials perfdrmed

in the presence and absence of RR (Table 3.8). '

v
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-cas* ATPase

T~ Hacep

g

Calsequestrin
\ : Y ‘ .
; 30 kdal .(NADH

cytochrome bsg

reductase

/

Electrophoretic separation of heavy and light SR

PLATE 3.1:
. LY .

vesicles _isolated from the sup;}ficial vastus lateralis

e

“ muscles for rats in the Control-aﬁd’Training groups. %he
protein ¢ was® denatured ‘with - SDsS and layered onﬁo
polchfylamide gels -o§ 2% sta?king and 10% fuﬁhing layers.
The gels.were stained with Coommasie Blue. | |

column A: Heavy Vesicles from control animals
. . *

Column B: Heavy Vesicles from trained animals

Column C: Sigma Moieéylar Weight Standards (1 =.115

,K B . kda1,2‘=.94{kda1; 3 = 66 kdal, 4 = 45 kdal,

{ ., 5 = 29 kdal)} .
Colujpn D: ﬁight Vesicles from control animéls

Column/E: Light Vesicles from trained animals

Vs
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TABLE 3.2:" Absolute Areahxgrams) and Relative Area (%) of
seléct‘protfins as_scanned-g} densitometry (LKB Ultroscaﬁ) at
540 nm. (Absolute values were obtained by weighing paper
excised fraqm under the densitometric peaks qu a pa;ticular

protein, reglative areds were determined by expressing paper

8 . _
waight for a particular protein as a function of total paper

, \ * <
weight). <:g ; )
Light Vesicles ' . Héavy Vesicles
R Areas “ Areas "
+ Relative (Absolute) ‘Relative (Absolute)
115,000 dalton, Ca2t ATPase
Control 667 (.795).§ .609 (.700)
Exercise 523 © % (.793) 518 | '(.558)
55,000 dalton, HACBP '~ .
control . 38 (.036) 44 (.071)
Extrcise 81 (.851) 92 o9y
46,000 dalton, Calsequéstrin
éontfol : 30 (.th)' 62 (-051)
Exercise. 37 (.112) % ., (.099)

30,000rdalton, NADH cytochrome bg reductase

*control 107 (.127) 107 (.178) '

Exercise 82 (.113) iﬁk 229 (.247)
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TABLE 3.3 Ratio of the 105, kdal. and the 30 kdal proteins.
) . !
(Since the same amount of protein was layered onto each gol

column, the ratio was cglculated with the absolute values).

-

LIGHT VESICLES HEAVY VESICLES
CONTROL - 6.23 < 5.69
. TRAINED . - 6.38 0 2.26
’ ‘
L3 ! ’\
N

TABLE 3.4:. .Yield of'ygaotein (ug'g™1). Data are expressed

as mean‘(Standard,ef- } the mean) .

"LIGHT VESICLES HEAVY VESICLES

E A ).
CONTROL 756.8 (10.0) 826.0 (12.7)

. ' / )
TRAINDR~ 739.3 (14.2) 758.5 (15.9)

- " —— o —— - i — o ————_—— —— — ——— ——— T — - —— . — - M e = - . S —— " — ————

Note. ANOVA Pooled training effect p<.01l;  ANOVA Pooled

vesicle Type effect p<.01; post-hoc t-test revealed

)

statistical difference only between the light and heavy

vesicles of the contyol tissue (p<.pl):; N=4 in all cells
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: ‘ ‘ R . : ‘
TABLE 3.5: .Cazngng2+aATEase (total) activity (umol Pi-mg~
}-nin~1). . pata are expressed‘aS‘mean (standard error of the ..

-

mean);' L s .i S " P v

@ i,,

N . LIGHT VESICLES HEAVY VESICLES

- o e - S R
CONTROIL? ., 3.81 (00.09) 3.37 (00.08) o
TRAINED . . -3.66 (00.10) 2.15 (00.07)
. o : v ’ ’ 2 v
‘—"“—-“‘"-"‘”—"—“‘“-””—“‘1“—"‘_—"-——‘;1N ____________

L 4

Note. . ANOVA Pooled tralnlng effect p< 01, ANOVA Pooled

ve51cle Type effect p<. 01,“ 51gnlcant 1nteractlon effect,

i' post- hoc ANOVA and t- test demonstrate hat heavy ve51c1es

from the tralnlng group were s1gn1f1cantly dlfferent. from

those 1n any other block (p< 05), in addltlon, post—hoc t~-

-

tests revealed statlstlcal dlfferences between heavy ve51cles

3

from control and tralned tlssue (p< 01), between llght and

heavy ve51c1es from: control tlssue (p<.01) and between llght

. and heaxy ve51cles from tlssue obtalned from tralned anlmals
(p<.01). There was no 51gn1f1cag§bd1fference between llght -

~ ve51cles from tralned and control anlmals, N=4 in all cells. = ~ﬁ

A



TABLE 3.6: Ca2+‘ATPase'activity (umol Pi'mg';-min‘l); Data
are expressed as mean (standard error of the mean)

 LIGHT VESICLES HEAVY VESICLES

CONTROL ' : /3;1r7,3 (00.12) ~3’.27, (-oo.oa)
TRAINED N ' 3.55 (00.09) = 2.05 (06.08)
) o ' RJ ‘. —‘ .
Noté. . ANOVA Pooled training effect p<.01;. ANOVA Pooled

vesicle type p<.01; significant interaction effect: post-

~hoc AVOVA and't-tést revealed that heavy vesicles from the

) 1)

trained group differed (p<.05)= from all other- bfocks; in

'iaddition, ‘post-hoc t- tests revealed statlstlcal dlfferences

v

ﬁetween heavy ve51cles from COntrol and trained tlssue
! ‘ -

@p< 01), between light. and heavy vesicles from control tissue
;(p<.01) and between llght and heavy vesicles from tlssue’

btalned from traJned"anlmals' (p<-01) ‘ There was nbo

1mamt dlfference between llght vesicles isolated from'

rain djand_contrel animals. N=4'in all cells

3

%



TABLE 3.7: Ca2+ g2+‘ATPase‘activity (umol Pi-mg~l-min~1)

with the addltlon of 10 uM NaN;. Data arelexprgssed,as mean

(standard error of the méan)

- LIGHT VESICLES HEAVY VESICLES
chTRén;' 1 | 3% 86 (oo 03) 3.38 (oo o3)
T{iINED . " '3.62 (00.08) 1.99 (00.05)

e e o " ——— —— — —— - — . " = " G o — i —— " — - —— — S T W . S W G D S G S T — o

- Note. t- tests of enzyme act1v1ty w1th and w1thout azide for
4

each block resulted in no slgnlflcant dlfference, N=4 in all

~

cells for heavy veslcles; N=3 in cells for light vesicles.

é

" 0 : . ' "
TABLE 318:.\Ca2+, Mg2+ ATPase activity (umol Pi'mg~l-min~1)

é

with bhe«additon—of‘léuuM ruthenium red. Data are expressed

as mean (standard error of the mean)

_ 7 LIGHT VESICLES’HEAVY tESICLES
¢ONTROL‘ | - Eé-u 3.45 (00.09),. 3.34 (00.05)

'TRAINED o ; 3.67 (00.04) 2;3o~(oo.05y
Bttt 2____;___1r_________f_;____7 ____________
‘3‘Note.‘ t—;ééis ;6f egzxmgy act1v1ty w1th and w1thout RR

resultédﬁ;jkgb 51gn1flcant dlfference, N 4 in all cells
' ts, , ? . . - R

ORI I o \

L3
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o
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-’ . .. CHAPTER IV
Discussion

- -

Applicability of Results

While~ citrate synthase was not 'assayed inA the present
investigation,‘Green et al. (1983) demonStrated pronounced
\increasesflin the activ1ty of this enzyme, in superticial
vastus lateralisé . This illustratps that - the .presently

1 SRV 15!

"édram was of sufficient. 1nten51ty to

¢ # ,h‘l"

employed trainih ¥
. o4 o, Y
recrult this ’typ&iﬂ'ﬁ Efast glycolytic muscle, the muscle of

! N .
prime interest in thls study ThlS would suggest a fibre

’transformatlon at the metabolic level. Green et al.,“(1984)
‘reported prohodnced»histthemical'fibre transformations based

on a staining.proceduré for myofibrillar ATPase. After thelﬁ

*

trainlng program this group noted a decrease in type If

fibres and. an increase in type IIA and %ype I fibres in the

plantaris muscle. Technical dlfficulty prevented Green et

- ®

al., (1984) from reporting definitiye,results~on the response

of the superf1c1al vastus lateralis from a ,histochemiCalL

v1ewp01nt

Body Mass and Food Consumptign

s ) . . o
. The increased food consumption.by animals‘in the training

group - is a typlcal response to exerc1se as demonstrated by.

% .
‘Oscai et ‘al., (1971), who observed increased 1ntake to
balance -caloric' expenditure, in female rats. This groupi
suggested that intake - output balance was a characterlstic

of light to moderate, long term exercise and that in short

44
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-

O

ot v : : : . .
duration, severe exercise, appetite suppression may be

-

relatidnship ‘of exercise intensity upon appetite. They

reported that animals ‘'which ekercised for short, 'high?

-

1nt@ns1ty bouts réduced their food 1ntake tosa greater degree.

than animails whlch were made to exercise for l%hger durations
. . oy

\

. , e . Al :
at 1ower intensity 'Most notable howeverf was the obServation

]

that Both groups consumed less food than th% sedentary

controls. Appetlte suppréss1on was . not observed in wthe

" present investlgatlon, despite the fact’ that the exercise was

L . L« o i

very intense. .

.,r‘ﬂ

In addition, the elevated 1ntake falled &o meet the needs
T

of the calorlc expendlture such that in the flnal quarter of

the program there waspa'trend towards\the rate of body-weight

gain of the tralnlng group falllng to ‘keep pace w1th that of

the control group It is also poss&ﬁne that. the rats may>

have been prevented from meetlng their caloric requlréﬁents

¥

The rats (normally accustomed to eatlng at any time) were

given lessjaccess to food in'that_by the 14th week they were

‘spending lefs than 21 hours of each training:day in their

cages. .In "addition to this, one .must consider elevation of
temperature and fthe lmplication of‘_minor injury upeon
"appetite. Finally, the concentration of food’energy in the.

- chow must be considered. It is quite possible that the rats

were not satiated, but that food bulk (low calorlc density)

llnlted calorlc consumptlon ' o

“it

observed. Katch et al., (1979) using male rats”studied‘thé, ,
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Belcastro et al., (1980) proposed that lower body mass in

trained aniuals'may be an indicaton of lower body fat. Based

on the observatlon that total and ngrmallzedwmuscle mass d1d

‘not differ between sedentaryxcontro% and enduranoe~trarped'

animals while  there was a;trend(towards,lower body weight of -

A

: ‘ N o o :
“trained rats in thel present study suggests. that gthe
“hypotheses of decreased fat mass may be tenable in this case.

Green et al.,‘ (1983) reportéd statlstlcal ‘dlfference 1n

body welght between groups in the final week such that the

control group had greater mass. .However,'thelr populatlon‘

dlffered 1n-stra1n, age, sex and initial body weight. Ahre%s

(-% L2

et al., (1972) poxnted out a relatlonshlp between age and the

adaptlve capacity" to blologlcal stress in terms of decreased

3o

response of tissues to certaln hormones.' The. mean age of the

. 4 [ . .
- rats used in this project was 75 days (at'training day 1), and

v

whlle Gfeen et al (19&{) did. not report'ﬁnitial age,'the

LY

fact that their rats were almost tw1ce the slze at any glven

time suggests that they were~somewhat older. In addition,
. . : \ -

the rats in the Green et ~al.,. (1983) study'wereqmale. As
outllned in the delimitations of thlS the51s, Oscai et'al.,
(1971) proposéd a sex llnked interaction with the effect of
exercise on appetite.

The{fact thét total muscie-protern and muscle mass did not
vary between groups illustrates;that cellula} dehydrationiﬁag
not a factor in body mass.

&

Heart size has hbeen observed to correlate with - oxygen

-~
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uptake, cardiac output and stroke volume (Astrand and Rodagi,
. . ’ N A , (D ‘ . .
~1977). In untrained animals the heart size is in constant
proportion to body ‘'size across a population, but in endurance

\d

trained animals hearts are larger (Tegﬁung, 1976) This

@

change is usually-manifested as an ‘increase in ventricular
mass<(Longhurst et al. 1981) to a magnitude otﬂis% -:30%?
(Oscai et al., :971) . The magnitude of the egercise induced'
eardiac hypertrophyn_i the present ‘inyestigation was 27%,
~_” wniChvis in line with observations made by Grande and Taylbrr*
{iéGS), Longhurst et al. (1981f and Nutter‘et al., , '(1981).
While phy51olog1cally 51gnificant this diffeiﬁnce was not“
statistically eignlficant even when normallzed for body
ueight. ‘

Profile of the sarcoplasmlc reticulum

) SR 1solated from control animals

w

- The . fractionation VOfI SR into light and heavy vesicles

“produced’ samples ‘which ‘'were comparable to : published

literature, _in certain definable characteristics. Yield of
o ( = . . " . R Y

SR was observed to b& significantly greater in the heavy

fraction of the membrane. This 'difference has 'not. been
reported previquely and may q%e attributable 'to both the
Lultrastructurai nature of the anaSEOmoeing,light fraction and
its relative lower coneentrationA of bdth caleiun- binding

proteins. The polypepthje patterns are'jjl-agreement.with'

¥

‘fraction consisted of apprQXimately 90% Ca2+ ATPase protein

Py . . ‘ s
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& to the extraordlnary appearance of calsequest

' ~.“ L ¥ ) 48

whlle 70% of the protein of the heavy fraction- was the caZt.

ATPase, The lower proportion of this protéln ight, -

~fraction obtalned in our case (Table 3.2) appeArs to be, due

n in ﬁhe light

N / )
vesicles. Examination of the absolu e_/;yéa of - the
densitometrhc scansrof calsequestrin in control muscle“éhowed‘

very llttle‘dlfference in quantlty of this protein between -

- the two veSJ_cle populatlons This may well be a speCLes.'

o~ . * v
difference as‘thls data differs substantially from rabbit and

dog SR literature.
Calsequestrin has been  shown to occur in very limited

quantities'in the longitudinal SR from. rabbit (MacLg&nnan and

. Wong, 1971). waeverL the greater'absoiute~quan ’ties-of

both binding protelns‘calsequestrln and ngh Afflnlty Calcium
Blndlng Proteln (HACBP) in the fraction 1solated from heavy

SR are in agreememt"W1th the observation of Winegrad (1965) .

[

‘that at rest the majority of calcium is associated- with heavy

SR. .In addition, our results demonstrate that almost 50%

a

more 30 kdal protein is located in the heavy fraction,d

Wiehrer and Pette (1983) reported that in unstimulated type

IIB skeletal muscle, the ratio of 105 kdal to 30 kdal

proteins in unpurified SR was 14.1 +/- 3.5. In addition to-

~ the purity'of their preparation,‘this'team:did not*obtain

subfractions of the membrane.- The coérol tissue.- in the-

present 1nvest1gatlon produced rthfi\Zi*G 23 and 3.93 for
purlfled light and heavy fractions respectively, the 1ntra

\
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Table 4.1: Qualitative Summary of Results

1

-

" Parameter ' ES* ‘ PT** | T Present study
' | light A heavy
[ ca?* ATPase ] ¥ ' v . 2
[« Calseq'uest;rinE] S 2 ? \{10 change - ‘
[ HACBP ]‘ - P | - -
["30 kdal ) P -~ s 2 | -~
ratio 115 / 30 kdal 'v N 4 4
SR yielld ‘ - no change Y
‘ca2* ATPase activity @ - no. change - ".
Legend: - * Eléétficalk Stimulation (see.‘Table 11.4 fér

references)

. ** Physical Training (Green et al., 1984)

o
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tissue variation being attibutable to both greater absolute.

. 50

yields of the ATPase and lower ylelds of the 30 kdal protein.
b) SR isolated from tralned anlmals

Table '4.1 summarizes. the 'results of the  present

ihvestigation from a qualitative viewpoint. SR yield was
altered by the tralnlng progran in thé% a dlmlnlshed.quantity

of the membrane proteln was obtained in both 11ght and heavy

5

fractions 'in comparlson to the control. Decreases in the

relative ppoportlons of»thevCa2+ ATPase have been reported to

“
ol

occur after both electrical’etimulation .(Heilmann qndlﬁette,’
1979; Hei%annfet al., 1981g\and‘Kiug et al., 1983b9 and high
“inteﬁsityg treining‘ (Green; et al., 1984). A remafkable'
finding of the present inveetigation was that the decrease in‘
the relative proportion of”£his calcium translocating protein’
. was limited to heavy vesiclesv iakew1se, the concentéetlon
of the 30 kdal proteln has been ‘observed to increase in SR
isolated after electrical stimulation (Hellmann et al., 1981;
Klug et al., 1983) and training (Green et al., 1984).
Margreth et al., '(1971)3.;bserved_ that prior to muscle
‘differentiafion, there was no difference between type I and
II muscle fibres in terms of NADH~linked electron transport
activ{ty_in the SR. (The fact that after differentiatioﬁ)
this system is more sophisticated in slow fype muscle may
Suggest a role of motor aetivity). .In the present study the
.}30 kdalvprpteiﬁ almost do;bled in heavy SR but was observed

to decreased approximétely*lZ% in the light fractions. HACBP
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and calsequestrin underwent a 'significant training ‘effect,
increases being somewhat <';Hz.ore prohounced in the. heavy
'vesicle. The 115 kdal/30 kdal rat@otwhich decreases'after
both electrical stimulation (wiehrer; and' Pette, 1983{\ and
trainihg (Green et al., 1984)  was 1imited to the heavy'
" membrane subfractign af€2r the present tra%hing regime.

A marked“deptession in ca?t ATpPase activity was \recCorded
after the training program (as noted=by KIdg et‘al., (1983by
after ES), howevér, the'heavy membrane subfraction followed
the morpholog1ca1 observatlon ln that 1t showed much:'more of
a depression. The fact that the heavy SR under went a
. decreas . in ‘both ca?t ATPase activity and in the_ fibre
specif}Z?nmrker ratio of ca2* ATPase and 30 kdal proteins
suggest that fibre transformations may.have occurred as a
result of the hiﬁhvintensity training program. <

Heilmahh and Pette, (1979) and'Klug et al., (1983) showed
decreases .in ca2t activated ATPase,-actrvity ) type‘ IIB
fibres which-declined byamore that 509 after contihuous ES,
to a level “equal to or -lower than that observed- in type I
flbres The 1atter research group observed values for the
fibre specific ratio of type IIA which approached that
observed in typelI[ skeletal ﬁuscle. Green et al. ?(1983f
after carryi&@ out the “tralnlng program upon which the
present study was baeed, served values of the flbre .
spécific ' ratio of type IIB fibres to resemble those recorded

in control type IIA muscle. Complete'transformation of type
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Il to type I flbres was spec1fi&d by Green et al.,(1984) if
and only if the concentration of the\‘cytosoliO» calcium %"

. ‘ A
binding proteiv, parvalbumin, decreased to undetectable

levels. Since this was ‘observed to occur ‘on?y in tre@ged‘ﬁé
type IIA fibres, thls group squested that the long term &
"h*igh- 1nten51ty tralnlngqprogram 1nduced a type IIB to IIA
: conversxon and a type IIA to type I. conversilon.’ - The fact
lthat the' results of the present program changed 1n the same
direction énd with at least the same magnltude conflrms the

suggestion that -a tralnlng program is capable of inducing

transformations of the functional characteristics of skeletal

*
b

.8 . B . - K
i . ‘ o
Hikida_et al., (1983), in an endurance trainipg study with g }

i

muscle. -

humans, emonstrated #that strenuous training resulted in
injury tojSkeletal muscle fibres. " The question thus arises,
as to the possibility og the appearance of regenerating

and/or embryonic muscle fibres which may }éad’ to

misinterpretation of our results. However, Kuipers et al#“
(1983), after carrying out an endurance training program with

/\

/
i

rats, reported that necrosis in muscle fibres was restricted
to segments of 150 - 1250 um. As discussed by Armgtrong
(1986), this fact ié phy51ologlca11y significant becauae the s

fibre can maintain its neural 1nnervation and therefore its

,‘-\V/
fibre classification. *

Severdi hypothesis have been put forth to account for the

transformations thought to occur after electrical stimulation
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the concentratlon of parvalbumln, the cytosollc Ca2+ Mnd ‘
: ; B

pro&aln.' Klug et al., (1983a) have suggested i:ha

'ATPase. However, training differs dlstlnctly t‘i’o'm"elec‘trlcal e

least 1 to 6. .

53
and trei'ning. ‘The basic premise is that the continuous

?

contractile activity l'e‘e?ds to altgred t@!nscriptionalv 8
activity. Helig et al., (19§4) demonstrated a two-fold.
increase . in total RNA following 8 days of continuous
electrical stlmulatlon while Kl@g et al (1983a) observed

the appearance ‘of fibre spetific mRNA after a similar

protocol suggesting the activation of both transcriptional

and ‘translational activity. Several prdminent .trig'ger’
v S ‘ )
mechanisms have :‘been proposed.  Figure 4.1 summarizes the

suggested cascade . leading to decreased Cd?% ATPase activity

combined with current observations and speculation.  Sreter
et al., (1980) suggested that Jﬁnjtlnuous contractile act1v1ty o
would create . a situation where cytosollc ‘ calc1um

concentration was conﬂtinually elevated. This-““situatlon' would
: -\w .
Caw

be further exacerbated by the- observed decrease w1th¢,t‘%me 1n'

.4?

elevated cytosolic Salc1um concentratlons would 'signagi‘th

ctivation o! calc:1um dependent protveases;vwhlie Marv

1., (1977) have proposed that synthesis of 't

could occur at’'a dlmlnlsheld rate. Any- of phemo‘nene

< %] -~

£ “chetiradt

would lead to a depre551on in the concentratJ.

)/

snnl

stlmulatlon in that the bouts of contractll, a&‘tg‘tlyl~t§7:. were" , jv,.}
’ . . . - .;" o %’ ‘ : ‘r

interspersed with l_ong recovery periods in!{@%rdtio of at J

L.
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o o ) '
) One novel observation of the present investigation was th!‘
. AT .
increase in the membrane bound ‘Proteins calsequestrin and
HACBP. Intuitively, these proteins would assist* in the

. - L ‘
regulation and re-uptake of the sudden and 'persistent

vy ¢

elevation of free calcium. An alternate mechanism may- Dbe
working in the obsérved exercise-induced decrease in, ca?t
* ’

¢ -
ATPase activity. Borchman et al., (1982) réported that SR

o .
membranes from type I 'muscle have 3 times the quantity of

cholesterol than membrenes of fast type muscle. During the
fibres transformation pracess a change in the phospholipid

matrix has been' recorded after ES (Sarzala et al., 1982). As

.

more cholesterol is incorporated into the membrane during the

* 1
type II to ‘type I transformation, and as more membrane bound
% proteins are synthesized and incorpd}ated into «khe membrane,”
. . ’ ' ' . , ‘. o
it is possible that membrane viscosity cou%d undergo a marked
, 2

Y

. : » AT, , .
increase. Cholesterol and 1nt§gral membrane protelns'%oth
: ‘ ¢ .

alter membrane fluidity by restricting .the ~movement of

hydrocarbon chains . Kimglber,‘1977). ’ This has an indirect
effect u;oh the 4gctivity of membrane bound enzymes as a
restricted hydrocarbon environment hinders conformational
change. (A direct effect of cholesterol upon enzyme activity
has been ruled.oﬁt by”BennetE et al., (1980), who showed thatn
'choiesterol is rigorously éxqiuded from the bhospholipids in’
an annular.position’about_the SR Chet ATPase;. The'loés of
mem'grane fluidity could éxbléip the exerci\induced ,decirease

in ca?t ATPase activity. It cannot be the s®le factor,.

. )
\\‘- .
4
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howeVer,°as Sarzala t al. (19827 demonstrated a time lag 1n

®  the onset of changes in the lipid.phase.

1}

?hls explanation, hpwever, does ¥ account” for the

Asdbfraction—specific alterations in & beptide profile and
ATPase activity. Winegrad (1965) used labelled calgium to

“show that at rest, the majority of stored calcium resides in -

the terminal cisterna®, but that early in the . relaxation

-

phase; calcium‘ could- be found. in both regions of"the”
membrane " The observation that exer01se 1nduced alteratlons

dﬁ the SR were llmlted "to :the heavy portion presents two .

P

poss1ble.mechan1sms Flrstly, the 1ncrease in the membrane
bound calcium binding proteins -occurs in the region where

they are normally more\abundant.‘ Whatever mechanlsm trlggers

" the (cascade which" eventually leads " to decreased ATPas&’
activity could also activate 1ncreased productlon anﬁb

1nsertlon of these protelns 1nto the entire surface area.

,.

(Tbus,[the'observed 1ncrease'1n calSequestrln and HACBP in

-

‘1%£oth‘ sUb—fractlons). : However, the hlgh concentratlon("\f

:theseviprotefhs 1n the termlnal c1sternae ‘could invoke a

S localized‘increase in membrane viscosity ultimately leading
5 ST T ' . , :
. to the observed d8crease in ATPase activity.

lAlternatﬁvely, the observed‘changelin the - peptide profile‘

and-ATPasehactivity may be dose~ and timefdependent,-such 7

3

that a'protocol‘involvingfelectrical stimulation or physical

‘tralnlng of longer duq\/}on may elicit comparable changes ln!

e

the longltudzngal SR. \Tgiw
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' Conclu51ons and . Rgcoqpendatlons \/,

e
Conclusion AN

s

) .
1. Long- term hlgh 1ntens1ty endurance exerc1se 1nduoes
o ‘.

- /
changes in the functlon of the ‘SR of type IIB fibres such

that, they ' resemble type 'IIA» fibres. Howevery . total.
transformatlon of type IIB to type I flbres from a functlonal
Standp01nt may .not be conflrmed w1thoutgpbservatlon of more

of the flbre spec1f1c parameters (ie. parvalbumln) Never
\

the less, based on the fact that this study achleved results

in the same dlrectlon and. of at least the same magnltude as
Green et]alk, (1984) (who did demonstrate a hlstochemlcal

metabolic and “limited contractlle transformatlon w1th 4a

-

*s1mﬁlar protocol), cgnflrms that flbre type transformatlon of

type II -to type I fibres 1s achlevable w1th an exer01se‘

stimulus. 1‘-':¢w~3//< K @@%

- L S ; ’ '
;;g . Long- term -high~intensity ’'training ' e€licits fibre-.

: ' . N, ' :
SpelelC changes (in yield of SR, peptlde profile and ca?t

e
’

ATPasev/activity) which. are 1limited .to Heavy (termihalv

c{sterhae) SR. The absence of change in Light (longitudinal)
i ) “' . ) )

'SR ”sugdests that _the 'SR cdnsists of two phenotypically .

distinc elgnents. . i . _ : _ﬁ.' o
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‘1. To attempt to further clarify the proposed mechanlsms

»

of exercise- 1nduced fibre type transformatlons, future work a

 using this protacol should include:

e
-

a) a detalled proflle of the phosphollpld

(
matrlx T

b) analygis ‘of the ‘kinetics of the ca2* ATPase.

)
?

2. It 1s of interest to examlne the extent of the effect

of an exerc1se protocol upon the my051rl heavy chalns (ie

12N

-methylhlstldlne re51dues) as prev1ously demonstrated. u51ng an

electrical stlmulatlon protoool.

w2

Y
e

3. Any attempt to use thls tralnlng program should aihow‘,

for an attrition rate of up' to SQ/.. _ : Co T

N
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Sarcoplasmic Reticulum Structure and Fuuction :

The sarcoplasJ;c reticylum is a membraneous network which
envelops the myoflbrlls -of muscle cells It performs an
1mportant role in excitation - conﬁractlon coupling as 1tqgcts

as a cal*t storage reservoir as well as functionlng to release'

and&take up, ﬁhls cat@on.

L

The sarcotubular system consists of the SR (which itself

¥

- consfsts of two components: the termlnal cisternae and the

longitudihal reticulum), and the tra (t-) tubular

its assofiated '’
. n.l o *.‘

structures are schematlcally"ﬁeplcted in Figure A.1. The &

~

\termlnal 01sternae of the SR is 1n close association wrth@th

syétem (Franziniﬁhrmstrong, 1986) The S
.

oot ik pcyd | P

t-tubules whlle ‘the longltudlnah reticulum _traverses the

myofibrils between the terpinal cisternae. One t-tubule and
’ : 4

the o adjacent terminal cisternae constitute  the triad

(Franzini-Armstrong, 1980); and are connected to. one another

e e - " ) ) . -
by membraneous extentdions ' often referred to as "feet"

(Fran21n1—Armstrong, 1980). These feet. ware observed to

~

- remain with_the SR after 1solatlon (Campbell et al. 1980)

Calcium reiease from SR is 1n1,t1ated by surface membrane @

depolarlzatlon, action potentlals being propagated via t-

‘tubules (5uxley, 1971)3 Calcium ions are released 1nteract1ve

: v ‘ - : ,
i , . & 79 - L
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.'}elatibhship of actin and tropomyosin such that from the

B

tefmfnal:'cistefhae (Winegrad, 1970; Miyamoto and Raeg
1982). Binding of ‘ecalcium to troponin _i4nduca§:‘
conformational cﬁange in the myosin binding sites on ac
become exposed, leading to-myoflbrl}lar contraction. ‘
g - Calcium uptake occurs by ..virtue of the cal* ATPase p}'t'gn
whichgdcau,ﬂrapidly take-up cytoplasmic calcium, initiiting

Woa

myofibrillar relaxation (Mgissner, 1975; Fabjiato and: Fabiato,

»

1979). Racker (1575) demehstrated that an‘ené?mek the ca?t
ATPaée, is responsible for transport by reconstitutindf
purlfledhhmpase in a phospholipid membrane and observing ATP-
dependeng Ca2+-transport Later, HasSelbach (1964) proposed a
model wufreby high- afﬁiuity caiciug binding sites on the
ex&gplaSmic eige of the uembrane bingﬂcalc‘um. Upon coupling

wﬁS}e

site turns inwar?:%o face the lum1na1 aSRect. 1In

“with ATP, the enzyme undergoes a conformatio

the bindin

Mlth the conformational change would bé¢ decrease

inity of the.binding site{”resulting»in.t' release

of the caldjum into the lumen of the S R wa calcium ions

are transpo ted for, cach mole of ATP~ that 1is hxerolysed

(Niissner, 1975) . ThlS reactlon veloc1ty is dependent upon
h

;"’it';'ln v1tro concentratlons of §a2+. Mg ~» and ATP asi well as

< ‘L‘

Lél, the temperapure andathe pﬁ ‘

2 .

LR AT L s N
v&»- PO " ? '? S S
‘ ' .“ »:" . L e A K ¥ PO & B

< -

g Mot j i

AFTeeze fracture e)émtr Imicroscopy of the natlveymembrane-
, - . w

g,_reyeal_ed" an asymmetrlc structure (Deamer ‘and Baskln 1969).
%?v‘ The cytoplésmxc leaflet contalned a high concentration of 9 nm-
o _ = o . ~ o A

. \

il



'asyminetrically distributed in the nativg

,reconstltuted veslcles . with a lipid:pro
. L)“""‘--' > 3 . .

L
L

intramembraneous particles. gi the mémbrane reconstituted
after isolation of the ca?*’ ATPase, the intramembraneous
. i 3

particles ‘were observed to' be symmetrically distributed

‘(‘MacLennan et al., 1971). However, Wang et al., (1979) showed

an asymmetrical distribution‘ when the phOSphollpld protéein
ratio exceeded 88, moles per mole of ATPase. It was proposed
that these particles represented the ATPase calcium-transport
protein '(MacI'_.ennan et al., 1971; Wang et al., 1979). Ueinq
electron mlcroscopy on negatlvely stained (native membranes,
Stewart and MacLennan (1974). observed)‘ the cytoplasmic
extensions of the ATPase as 4 nm particles. Martonosi ‘(1975)
demonstx{ated a good correlation between the appearance of the‘
4 nn partlcles and ATPase activity, in developlng muscle.
Scales and Inesi (1976) observed that the numBer of 4 nn‘\
partlcles exceeded that of the ,9 nm partlcles in both native

I

membrane and reconstituted vesicles. ' This represented the

Al

first suggestions of the possible oligomeric structure of thé

A

tra ort protein.
nsgort protei)

Phosphatidylch\oline and phosphatidylethanolamine the

) M& . .
pr¥imary and essentlal - phosphollplds of the SR :membrane
(Knowles, and Racker, 1975) , were also pbserve_d ta e

A4

nembrane and’in
in molar ra'ti,o
e)gceed‘ir% 88 (Waag ey Jerl.. “1979) : Phosph ylethanofamipe,
/\_/ v E :
along with the-smal{ler‘quant-ltles ‘of phosphatidylserine, were
observed to predominate in the cytoplasmic leaflet . (HidaIgo’

4 oA

_—
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The calcﬁym—dependent Awpase has been ést1mated to account
RN

and Ikemoto, 1977 Sarzala and Mlchlak 1978) .vi>iv‘j”, S

ra .

~for up to 70% of the tota; proteln ln*the 'SR (MacLennan et'
Sy .

o al., I??l) Two extr1n51c calc1um blndeng protelns have been v

.1solated° ' calsequestrln (MacLennan and wOng, 1971),‘and a‘

f’ high- afflnlty ca1c1um blndlng proteln (HACBP) (OstQald and7 N

“MacLennan, 1974) Campbell and MacLennan (1981) 1dent1f1ed[

glycoprotelns of ‘the SR membrane The %3000 dauton proteln is-;

NG
- a'-majorv intr1n51c (membrane spanlng) protelh of skeleta1r~-

muscle SR and is> found 1n both the\dongltudlnal and termlnal'
_01sternal componentq j Many researchers have’//eported th?-

presence of a 30 kdal 1ntr1ns1c membrane proteln and a 34 kdal

LN N

proteln locallzed in the termlnal c1scirnae (Cambbell et al”;nf
) 1980) Whlle the latter proteln was proposed to be part Of
"the feet of;tge triad’ (Campbell et al 1980)., the vformer has,
 not been asslgned a functional role.» Others (Marqreth ‘et al.

1971), have sugqested that 30 kdal proteyn is NADH—cytochrome

‘b5-redaftase. Flnally, a’ proteollpld has been 1solated £rom,r
-4

4the membrane_ (MacLennan ‘et ,al.y’ 1972) but has not been

.TFassigned a functlonal role (MacLennan;et al “1972, Racker,

197 L |

2) - .- ' AR TR S

~In the 1solat10n andapurlficatlon of SR veslcles, Light and... =
: .) s

heavy fractlons have been obtalned (Melssner,_1975 'Campbelb'

| et al., 1980) ‘ Analy51s of" these fractlons revealed that the
'~11ght fractlon orlglnated from the 1ong1tud1nal component the

'3 hgavy fractlon ‘from the term1na1 c1sternae -fhe prlmary'*'

3
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dlst;nguishlng factor was the presence of calsequestﬁ%n, foundj
.'>oniy in the heavy fractlon/ (Macheﬁnan and Wong 1971).
"Campbell et\a\ (1980) demonstrated the presence of the feetjﬁ”
“in thls fractlon suggeetlng\that certaln areas of £he! SR are.
spec1allzed for partlcularffunctlons ’
o a) Proteln Compos1t10n of the SR _'  \$\\ 'g

o ance“the ca1c1um transportlng ATPaSe proteln w1ll beal

h,dlscussed at grea;,length throughout thls revl\w, thls sectxon‘k

;_ w1ll deal w1th the addltlonal membrane proteins of :B S R.

) . e

Calsequestrln 1s an extr1n51c ca1c1um b;ndlng protelnvfound :
: , o
in the heavy SR fractlon (Melssner, 1975; Campbelrwet al.

- 1980). u.MacLennah and Wong (1971), u51ng SDS polyacrylamlde

gels, ascrlbed a moleculaf waght of 44 000 to* thls proteln
PR i \ ‘_/ .
'.However, sance'lts electropﬁoreflc moblllty is dependent: upon

: ; / ¥

: i!*the condltlons of pH and 1on1c concentratlon Melssner et al.,}v;
- . . : \ °

(1973), ascrlbed a nmlecular WElth of 63 000 by uSLng the

Laemmll gél proceedure\\-Sane .over. 1/3 of thlS proteln is

g,tomposed/of tamate and aspartyl,xe51dues,"1t is a hlghly
/ . s
achlc/proteln with a blndlng capac1ty of 1 umole Ca2+ / mg of

. ’ ’ \
*_proteﬁn aqﬁ a. dlssoc1at10n constant of 800 uM in phy51olog;ca1

-medma‘(MacLennan et aif 1971, Ostwald and Macgchnanr~1974)
" .
. M/oLennan anq Wong (1971).observed a conformatlonal change 1n>:

qalsequestrln (1nclud1ng ' an 1ncrease in the hellcal contenty

we T T s’

) ,upon blndlng ca1c1um o r ',’ \ .
b jf The hlgh afflnlty ca1c1um blndlng proteln was observed to be6

‘/ . ,
J/ ¥ found 1n both the heavy and llght SR’ (Mlchlak et al., 198&), o
S N
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however, 1t was observed to be most hlghly concentrated 1n

-~ -

fractlons orlglnatlng from the t tubules ’ (Michlak e\{ al

1980) W1th1n the 'S R,‘ qthls calcium - binding protein was

- -

[NE

\‘o'bserved to be present in ‘a constant ratlo thh the Ca2+ E

-

N

3mole

and MacLennan, 1974) However, whlle thls protein has a high

[y

ATPa(e (Mlchlak et al.,‘ 1980) and binds one- mole of Ca2+ —per-‘

afflnlty for ca101um, its concentratlon 15 small and ,1ts

capa01ty for bound ca1c1um 1s \Low (OStwald fnd MacLennan,

L]

o¥ proteln W1th a d1ssoc1at10n consta@t of:*4 uM (Ostwald °

Y

- 1974). Michlak (1985) \as proposed that ‘the fact that it is

present 1n relatlvely h’lgh concentratlons in the- t tubules

suggest a comxﬁunlcatlve functlon bet een the membrahes of thea
-system and the SR. ' o (I . S ' o
Using . Concanavalln' - A *binding, four glyco_protelns ' of.

°

'.'moleculﬂar'weicﬂght 160, OOOA- 63,000, \0 000 and 53 000 have been

rdetected 1n the SR membrane (Mlchlak et al 1980, Campbell
-~ )

and MacLennan, 1981‘[ The 63 kdal proteln was calsequestrln

(Michlak, .-'1§80:, Cam’pbell and MacLennan 1981) The 53 kdal

Aglycoproteln was observed to be . in- constant proportlon w1th

,-‘.the ATPase in”® both the lbngltudlnal and termlnal c1sternae

' membrane components, and only 1n very low concentratlons ‘in
+1980) .

ke

fractlons 1solated from the t- tubules (Mlchlak et

"

‘The .53 kdal glycoproteln was. not- found to be 'in':\ti”'ghtl__..‘

ka's:s'ociatxon w1th the ATPase (Campbell and MacLennap, 1981)’

fluogsgence probes detected peptldes on the cytop‘lasmlc ‘side .

N

Thl\s was observed to be a transmembrane proteln 51nce various ’



SRR o . 8
: ‘ . ! "‘, ’ : \ N
: of*the‘membrane (Mlch*ak et al., 1980), whlle Endo H dlgestlon,

0

of oligosacoarlde chains occurred on, the lumlnal 51de of the

' membrane (Campbell and MacLennan, 1981) The 53 000 dalton

.
? N

proteln has  not been ascrlbed a functlon although 1t has been

sugqested that,.llke the glycoproteln of the Na K+—ATPase, it
o ,
' \may be respon51ble for transport of g%tlons (Mlchlak 1985)

An/lntrlnslc proteollpldphas been detected in SR membranes,

but has ‘not been ascrlbed Y- | functlonal role.glRacker,(1972)

. ’ ? . .
suggested it might be a,ca2* channel. While it is found in.

‘~close assoc1atlon 'w1th Jthe ATPase,- purified vesicular

. fractlons, free of the proteollpld were observed to have full
A % -
transport functlon (MacLennan et al., . 1980),

Several 'researChers- have reported the presence of an .

:. & ) \.‘\.. . ) ) . ; B «‘ - . .
intrinsjc - membrane protein ' of molecular weight 39 - kdal

(hidalgo and7 Ikemotb 1977;- Campbell and MagLennan, 1981)
The latter group suggested that thls proteln was restrlcted to_
tMi heavy fractlon of SRl\howevef Margreth et al:, (1977)
demonstrated that 1t ‘was spécmﬁlc to the SR menbrane of slov"
. type skeletal muscle W1ehrer and Pette (1983) proposed the'
use of 115 kdal/ .30 kdal ratlo as a flbre Spe01flc marker.f
; Salv1ati%&t;al (1979) showed that this- polypeptlde was’ NADHf~

i “4/\1

~cytochf@%”g_rsﬂreductase They also detected the presence of a.

t

16, 700 dalton protelnr which co electrophoresed w1th 11ver"

b

'cytochrome b5 (Salv1at1 et al., 1981) » K " o

IO . . . . .. . ~‘

N by Cardiac SR Kembranes | o .
. . ‘ >‘}' . - - . & ] . ) s - 3 : ‘ “.‘. .C
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‘skedétal muscleL consmsts of sarcoplasmig retdculum and 'teﬁ o

éaréotubular system of cardla:;)muscle,. like that ~of

§ .
tuhules. However, 1n the cardlac tlssue of the mammal, Suzuki-

- and Sﬁgi.(1982) observed a poorly developed t-system in atrialt'

'g ~

'compared to ventrlcular flpres and a-complete absence of t—
o

tubules in isolated flbres of Purklnje The cardiac analoguen

i . [4 §r<

.of skeletal SR termlnal c1sternae 1s referred to as 1nterlor

L

ljuhctlonal SR Whlle that portlon overlylng the myoflbrlls 15‘
‘,,referred-todés perlpheral junctlonal SR (Mlchlak, 1985) Forty

“'5percent of the total proteln of the cardlac muscle SR 1s theh
. e
100 000 dalton ATPase (Jones and Cala 1981) Calsequestrln

and the 53 000 dalton glycoproteln have-been jdentlfied in

cardlac SR/ (Campbell et al. 1983), the former with a bindlng

' % o
capaclty of 300, umoles per ﬁg of prote;n (Gampbell et als,-
A

”l9§3) Several other low molecular welght protelns have been
deteqted in the SR membrane ﬁsolated~from aPrdlac muscle, thé

most sxgnlflcant belng phospho*pmban LOUlS et al., ,(1982) 5~

=4 \

,proposed that the prcteln is cgmposed'~of three subhnitsﬁ

=}

. . ) » J
II(OOO, 8 000 and 4, 000 daltons, and that'only ‘the 11 kdal‘

: sdbunit could be phosphorylated *a calmodulln-dependent.‘

&

proteln klnase system. Jones et al., (1979) observed that

: phosphorylatloh of phospholamban had a stlmulatory effect upon{
e .Y

"Ca2+ ATPase act;vity and qptake g It, was therefore proposed

that phcspholamban wa's tlghtly assodlated w1th the ca?t .

dependent ATPase ‘in cardlac muscle S R (Katz, 1979)

4(‘1 » . / \/ L o .' . o N
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"c) urification, Characterization and Recbﬂstltution of the

‘.
+ .

o

Caz+ - dependent ATPase of: Skeletal Mu$cle SR :'. .
\ T e‘h{bCeedure for purlflcatlon of the Ca2+—dependent ATPase, |

invOIVes.solublllzatlon with a non-lonlc detemgent folloWed by
. »

“\removi}ipf the . detergent by dlalys1s SRacker, 1972), sucrose

-

gradient centrifugatlon (Warren and Metcalf 1976) or afflnity

7chromatog;aphy.(1kemoto et al., 1971). ; 'Sevéral o research
¢ . : . .

=

groups (MacLennan et 7al.; -1971;_ Melssner et _aI\, 1973)

: investighted the amlno acid cpmp851tlon-of the ca2+ ATPase.,rA

-~

<”The observat%ln that ~l3%'_of the res1dues’ were polar

| o
substant&ated the observatlon that a large part of the' proteln
. .
,re51ded out51de of the 11p1d phase. Tryptlc hydrdly51s has)

7

‘been utlllzed to cleave the enzyme and ‘ascertain t&e fraghents

% o 1

R of . prlmary 1mportance in calc1um functlon. The 1n1t1al

_;tryp51n dlgest was reported to contaln two fragments of 45 and -

»55 kdalton (Shamoo and MacLennan 1974, Shamoo+ﬂ1218) These .

fragments remained in assoc1at10n with the ‘membrane and L a
. a . N - ] : .
retalned the abillty to transport ca1c1um. ., ﬁowever, the‘

»

transport functlon was lost upon further dlgestlon of the 55 .
kdal fragment “to- 25 kdal and 30?’kdal fragments.‘; These \
resdazehers 'V(Shamoo‘ and. MacLenhan, 1974;,_ Shamoo 1978)
conciuded that the pslte of phosphorylatlon vcould be found
yw1th1n the -39 kdal fragment whlle the 25 kdal fragment Was‘
responSJ.ble for Caz+ translocatlon (Ple and Rack:er,, %979)

4 " o

- Murphy (1977) reported that a partlcular 1y51ne re51due,

v

referred to “as the "essenﬁlal 1y51ne" was 1nt1maée1y 1nvolved y
. . s

’
.
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\ in phosphorylatiop in the 30 kdal fragment"
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Several -procedures, includin;“. abelling of particular ‘.
residues with radioisotoﬂe_ reagents‘ as’ well .as cell free.
-L.synthe51s, have been used to propose that the NH2 terminus of‘
the enzyme is located on the cytoplasmic side of th9 membrane':'
(Relthmeier et al., 1980, Relthmeier and MacLennan1 1981) It
Was also predlcted that the COOH termlnus was located on the
cytopﬂasmlc s1de, due to the fact that durlng biosynthesis, it'

would be 1eft on that 51de (Michlak, L985) On the basie of

g Ve

;Hsequenced and unsequenced portlons of ‘the protein, a foiding

Lo -
pattern has been suggested such that the enzyme has a total of

e ’ o
. elght membrane crosssings (MacLennan and Reithmeler, 1982)

| The 1solated solubillzed enzyme has been recdnst;tuted into.

a billpld membrane system capable of - sequestering Cai+ Early

X 4
reconstltutlpn studles .by Racker (1372) involved a system
which included the .ca2 ATPase as well as phosphollpids and . *
v . SR} .

! proteoliprd;‘ =0 Later,"ﬁg, phosphatldyicholine {apd‘

phosphatidyLethanolaminsv . were shoWn'-to be necessary to.

calciUm‘transport (Knowles and Racker,'1975) ’ The structural

L

organlzatlon of the proteln and l1p1d system appeared to be a

v

vesicles have~ been foiﬁéd\\fsi:f synthetlc phospholipids
(Warren et al., 1974) Wang et at-, (1979) concluded that a

[ %

,necessary- requlrement as eff1c1.pt calélum ‘accumulating.

11p1d ﬁneteln molar ratlo greater than 88 was necessary to
- ach;eve enzyme act1v1t1es comparable toxéheunatlve membrane” _
. v ,

R4 systen{ _Herbette»et;al., (1981) suggested that thls may be a .-
.- B} "n - - "‘;h_‘*

- - . . ‘n'
. N s . 5
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function of the degree of penetration of the ATPase into the

.

"membrane bilayen . in \reconstituted gi natxve menbranes.

(4

Studies examining enzyme actxvity”and ca2t sequestration 1n

\

;reconstituted vésicles (MacLénnan et .al., 1980f Mlchlak: et

.‘\\

Lo

al.,~1980) have revealed that the essent1al proteln elem.ﬁts
appéar/ts be the Ca?*t dependent: ATPase and‘i

glycoprotein. . The proteolipld . appear to be-?an

essential component

a) Oligomeric aggregatlons of the- Ca2+ ATPase

-Ufi Various phy51cal/chem1cal teqpnlques have been used to

b,debermlne the phys&ologlcal aggregatlon state of 'the‘ Ca2+

.dependent ATPase in the natlve SR membrane. Freeze fracture

- N

_electron mlcroscopx of the natlve membrane revealed that the

¢or  °

'*-intramembraneous partlcles numbered 5 000 to 6, 000 per um?2 of

-~

' membrane surface area (Scales- and wInes;, 1976) -‘ However%

Jilka‘et al., (1975) estinated %hat the'number of discreet

calc;um transport enzymes in purlfled ve51cles was 22 000 per

. »

”um?,. leadlnq Scales and Ine51 (1976) to suggest that the

: 7
.microscoplc partlcles which they had observed, represented 3-4

fﬁ‘%?ase enzymes. . :}" 7';1, .\5-

:sulfhydryl ofidation,' Hebdon,‘et al., (1975) observedn the '

: ATPase as a monomer, while' wthers have observeé dimeric -

' v

Cross—llnklng sulfhydryl reagents have a

1nvestlgate tha aggregatlon state of the Ca2+ ATPase in the SR

-

membrane.i" 051ng~;Cu2f -1, 10 phenanthrollne to-\stlmulate

»

. .
~ . . . ’ . . ¥
R ) . )

«

o ‘been used to ‘.

he '53,000 dalton

J
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' (Baskin and Hanm, 1979) "and tet-zrameric (Murphy, 1976)

it

aggregation. ' The lack o,f repeatability usihg cro&-linking

.

reag nts leaves the question unanswered ‘ c

Detergent solubilization of ‘the enzyme has been used to

,determine \})r(‘smalleét fhnctioning aggregation state. Using
o/ ' *
.+non-ionic solubilization, LeMaire et al., (1976) observed

-

valid enzymatic .activities- only in. oligomeric formations.

' { - - b 1 |
However, Moller et al., (1980) and' Dean and Tanford "(}l978)
.
hava reported comparable ATPase act1v1t1es in monomeric for,:ms

an B . -

'af.ter f attempting to: optimize the 4n 'vitro condit“ion'e

nderSen et al (1980) used fluorescence probes to- observe

-
- )

c’ovalent. protein—proteln relationshlpsv in both detergent,

solubilized- and’ membrane bound enzymes. These data suggest

i that .the ATPase. may indeed exist in oligomeric form in the SR

membrane. . | I : T
> - ‘; - __‘ . . ‘
i'.
‘e) The role of the 1jpid,environment
» . . . * ) ) ¢ ' . ’ . . .

The native SR mbrane vand,_ thus that "of reconstituted

N t . : ‘ . . . . Q' -,
'vesicles g consist primarily of phosphatidylcholine"~ and

_ phosphatidylethanolamine and secondar.ily of phoshatidylserine
and sphingomyelin (MacLennan et al., 1971). Removgl of
phospholipids inactivated. the enzyme (LeMaire et al. , 1976;

Dean and Tanford 1978), while readdition ofgthe phospholipids

~reactivated tbe ATPase ko it‘;s former 1lewvel o_f actiVity

(Martonosi et al.', -.19'68).' 'As noted in the previou;. section,
. . . . : <, v‘ , )

» : .
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rep\laoement of the éhospholipids by detergent maintai'ned the

1

enzyme activtiy (Dean and Tanford, 1978) LeMaire'et al.,
&
(1976), suggested that. the key elament. may. be the hydrophobic
. % ‘
enVirdhment” v

.

Cholesterol has .been observed to (be present in .small

quantlties in the SR .membrane (Drabikowski .et al., 1§72).

| Removal-qf,thls phospholibid dld‘not’haye’a measurable'effect

v

..upon enayme abtivity ﬂéblkowskl et al., 1972) however, the

24

introduotfpn of add1t10na1 cholesterol 1nto the membrane
~ \

resulted,iﬁ deéreased ATPase activtty (Warren et al., 1975)

) y -

possibly due to 1ncrea§éd membrane v1sc051ty -Warren et al.,

P r

(1975), 'also noted ‘that addltlon . of cholesterol in . a
Fy

phosphollpld depleted system affected enzyme act1v1ty, thought

“to illustrate a relatlonshlp between thls phosphollpld and the -

a2+'dependent ATPase. No‘able»ls the obsenvatlon by Borchman
. . \ ' . (v

'et‘al;,~(1982), that 3 'times as much cholesterol (a;rwell as a

<

Qreaternsbbingomyeiin :-pbosphatidylcbol}ne ratio)-existed in
the éR'membrane derived from slow type.skeletalamuscle,v This -
group proposed thi¢ the Jower eniyme actiyity observed'in SR
from s;ow—twitch;auscle»may be a_funotion’o - membrane fluidfty
rgaated to the phospholipid oompositionAof é}ow'SR‘membrane.
Warren et al., (1974) observed»that the"lipid_annulus, tbe

ring of phospholipids in immediate contact with the protein,

"mﬁst contain ‘at least '30 molecules of lipid per"ATPasen

molecule-to support max1mal enzyme act1v1ty Hesketh et al.,

(1976) démonstrated that the phy31ca1 propertles of the lipids.

v

¢ 3
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‘ .
of the annulus differed from thaf“bcm:Qp lipids of 5”' non-

annhlar.membrane. This research team also obserVda that tha .

physical properties of bhe annular phoaphblipids regulated
eﬁzyme achvity. Behnett et al.,(1978) shownd that the 30
molecules of, phbspholipid were distributed evenly b ween the

luminal and cytoqlasmlc leaflets. : ~ \p

f) Kinetics of the Calcium—dependent ATPase - "l,
\In thebprocess of calciun uptake by the'ATPase, energy from

.

the hydrolysis of ATP is used to create a gradlent of: this ion

across the membrane. "In v1tro systems have been observed to»

r \
sequester calcium 'such“that .the cytosolic concentratlon

-, o
decreases from 104 M to 1077 M, the latter concentration

being that observed in Vivo, in muscle at rest (Hasselbach and

-

Makinose,1962). Likewise, ‘in the reverse‘prOCess,‘the energy .

derived from the transmembrane gradient can be used by the
ATPase to sxnthe31ze ATP from ADP and Pi (Mab}nose, 1972)

Two different ATPase act1v1t1es have been bbserved to occur

¢ [ 4
o,

.

in the SR. A low rate, magne51um—st1mulated actlvlty (oftenp

referred to as the "basal" act1v1ty) does not require calcium

for operatlon (Hasselbach and‘ thlnose, 1962) The “other
»
* ATPase act1v1ty requlres-wboth magne51um and calc1um For.'

qqpntltatlve determlnatlon -of the latteY act1v1ty, orie must~

subtract .the "basal" activity from the total ATPase activity

1 - ) . , . I’y
.

5

5

‘The initial event in’Ca?* translécation,.is ca?t binding to

» .
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the enZyme. . In investigations of the sequence of events,

<;"‘""several ‘research groups. have reported that the. rate COnstants

in .dystenms préxncubated with alcium far’ exceeded- those

-
)

aéﬁieved in sftuations where ATP and ~ca?t _ Were 'addeq

simultaneously (VerposkivAlméida ét al., 1978; Inesi et al.,
1980) . This was thought to be due teé the time required for
the ca2* jons to saturate the binding siSFs.

The next detectable eyent is the .phosphorylation of the
. @ - ” .

enzyme@. This was shown ih early studies of the mechanism of

'calciuh‘transpért and was illustrated by the reverse mechinism
.Wwhereby the format;;n af I14C]—AT§ occurred upon incubation of |
the'enzyme,withnATP and [l4c}-ATP (Hasselbach and Mak;tose,
1962) . i |

toa

leléwing enzyme~phospho;ylation} the calcium bound to the.
high affinity ‘site 5eéomes interalizéd. Cheisi and Ines£
(1979) noted. that this was‘ggmﬁwftrated by a rapid bursg of
' calcium uptake, manifestedsas'a decreased amount of the'cation
;hich was extravesicular.and available foF,chelation by EGTA.

~ However, jt was Feﬁortéd that this‘uptakeh‘éalcium was not
'immediagely feleééed‘into the lumenwof the vesicle but rather
remained occluded until certain enzyme éatalytic ‘steps Ahadf‘
“takén place*(Dupont 1980) A model for the active tranSpégﬁ
 of ra2¥ (deMels and Vlanna,‘l979), proposed the exiéteﬁce of
hig&}and 1ow afflnlty ca1c1um blndlng s1tes/;§n ATP. dépendent
change in afflnlty besng»central to calcium translocation.

. .This model propoéed that- ati the outset of -the translocation

TR - T
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procees, the binding site tgces the cytoplasm and hal such a

high ar:inity for calcium that binding occurs - dven when tha
-»

cytosolic concentration is, below 1 uM. The enzymn would t‘.hen~

-undergo an ATP-induced conformational change which not only

‘,( exposes the blndlng site to the lumen ot’ tha SR buc alao

\- 4

invblves a decrease in the affinity of the enzyme for calcium,
Calcium would thus be released int:o the lumen A new cyqle of
transport could occur aftey hydrolysw f the phnsphorylated ”~

intermediate, as the’ binding site undergoes the reverse -

v

- conformational change, to faca the cytoplasmc ‘side and tha
*

affinity for calcium returns to the hlgh state. This model
i ‘

* has Feeﬂ supported by the invg\st’igabioné of;_ Ikemoto
(1975;1976) Where a trans\.mefmbrane ‘calcium cjz:)dient was
prevented.by‘ the use of "leaky" vesicles. In~*the_se estudies,
calciuh was released from the ATRase upon addition of ATP but

‘reassociated once hydrolysis ,of Kthe ‘enzyme had taken place.
In' summary, in the presinfe of caicium, the unphosphoryiated

. -

enzyme exists in a high affinit_y state. An input of energy,

stich that achieved through ATP h"ydrolysi% is'required to

.

release the bound calcium via a Shlft in the phosphoenzyme

»

afflnlty for cat. Ca1c1um ﬁranspor_t is inhibited when the

‘intravesicular calcium co-ncgntration\ exceeds 10'? M such. that

the low affinitysbinding sites (on the luminal surface) became
éaturéted with ca2t. Figure Ag2 illu‘stre\xtes the propose’d
re'act;ibn scheme of deMeis and Vianna (1979).

Cheisi and Inesi (-1980') also note the liberatiom of one mole

——



laffected“'by hl@h"H+ concentrat on, 1mply1ng ca®

K

'Ca2+ as 1t was released from the low afflnlty blndlng s1tes at

B O T Af. T N 96 -

:f'.r‘\ .‘

Dof H+‘upon b1nd1ng of one mole of Ca2+ to. the hlgh afflnlty‘

» - N Y ‘ p——

blnding,site,‘ Ca1c1um - enzyme blndlng was observed to be

“competltlon (Hlll and Ine51, 1982)v~-Later thls group (Ine§1
hwand Hlll,, 1983) ,conflrmed‘ a competltlve relatlonshlp byb

A R
*alterlng the concentratlon of . H+ at flxed Ca2+ and ATPVN.

LA

X | |
concentratlons, HoweWer, a reduced Pl productlon was also

[N

Anoted at hlgh pH.k Thls H+ 1on was not 1nterpreted as hav1ngs

©.an 1nh1b1torx. effect upon‘ hydrolytlc_ cleavage‘dof, the

[

phosphoenzyme but ra%her as a: necessary ion to replace the

ﬁhthe end of the translocatlon prodess.

The'"calclum» dependent ATPase reactﬁcn ‘cycle has  been’

v

‘“fobserved to bé>fully rever31ble Makinose (1972)-used»calciumf
loaded ve31cfES 'n’va medaum, ‘contalhing EGTA v 1norgan1c

‘~phosphate and ADP tob,demonstrate) calc1um vrelease v;a ‘the

7

reverse cycle. The.reverse cycle beglns w1thsphosph®ryLation

&

2+ /ir-H*”_

B '~ )
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FIGURE - A-2: . 7 Reactlon : steps' in _ the ATP—dependent

A

‘?' translocatlon of. calc1um by the Ca2+ ATPa/e of the SR.

s (deMeLs'apd Vlanna, 1979)

1+ 2;{leormatlon of the (ca?t), j/é;P - enzyme
- ) 5, - N . i 3 »’. M . ) .

. . o " ‘u . . - s : ’ / N )
‘complex R DR ‘ /-'

/o)

» 3f: Phosphorylatlon ‘of the, enzyme/and release of ADP

~ / .

T
4 : Formatlon of phosphorylated enzyme 1ntermed1ates ~Wi‘:h

N

N
4

decreas1ng £fflnlty for, Ca2+_, N -
5 1 release‘af Ca2+ lnto the lumeh of‘the SR

6 : hydroly51s of" the phophprylated 1ntermed1ate b

Voo -

'h7 : release of 1no£gan1c phosphate on:the cytoplasmlc 51de

R
'y .

L .
0f the-membraneh

5
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of the ATPase by followed by calcxum efflux and phosphoryl

-’transfersto ADP "(Ba 1og1e et al 1971, Makinose, - 1972)

‘*u\ In the’ forward cyoie[ ATP prov1des the enerqy requlred for

the formatlon of the acyl phosphate In-the reverse cyole,

.energy “is derlved - from: ,the » transmembrane calcium

ey

phosphorylatlon in "the’ absence of a transmembrane gradlent

)
gradient ‘(Makinase, ‘1972) However both 1eaky ve51cles
e ‘ N . "‘ ,‘

’(deMeis and Masuda 1974) and purlfled ATPase (Knowles and

g.Racker,l1975, Hasselbaoh 1978) have been used to demonstrate

the reverse reactlon; -Observatlons made 1n the absence of -

this gradlentﬁ,wﬁre that the inorganlc phosphate d1d not react

_ saturatlon of the 1ow afflnlty calc m’b‘ndlng 51tes.‘

R 1_r ..;1;§ L B
2 ] T i
q) Regulators of enzyme act1v1ty [Ca2+] [ATP] and pH

~

The rates of ca1c1um tramsport and ATP hydroly51s have been
‘..shown to depend upon ca1c1um concentatlon .(Hag Felbach 1978,‘

: Y
Ikemoto, 1982) . The rate peaks within seconds

f ATP - addltlon
(Ines1,'1981}, but declines thereafter, dhe'toelnhlbltlon by%
. the increasing in ravesiculér/oalcium conoentrations’(Inesi,

1982) . Techni‘_es, used- to observe initial and maiimal”

activitytrates clude stopped flow m1x1ng and - chromogenlc 1on

v —

1nd1cators-‘f(Ine51 - and Soarpa,-; 1972)x B Alternatlvely, ¢

Verjbvskl-Almelda et al (1978) uSedmsz‘flndlcators‘-thch

e.n O
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detected post-hydrolysxs productlen

-

Studles on Vthe . effect ofn calcium concentration have

R ..

necessitated the. use of\'EGTg. to bind .and inactivate

extravesicular calcium. -The EGTAhthen'acts as a buffer system

)

when Ca012 is added to the' medium to- activate the ' enzyme
‘(Fab;ato and Fabiato, 1979). N I
The 51gm01da1 dependence of the ATPase act1v1ty upon calcium -

concentratlon (Vlanna, 1975 Neet and Green, 1977) and the 2 ::

&

1 molaé.ratlo of Ca2+ ﬁransporfﬂand ATP hydrolys1s‘suggest
cooperative b{nding.l\ Classes of blndlng 31tes have .been

1nd1rect1y observed (Flehn and Mlgala, 1971, Ikemoto, 1975),

‘ \

High' afflnlty 51te (Kd < 1 uM Melssner et.~a1 1975).Mas

suggested to ex;st on the cytoplasmlc surface of the ATPase

[\

(Ikempto,.1975' Ine51 et al. ’1980) ) Tﬁe ATPase musb‘bind
fca1c1um prlor to ATP hydroly51s Varlous technlques such as
ESR spectroscopy ”(Coan and Ine31, 1977), ~k1netlcs of
| sulfhydryl react1v1ty (Ikemoto et al., 1978) and determlnatlon
of 1ntr1n51c fluorescence (Dupont and. Lelgh 1978 Ikemoto et
'al., 1978) have been utlllzed‘xn studles whlch proposed that a
confonmatlonal change in the eénzyme occdzred upon blndlng
= caicduﬁ;'; inesi et. al. '(1980)-sudgested that this‘change

&noccurred after blndlng of the first Ca2+ a characterlstlc of
‘.cooperatxvityw‘, 'ﬁ-ikup\\\\\‘v( o j_h \ |
The a2+4 ATPase reaction is also dependent qoon the
:concentratlon of ATP} such that the minimdmi.requited; for‘

act1v1ty‘has been,observed'to=be 0.5:-.50.0 uM, the enzymmi
. . R . . - B el \ . )
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e . g [N e .

"attivi‘ty’ inc'r'easingf with increasing concentvra‘tions, of - ATP \

1 e
Sy

‘(Yamamoto and ';‘onomura, {1'967;' deMels and deMello, .'19'73; -

Vianna, 1975) " It has been suggested that the relationshlp '
& L]

between ATP concentratlon’and enzyme act1v1ty is not a 51mp1e

N one. Verjovgkl—Alme-lda et al., (1978)- observed that ~the

\.
1n1t1al ‘phosphorylatlon of- the enzyme by ATP was 11m1ted to

the oler concentratlon‘range. Later, 1t -was noted th)at the

+
EZ

hydl{o

sis of the phosphoenzyme‘ was actlvated by h1gh ATP
v \ concentrat\\ons (Verjovski—Almelda an& Ine51, 1979)

“Lastly, pH is a regu-lator of ‘ATPase act1v1-ty Spec1f1ca11y, v '

pH 1nfluences the. 1nteractlon of the ATPase‘and 1norgan1c

p'hosphate (Beil ‘et al., ~1977), thought'm\to be " dué —to Pi .

) iqniiation. - Slnce pH was observed. to have,wno effect ;m the
. i R
presenced of organlc_ solvents, (deMels et al., 1980), 1t was -

proposed that pH plays a role in ionization of protein
v , , , . .

. 're51dues S L

The pH was also observed to play a role in the mechanlsm of

- \

calc1um blndlng to hlgh afflnlty s:.tes At hlgh PH, the
calcium hafflnlty‘ increases, whlle at low pPH, the afflnlty and
the extent of cooperativity increased, assumming that ca2*t and

-HY compete for interacting sites on the enzyme (Hill ang

12

v ’ ; ’ : e -

&- :'[nesi‘, 1982) .
- ‘Likewise‘,' ph was’ vobserved' to have an e,ffeot‘ upon calcf'i'}'m;

"bi'nd.in.g to low affinity sites. (‘Ver‘j‘o_vski—Al"m.eida and’dehe'i-s',,
’._’.13972) ‘as _we.ll as the \gajci:im 'ooncentr'ation effectyvof’ ATP

L . . % - b S - R
formation. ‘D.gM,eis' and, Tume (1977) in .studying, the reverse

114
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.

concentratlon dependence ' of' ATP formation. In their

- )

experlments, they flxed the pH at 5 0 and addeé“only ‘enough

ca1c1um 13) saturate the low afflnlty 51Qes. /They observed-

that. if ADP were added toxthe.solutlon, and the pH was .rapidly

adjusted to 8.0, ATP onld bonformed.* They 1nterpreted’th;s

s . R 4

decreased: need for c 2$‘ torbe a result ofs; decreased

, AR
competition with H' ions. ‘ ‘

—

reactlon, reported that the pPH . had an effect upon the caloium

ikt GERY
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'studied Table Al bompares stereolog1ca1 flndlngs of tYQ%s I

. | e = .,ﬁ‘
Iypes \Q

.yStereologlcal anélys1s,' which 1nvolves complllng two-

dimen51qpal électron microdraphs' for a. three—dlmen51onal

ultrastructural view, has 'been used to create fibre-specific

* . 2]

, proflles of §ﬁfletal muscle.’ Mltochondrla, pattefhs of -

rlzation,hs R structpré, 11p1d dep031tlon as\well as

- . ‘- _ v
myofibril, z- f&ne and the’ T-sYstem dlmeﬂﬂlons have been

‘ .
and IJB flé;es (Elsenberg et al., 1974, Elsenberg and'Kuda,
1975) . T a 'wh S ‘

-dlscs or 2- llnes,-the anchoring structure for agtin"

LN . © .

ﬁfilam2:ii from‘adjacent sarcomeres, are considered to be the

best u
AN

‘because the™ z-line is characteristic for a given .fibre. ‘The

. B . N . , . . . | & . .
width is gpeatest in type T fibres .(Tomanek et al., 1973) and

\

‘.

narrower  and legéadehse initypeLII fibres (Géuthier; 1974 ;

. . L -
v N 4 . 5

rastructural paramétér fpr fibre-type classification,

¢
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TABLE -A-1: * .sum

between " fibre t

‘musecle) .

‘PQRAMETER ¢

rote. .

) oo .
Blodd Véssels '

'Fibre Diameter

.Sarcolemmal Surfgce Ar¢a

es

ry of selected uitqutruéfuralvdiff;faﬁéqéﬁl'fﬁ

14 n. \j

_ TYPE I, (SOLEUS) .

»

\
Eisenberg et al.,\»

(1974)

2.07 4/~ 0.37%

¢ . Lo
33.0 +/~ 2.2um -

2 11.6 +/- 1. 3um2/100um

Sarcomere Length

\A;Band Volume
I-Band Volumg, -
Myofibril Diameter

ZQLine Width .

~

3;4ﬂ+/- o.gumv

- .
' 52.6 /- 2.9um3/100um?

47.8 /- 2.5um3/100um3

1,06 +/~ 0.08um

1420 +/= 30 A
S0 .
Mltochondrial'Volume Den51ty ; -
4. 55 +/~ 0:66%
T-system,Density .14 +/- 0901%
'~ SR Volume ' ‘ 0.21%

2.23 4/-

D

(1éngituding11y sectibned rat skeletal--i

AN
L3

‘. ®
’

TYPE 1. (VASTUS .
* - LATERALIS) .

?

Eisenberg

Kuda, (1975) ) '«
0.8 +/- -
. 43.2 4/~ 2.6um ° °

.
N

’ Y
7.2 +/-'Ou6um2/100um3

-

A, 95 ser/- o lum

59.4'$;,—;5Qm?/r00uﬁ3

40.6 +/~1.9um3/100um3

.

1.12 +/- 0.07um
610 +/- 10'A

ye

1.91 +/- 0.18% .-
. X,
0.27 +/< 0.02%

4.59 +/- 0.29%
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Eisenberg and Kuda, 19755} However, there exlsts considerable

)overlap of Z line widths w1ﬁh1n A ﬁ/d B subtypes of type II

'n

N flbres (Eisenberg, 1983) - L) I .,

Elsenberg (1983) reported that type I flbres exhibited
five prominenth-lxnes while type:IrB,exhib}ted only threeA

) ] * - ! . ) »
prominent, M-1ines by stereological analysis. The

: 7 - ey s . Lo . }
* internediate, IIA fibres exhibited three K prominent M-lines

. bordertd by two weak lines. ' f ~
. / ‘ . .

'JTheAT-tubgles, the central element of the. sarcotubular

triad,r\wasb observed’ Ato be elllptlcal in cross—sectlon

.(Eisenberg et al., 1974). Elsenberg and Kuda (1976f observed

¥

A that the T—sysgem of the type’ -IT fibres -was two- fold more

exten51ve than that of" the ﬁype I fibres. Indeed in type I
L

f;bres, T-tubules=were often observed to be flanked.only along
- ! . 'y .

‘one side by junCtional oisternae, such that diads rather than

trlads were formed (Schlafflno et al., 1970)

' \ : )
a Eisenberg et al.,:(1974), and Elsenberg and Kuda (1975),

viewed theilocation of the cell nuclei in ‘different fibre

types. They reported that in type I fibres, the nuclei werei

elongated ellipsoids found in the cell perlphery while those

. '1n type II fibres were-small, sparse and located close to the
. . - ) !

4
o

)

sarcolemma. o ' o . S

\. . . A J o . :

L1ke the protelns of the S R, myosin from different»types

of flbres diff r 1n the proteln electrophoretlc pattern. Type

I fibres (@differ from type II fibred by v1rtue of spec1f1c

3

DTNB q¥051n llght chalns anWell as heavy chalns
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(S&eter et al., 197§$~wpﬁeavy chains fcrm type II tibres are

” -

exclu51ve in their possgssion of 3-methy1histidine (Margreth

T et al., 1974a). Types IIA and IIB may
\

one another.immunohistochemlcally, base

-e.dlstingufshed from

ra——y

B P

-n”the fact that ey

coﬁstain’(dlfferent heavy ¢hains— (Mabu'ch. et al.-, 1982') but

-

1dent1ca1 11ght chains. Lastly, the myﬁ' in ATPase activity of

lj
type II fibres is greater than that of t;a‘ I fibres (Margreth

) -

et al.,! 1972), a fadct tra-it‘onalﬁ ‘relied upon in

hlstodhemlcal detectlon techniqg ;4, v )

Electron microscepy has revealed that capillarizatidn"is

. N s o .
greater around* hlghly ox1d4gizs\ﬂfihres than low oxidative .
flbres '(Hoppeler et al., 11981). Likewise, ﬁisenberg and

Kuda,(1976) observed that vcapillaryf supply and therefore

oxygen supply “to *type IIB fibres was  sparse. ., ‘These
. ,

characteristics are 1nfluent1al upon the enzyme profile, h

that respiratory chaln enzyme actlv1ty (ie. cytochrom

and succinic dehydrogenase\actlvlty) are much higher in type

IIA than type IIB flbres (Mesgreth‘ét al., 1972; 1974a) It

)

Seems 1ntu1t1ve then,.that glycogen particles _were observed

- oy . .

'more promlnently in type IIB f res (Tomanek.et alf,-1973).1n
: gulnea p1g skeletal musdle (However, Schmalbruch‘ (1979rc
observe&”@hat in human skeletal muscle, glycogen particles
were found only,ln.type I flbres).-Tomanek et al., (197;} also
reported a preponderance of 1lipid inclusions 1n type!I and
.type IIA f1bres, a characteristic rarely observed in type 1B
fxbres,, In assocation with an increased reliance uponAlipid

§

-~
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(1977) observed a' tendency for trained athletes " Rave higher

*»

'intraceilular lipid volu es.
Several research gzpdps have’ noted a w1de variation in

;cont 't of mltochondria within type II flbres (Schiaffino 't
al., 1970' Margreth et al 1974a) and. have suggested that the

/ varlable develppment of the S R between all flbre.types wasl

the only ‘ultrastructural feature which bore a - direct

. ' " - _ . b . ’\‘\ .

relationship tO'the speed of'contracticn.' The mitoqhondrial

content ‘appeared to be »related te”*resistanbe» to fatique
' : ‘ “ 7 . R 4 ‘\

- (Sefiaffino et al., 1970). ' RN

. Despite the fact ‘'that the mitochondrial cohtent is

readily altered by increased demands of the musqle,”others

DR )

con51der 1t a prominent dlfferentlal\feature betweeen fibre

types. In the typé I flbres, mltochondrlé are found

-~ .
< L]

predomlnently in the per1pheral annulus orlented transversely.

at the level of the I—band (Elsenberg et al.‘ 1974). More

@
) .

than half are grouped asnpalrs (Ogata and Yamasak1,-1985),
Like type ‘I fibres,‘the mrtpchpndria of the type IIB fibresu
are located'predominantly"in the outer annulus-in longitudinal
chains, ’hpwever; fn  the coren of tﬁe fibre, "t pexyIIB
mltochondr}e are most/krequently grouped singly and orlented
on the side of the zZ- l¢pe (Eisenberg et al. 1974) Type IIA
'flbres may be dlstlngulshed from the other types by a moderate
number of mostly thln ~type m1tochondr1a1 co}umns (Ogata and .

‘Yamasakl, 1985) : ‘ yf ‘ S - . ’

bl
-
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° Prom a biochemical viewpoint, mitochondria). calciut ‘Ptake
/

in type I fibres exceeds that 1n type .II fibres by as much as
33% (Sembrow;Lch et al.,, 1985). . Margreth et al.,, (1974a),
?sing electron~ mlcroscopy) demonstrated'.a‘ more extensdive
development of the inner membrahe .infOIdings of ' thé
mltochondrla to type II flbres, a fact presented to. account
for increased. act1v1ty of glycerol- 3- phosphate dehydrogenase,
an inner mltochondrlab menbrane enzyme . {
Stereoloqically, the SR was observed tg consist of . two;
components: the termlnal c1sterhae (which runs adjacent to the

AN

T-system and contains grannular materlal) and the simple

longitudinal tubules (which connect adjagent terminal

chsternae and have clear lumen) (Eisenberguet al., 1974). The
typei I fibres were observed to have frequehp. brenches and
fenestrations between the longitudinal tubules (Elsenberg et
al., 1974). Morpholooleally, the réconstltuted vesicles of
fragmented sR of type IIA and TIIB fibres. géd a  grannular

appear;nce inh projeceing}knobs (30 A) on the outer surface
(Margreth et ‘al., 19;4a). Thesh'failed.to pecohevloaded with
calcium oxalate (an 1on chelator compﬁsx capable of d1ffus1ng

through the memhxane) after in vitro incubation (Margreth)et
{

‘al., 1I974a). Wang et al.. (1979) observed the following ratlo

of active sjte,(ie. transport proteln)‘den51ty: IIB = IIA >

I. ' ' : . L _ - , T

[y

Sembrowich- et -al., [(1985) noted a greater yield of SR

from t&peiI% fibres than from type I fibres, some researchers

‘ Ve -
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! reporting up to a two-fold difference (Feihn and Peter, 1971;

* Wang et al., 1379)2 Electrophoretic pattefns from éifferent
fibre types revealed fibre-specific differeages only in the
number and mpbiiity of minor pfotein conponents, pf }ow‘f‘
ﬁo;ecular weight (Margreth et .al., 1974b). This lgroup '
reported a reduced aﬁpunt of the appfoximatély 100,600 dalton
protein . in type I fibres when compared with type II fibres.
This'differenceawae eetimated to be 1/5 of that OQServed in.
type II fibres .(Margreth et al., 1974b). It has bgen
documentedlthat the highest concentratien of the ca?* ATPase

and calsequestfin is found fibres of type IIB (Zubrzycka-Gaarn
&

et al., 1982; Wang et al;,.19795, and that the ratio of the

cdncentration of the 30 kdal protein is: type I > type IIA >.
typ_el IIB. | | '

The phy51ologlcal manifestations of thls discrepancy in

the yleld ef~SR and the concent;atlon of the primary ca1c1um,

. transport proteln, were noted by Marq; h et al., (1974Db) .

They epserved:that, in type I fibfes, the‘SR appeared to play

a negligable.role in+calcium movements linked to relaxatipn. |

‘The initial rate of a2+-acchmulation in vesicleeyprep;}ed
from type IIA fibrés was as mach~as 10 times that\recefded in
* type I% fibres' ThisﬁnBs been a .consistent observatioﬁ, as
others - have reported that the maximum rate of calcium uptake
wag at least 4 tlmes higher in type IIB than type I fibres
(Felhn and- Peter, 1971, k&m et al., 198}). . Thla fibre

. \ AN co
spec1f1c dlscrepantcy in transpor teées app\)eared_u.to be more

i - .-‘ . !
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‘than just a function of enzyme concahtratio\, as Wang et aI‘.‘.\ ;
(1979) observed Qariatigh between ribrzméypas with retorenéc
to the affinity of the ca2+ ATPase for calciuﬁ. o,

" Since the formation of the phosphorylated ca2* ATPase
enzyme (E:P coupling) is repreaéntative of . the calcium
translocatioﬁ, the rate of pho§phorylation and thé rate of E' P
decomposition is ctaracteristfd of the S R as a calcium pump.
(WanqNét"al., 19;9)[u The r;te of phosphorylati?n is'grgatér
in ske;;;;T;fﬁ§g>cardiac mhsple (Sumida et al., 1978 in Wang
et 5;., 1979). > Wang and Schwartz (1981) and Wang et al.,

l(1979f observed that the half time to phosphorylation of the.
enzyme was shortgr and that‘the'ra£e of E'R décohppsition was
pigher (by as much é: 4 times7~zdbrzycka-caarn et él., 1982),
in type IIB éibrg? inlcompA;ison to type I fibres. The rates
of these two reaction steps correlated well with the isomg;ric:
half relaxatiop times; relaxation time being sixffold highér
in type IIB (Ei erg and Kuda, 1975). Wang*andASchwéktz

. . . \ ‘ ) .
(1981)  suggested that ,type, I fibres have a monophasic.
. ‘ . - - - ’

o~

decomposition, while type II fibres decompose in\5<biphasic

1
'

[aN

~

‘manner.
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the local adaptablllty of muscle to the stress of exerElse

[

These adaptatlons have been manlfested as 1ncreases 1n max1mum}v

oxygen consumptlon';(Gollnlck et al., 1973, Saltln et al.,.

»

’?fﬁ 1976,“ era er 'et.vval,i 1977,>'and Andersen and Henrlksson,

M°St researCh\emP1°Ylng training’ programs have 111ustrated“”"

‘ 1977) and by lncreased act1v1ty of enzymes 1nvolved in aeroblcf 5

s - .. [ At N

'metabollsm (Gollnlck,et al.,-1973, Thorstenson et al,; 1974;
:§31tin et’alt;‘19765‘0rlander.et‘al.,,1977, and‘Green et al.,
‘1979)~'”5 R S N . '

Many human tralnlng programs have endevoured to ellClt flbre .

‘1nterconver51on o GoUlnlck et al.,‘ (1973),- conducted

Q

‘”'1ntense cycllng program whlch falled to demonstrate a changev‘

e

“in. the perCentages of type I slow tw1tch and type 1T fast-’f“

tw1tch flbres. aSaltln et al (1976) demonstrated the same‘

absence -of change _in. an intenseg.one—legged 'gﬁdnrance and

sprlnt tralnlng program .Hawéve},flt was noted that musciep
hypertrophy occUrred f;hlch ”wasr»Spe01flc- to the trainlng

:_ prdgram Endurance tralnlng lead to hypertrophy of type I
T' flbres Whlle sprlnt tralnlng caused hypertrophy of both type f»

Kpé- and type ;;If‘flbre~ types,v>under11n1ng the 1mportance pf{“

o exer01se 1nten51ty fh terms of recru1tment,_ B L

Whlle convers;on of the major flbre types has not been-7

observed 1n human ' stndles transltlons w1th1n t-ype II. sub-:;



L . - s : N N
PREVE !

o e . S ' R

! - ‘ ,1 Ly X%pf : ‘I'ylll

‘types have been docunented. Gteen et al., ‘(1979), in A
] AL AY
Longltudlnal ex 'natlon of tralned Hockey players pre— and

—

:post— season\\::fenved an 1ncrease in the percentage of type
af

Lo

ITIA fibres

__Henrlksson (1977) conductqﬁ %n 1ntense cycle program in males

and observed an 1ncrease in ‘the percentage of type IIA‘fibres

r the latter t1me perlod.., (?ndersen and

"~ when expressed‘as a’ pergentage of‘total,typevIIifibres. These;'

o7 N

Studies'.squest :a ;IIB to- IIA ‘conversion‘vinﬁ’response to’
endurance*training;. Jansson{et al., (1978) conducted aeroblc
and anaerobic endurance tralnlng

»‘programs for a group of m‘aie 1ong—-ﬂ fance runners. ‘ ‘A‘fter "
anaerobic tralnlng, the subjects nad Mgiower“percentage of'
‘type I fibres ‘and a hlgher percentage of type 1IC flbres than |
vthat observed after aeroblc tralnlng In addltlon, these:‘

A
subjects showed .an 1ncrease in types IIA and- IIB. fibres and an '

flncrease in the ratlo of B:A. Thls .group df researchers'
1nterpreted the n§sults as the hypothe51s that,type IIC flbres
‘were fibres in a tran51tlona1 stage between a type I to type«.
oI conver51on 'such that anaeroblc tralnlng elllcts a type I
ttodtype IIC conver51on whlle aeroblc tralnlng e111c1ts a type’

o
»IIC to type I transrtlon. Thls was the flrst such data whlch

had\EMggested that any sort of 1nterconver51on of the. major;

'flbre types could occur through an exer01se stlmulus. |
The major drawback of the studles done to daté w1th humans.

'1nvolved 1n the phy51cal tralnlng process appears to be a

'>technlca1 one. - eil flbre class1f1catlon had been done on thel/
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basis of" hlstochemlcal staining proceedures and therefore '
ot .

frelied upon the metabollc state of the ‘samples. It may be
‘ concluded therefore, that w1th the‘fexceptlon of metabollc
adaptatlon these tralnlng studles have falled to demonstrate

that the -exercise stlmulus can alter fibre «:omp051t10n 1n

/- .
' -/ o ’

humans.
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- Much of the research which has examined the mechanism of
; . i . _

muscle plasticity has make use of electrical stimulation or

9

motor nerve. dross re- 1nnervatlon Transformations of fibre

type Were thus e11c1ted by changlng the frequency\of nervous .

;mpulse and thereby the pattern of contractlle.activ1ty.

. ® . . . . '
‘a) Metabolic Changes in Skeletal Muscle with .Electrical
s ‘Stimulition

. : : :
Eiectrlcal- st%mulatlon protocols were observed to induce

(-changes in the metabollc profrle. such that there was a
/decrease 1n.enzymes of anaenuﬁlc-metabollsm and»an\lncrease in
: key enzymes of the c1trlc acid cycles heta-oxidation of”fatty
ﬁac1ds and ketone tody utlllzatlon. Thi; transformation lead
Y‘to a complete loss of the hlstochemlcally observed mosaic-likeg
7 gattern of "whlte red and 1ntermed1ate“ ﬁlbres (Rette et
_ al.,léer Hudlicka- and* Tyler,‘ 1984} and Buchegger,‘et
,Gal.,19845.* This Shlft towards aeroblc metabollc metabollsmx
means that there is a greater re51stance. to fatigue in
wstlmulated skeletal muscle, therefore the fast type muscle,
'cons;dered to be L bolxcally transformed to slow tw1tch.
muscle actually _exceeds the' native slow 'musclet in ~ this
4parameter.v Some researchers have therefore referréd to the
transformed muscle as "super red "

-

Relchmann et al., (1985) observed a 40-60% decrease 1n the -
: . N . . .,\\ ,4

. . . LN
L P . . v
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a_c_tivityfo!.ﬁ extramitochondrial enzymes. " With the exceptlon of

"_,he'xoﬁ'c'inase, all studles employlng continuous low frequency

\1
s-timulatlon protocols have shown 51gn1f1cant decreases in the

. : ; .
L . L N
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',extramltochondrlal enzymes .of glycolysis. Decreases have been

observed in’ -~ the actlvityu of pyruvate kinase,'

phosphofructokinase tricsephosphate dehydrogenase and lactate

Pette et al., (1973) and Harrls et al., (1982) obsgrved LDH

’ isozyme sm.fts from M type (LDH 5)- to H- type (LDH1 as well as’

.

small quantltles. of the_‘ hybrld; 1sozymes LDH 2, 4 4) .

¢

Hexokinase activity rose as a result of-the continuOUS low

frequency' stimulation protocol as early as 2-days after - the

fold (Hudlicka et al., 1984) to 8-fold (Helig and’ Pette,
1980). Extramitochondrial efizymes for ol ;1co‘neog,enesis " and
gly‘cogenolysios ,' N

phosphorYlase 'respectiveiy, 4 decreased in response .to

electrical 'stz:.mul‘a‘ti'on." Pette et al., (1973) also observed

, - .. =
- the decline in the,actlv;‘ty of anaerobic. enzymes, creatlne

AN ’ .
kinase and adenylate kinase. ° - : .
. . - 3 . N .,.

. -

St‘imulation' induc‘ed increases- in the’ key enzymes of", t'he
&
c1tr1c Zac1d cxcle ‘have been documented by many researchers.

“_Increased. act1v1ty of su‘Colnlc dehydrogenase haVe been noted,

1'

" pette and Tyler (1983) .and Relchmann et al (1985) maklng use.

K

of mlcrophotometrlc atechnlques for determlnatlon of enzyme

actl\{lty w1th1n 1nd1v1dual flbres. . Cltrate Synthase act1v1ty

. ' - . . Q s~ L)

. . N . N [
. . : ‘

- fructose-1, 6—dipho"sphatyabe and glycogen'

dehydrogenase (references as summarlzed “in table X.3). Bpth

‘onset of the program (Relchmann et a,..', 1985)"' by factors of,: 4—",

L]
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N
stimulation® (Pette et al., 1972, 1973; Harris et al.,, 11982;

“Buchegger et al., 4954, Hudllcka et al., 1984; Reichmann et»

al., 1985), Fatty acid QX1daE£on is fac11;tated‘1n stimulateq.
nusole by vi;tue of increases in i—hydroxy-CoA—deﬁydroéenase
(Pette"et 51;,5 i973' and- Hudlicka‘ et al., h9s4 }fecording
increases in‘ the order og '2-3  fold) ‘and PalmitoyleoA-
dehydrogenase.' bﬂqdlicka et al., (1984) tecorded a 60 %;
'incrgaee in“'the latter enzyme; Howevet;/ Reichnann et

_.,(1985) note that stlmulatlon d1d not lead to an inCrease_'

. '
in' the cpncentratlon of c1rcu1at1ng ketones 'concluding,

4theref0re, that the observed 1ncrease in ketone body oxidatlon

in’ stlmulated tissue was: induced by the 1ncreae§§ contractlle

act1v1tya

.

(b) Stinulation—Indhoed‘A}teratioﬁs in the Functfon'of,the

SR F !

<

Functional . changeé, manifested .as' alterations - in the

structure and“funotion of the SR have includgd changes in the

.

1n1t1al and max1mal rates of Ca2+ uptake, SDS electrophoretlc
<pept1de pattern and the conq‘ptratlon and/or ratio of, key

maxfer membrane and cytoso- c protelns._ : IR IR
. LS

Lo
Studles u51ng technlques or the 1solation of fractionated

’ 2 \‘,

SR membrane ves1cles have ge ated much data on stimulation-

.

" induced functlonal changes. These changes  are summarlzed“in

~-table,l.dr. Klnetlc stu@xes by 'Heilmann and Pette (1979) of

. i ,; .
- . . . 9
. : ; . . ¢ AP *

BRI @ - . '115»‘:

) has:been‘obServed toiino:eaee 2-3 fold in response toithefo,

-
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ﬁhe vesxcles have shown decreases in Ca2+ actlvated ATPase -

tivity and initial and total rates of calcium uptake.

& Parvafbumln, a ma]or calc1u£/b1nd1ng proteln in fast -type
keletal musclasw&s consistently observed to decrease towards

levels found in slow type muscle in response to stlmulat}On.

.

As outlined by Klug et al. (1983a), if the concentratlon ‘of

parvalbumln decreases,‘there 1s an ‘increase 1n the level of

e o . “» .- 4

Eree calcium in® the cytoplasm. Thls phenomenon has been

observed td be followed by a decrease in the synthesis pf Ca2+

} * .
ATpase* Marton051 et ala, (1977 1n Hellmann and Pette, 1379»4

suggest: that in embryonlc muscle cell, a - decrease in
M VAN . e, . Y . v
)

intracellular calcium " is the .primary ‘stimnlus for °the

synthesis'of the Ca2+ ATbase. Increased cytoplasmic Galcium

. )

would ‘lead to a massive - 1nflux 1nto the SR (and p0551b1y the

. mitochondria (Pette et al,,' 1385b)) In dystrophat:.muscle,
increased intravesicular’ calcium__ from increased- infinx has
‘been™ g;served "o actlvate Ca2+ -dependent Protéases (Pette et
.hl., 1985b) Kameyama and Etllnger (1979) conflr;ed\thls ‘with

. calcium ionpphores. ' Thus it appears that/ changes in the

[

conceﬁfration of parvalbumin may be linkéd to the stimulation-
|

_1nduced changes in ATPase %oncentratlon and function..

A 7]

The 7~9 nm partlcles observed (by electron mlcroscopy) dn -

v

)

‘the concave face of the FSR veslcles and:zgnmﬂqi to be theu

W
structural equlvalent of the calt transport?ATPase (MacLennan_

. . Y
et. al., ﬂ971 1n Hellmann et al.; 1981), are sxgnlflcantly“

~

’* lower (partlcles/unlt area) in slow musch than fast muscle

s v . ! }l

&
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(Bray and Rayns, 1976 in Heilmirn et al.,,1981).‘ﬂeilmannuet .
. [ A Hp ks !
al.,. (1981) using fréeze fra ﬁure electran ‘microscopy, .

, ’ .
obsérved a 75% decrease in the amount of such particles&

located . ‘on the concave (A) face \bf ve51cles isolated from,-

stlmulated muscle. Further, tﬁeY observed an increage in the
? 14

number of partlcleq located on the cgnvex (B) face.

Therefore, the ratlo of 1ntramembraneous partlchss between A ®
{ 0
-‘
by st;mulatlon. These researchers
A}

suggest that the‘reduced asym txy of the membrane may be the

and B faces is reducedV

"result of an altered protein/1l pld ratlo and a rearrangement

[

of the phOSphOllpld pattern. arzala et, al. .. (1582) reported
that chronic stimulation did * not . change' the total
lipoid/protein ratio but did cause. & decrease  in the .

/ 0

-phospholipidlpattern. This was manifested as a 50 - 75%‘

‘degrease in phosqﬁatidyl choline content and ‘an increase in

L d

lysophosphaté&des -and non-eSterified fatty agids in the SR
membrane. ' They proposdﬂ that thls\new stlmulatlon 1nduced
'membrane comp051t10n lead to ‘an increase in membrane fluLdlty,

a fact put forth to account for, the. change in membrane

-

assymetrfi

.The ratio of 115 kdal/- 30 kdal membrane. protein, suggested
v ’ ) . : L »
"to be :.a highly sensitive marker of fibre-tvnﬁ specific

° . -
1

 ‘differehces‘in)the SR, varies'significantly.betwa S threea
flbre types (Wiehrer and Pette, 1983) 'They reop it raties of
14.1: 3.8: 1 2<for types IIB, IIA and I respeedazely Early
changes rnuthls parameter were observed to occur Mlth - 2 days

Ca
o
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of \?atimullation "and reach. values equivalent to native slow

-

\ . . ; .
muscle within 3 éweeks ‘)of chronic stimulatiod (Wiehrenr, and

__pette, '1983).

-

C e

\ *
o N

?

c) ,Céntré\,cti’le Changes ig Skele’tal Muscle with Stimuilation:

Sensitive immunohistochemical and biochemical techniques of ‘.,"

RN

. . : .
more recent investigationg hé/e allowed the elucidation of

-

fibre,—spécific differences and 'therfore alterations ‘in the’

_ : | N _
XContractille ‘elements. - Early physiological studies observed

N

2l [

s-timullation_ induced ;i'ecreages in time to ﬁe'ak tension. and
i:ncrg}ases in time to 1/2 relaxatio'n and twitch tension 'i'atio.
M'orle recert .work in th‘is area has concexjt;rated on’mblecular

. -.changes in the. contractile -machinery during; stimulation
iﬁducgd .fib‘r"e-typ:e'q. tré‘nsformatiéns.._ Decreases‘"v in Caz*fl N

activated ‘myosin A'f‘Pase acfivity have been -manifested by

\

_alteratfions in the light’ chain and heavy chain co‘mponéntsAo'f
. A . . )

~

thg mypsih méle;:ule. M'apy 'atitahors (Sreter et al., 1974;1975;
Hudlicka 93_{;11»} 1982b; Sreter et al., 1_982,: and‘Buchegger’ et
al’., 1984) havé-réportea the ;i_c%crease in the fast myosin light
éhains ) in' s-tirr;ﬁlated" mﬁScle. " In patrtidular, ﬁhe DTNB B
(phos}:horYlatable) chains d;cfeased .before "t.13¢ Ialkali liqht'
‘chains.  Seedorf et al., (1?83~) and Brownb et al., "(191‘3.3)
qbser§e;1 that the decrease in 'l—ith cha‘iné; 'J..f“ and'>:2f .and' theA ’
increase %n 1light chaiﬁs is‘,énd- 2s followe;d sy'mmetricél time
t:m_.lrses suc‘h t;hat the r.at'io. i)e‘t:_wreex:n""the a}kali and the 'DTﬁB

light’ chains remained constant. (Therefore, myosir; molecules

b \
1

.
)
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'cohtaining Jless than 4 light chains do not exist at any time

durirdg the transformatlcn)L They' have suggested that the
s : L
stoichﬁometrib control exists at the level of transcription.

In terms of heavy ghaln changes, ‘Sreter et al., (1974),
noted a marked difference in_ the subperiodicity and staining
pattern of the llght meromyosin:paracrystals. kIn_subsequent

) , :
work, these authors (Sreter et al., 19759 found that the
concentration of N-methylhistidine (an amino acid found in the
. D oo . ; '
heavy chains of fast fibrés)‘ decreased with stimulation
. - b L

__sugq/%tang a replagement of the heavy chalns of fast‘muscle by

b
'heavy chalns normally assoc1ated with slow muscle.

-

Many Qf these studles have cdnflrmed that there is a gradual

\

transformation .of fibre type throuahout the course of

stimulation _rather *han replacement of .one . flbre type by,

-

another. Eisenberg and Salmons - (1981) u51ng fibre- speciflc

,

myosins deﬁopstrated‘that fibres stimulated for lntermedlate

peribds.ofvtime contained a mixture ‘of slev anc fast myosin
liqht. heavy chainé. Fibres whiéh—.had been cohpletely
y%rahsformed mthroughv‘electrical sflmJlatlon ,were rshowh"to
.return to their- orlglnal hlstpchemlcalqcharacterlstlcs upon

¢ ? R}

_removal fo the stlmulatlon (Ersenberg and Salyons, 1981).
[ : , . .

Lastly, Hellg and Pette (1983) did in vitro translation of

Y

..mRNA from stlmhlated musé?e and revealed. the co—eﬁ1stence of

mRNA. coding for fast type \a,nd mRNA codlng for 'Ei(o“ type

muscle. . . . 8\
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Flghre A.3:. '}:lme course ~0of electrophoretically determﬁned

] ~

spef:ific peptides of SR from fast-twitch rabbit muscle Juring

chronic nerve stimulation. = 'Values are expres:ted as’ ratios

‘between stimulated and contralateral muscles. ,,_;(wiehrer and

-
-

[ . . ] -
Pette, 198-3‘)-.‘-» ' : : . \
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| Table ‘A.2:

PARAMETER-
_Parvalbumin {3

SR: {FcCa2*t ATPase activity

[ 115 a1 ] protein
O : !

SDS gel pattern

(»capillarization .-
"Enzymes anfl isozymes
s - r

N R N
<> z~disc thickness

:

{:}time/po peak tension

and, half relaxation time,

3

. Tropomyosin

‘Myosin ATPase:

. Light chaf;

Heavy chain = ’

G " —— —_— - ——— —— — ——— ——————— -

' changes in animal skeletal muscle.

.
’

Relative time course of stimulation- hduced

TIME

6 daYs.
B

f2 days -

3 days y
3 days

2 days s

4 days,

4-14 days
(3 o -
2 weeks

1.5-2.5 weeks

up to 14 days

* '.t ‘
3 weeks no
o .

]

4-weeksJ

60-90 days

3

-

REFERENCE

9 - .
"
.13

13 o

16

19 7

44

Bl
?

13

31

Note. *Forfnumerical_references see end of Chaperll.
-

[
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amount of time as the 24 hrs/day protocol. :

d) Time Coﬁrse of Stimulation-Induced Changes
: An‘orderly sequence of change has been docunemted iﬁ the
- various structural and functional ‘domains. 'Fi&ure A.3
illustrates the time course of some Sﬁvpeptides in response to
chronic stimulation ae‘summarized by Wiehrer and Pette (1983).
Table A,2 is a relative time cdourse for stimulatign induced

[

changes. in various metabolic, functional and contractile

changes. . Positions on the cBntinuum are relative as the

various . studies of the time course af adaptations used

A}
o

\,/>Frotocols which differed in the daily dose of stimulation.
F

. “~
e

or example, Pette et al., (1976) in a chronlc\sfiﬁﬁIatISH

‘'study, used both continuous and intermittent protocols. They

observed the same ultimate changes, but the intermittent
protocol (8 .hrs/day) reguired 3 times the «
a

amount of‘time as the 24 hre'da.y"1 protocol. . \\\

e) Nature of the Stimulus

-

Various protocols for ‘the -application of " electricai’

stimulation allow one to differentiate between the pattern of

o

.stlmulatlon and total 1mpulse act1v1ty as the underlylng cause |,

of flbre transformatlons ‘

Inltlally 1t was proposed that the fibre cgmp051t10n was’

— N

‘dictated by a chemlcal message from the motor nerve. However,

the fact that cross re-<=innervation and electrlcal stlmulatlon

’

generate 81m11ar %esults argued for a role of the pattern of

nervous activity. Salmons and sreter (1976) found that the
N . ‘ : ‘.' . 4‘ . _..£ S

L4
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‘effects of the two protocols were mediated in the same way and
y 2N

-

ruled out a chemotrophic ;actor. ‘Salmons and Vrbova (1969)
. . »

and Brown et éi., (1976) applied low frequency and high

frequency  stimulation profocols and observed that a stimulul

pattern. equivalent to the poex' stimulation fibre type was

_required to instit\&g a transformation. For example,jBrown et
“al., (1976) wused con:inuous léﬁ ffequency stimﬁlaéion and
iﬁtermittént high frequénqy\stimulqtionﬁaﬁd observed-changes
in metaboiic and ultrastructural brofi}es only with the former
protoéolf‘ﬁldkewiSe; Pette et al., (1371)'observed'comparable
fibre transforﬁations at a particular stimuiatian*frequency,
whether the muscle was '\stimﬂiated continuously or

intermitte%ﬁly. Thus, these researchersuargued that the key
fact0ﬂ{15 the pattern of stimulation. However, these authors
: , . } <€
@
did not equate the total amount of contractile activity when

-

setting up the different scenarios. ‘Many other investjgatiors

obsgrved equivalent changeés in contraction ime ‘ and

a \

f'.ﬁgudbility using a variety of frequency patterns, provided
the ™ total ! amount of cohtracti}e activity}' was equalized

v ' R . ) ;
(Hudlicka and Tyler, 1980; Sreter et al., 1982y Hudlicka et

~al., 1982b). In addition, Jolesz et al., (1981) and Sreter et

~al., (1582) obsgérved that inactivity th}ouqﬁ“eithe; cordotomy

"or chronic immobilization lead to a slow to, fast fibre ‘type
~ o —_ . X

conversion. Salmpons et a{.,(1982) furthel confirmed the role

of‘total'aQE}vity wheﬁ they observed that a ‘fast type muscle

a1

pould“ be transformed to’ a slow type mu§c1é thraough

-
b yd
\

P



T

‘ R . . . ‘ v; ,‘..“ ' . B } . ‘ ,. ‘ K " ‘ : . 124 " A

= o -~ .

1nterm1ttent : stlmulatxon :,/at '_'a~ stlmulatlon pattern x

Y k)
physiologlcally closer to ‘a fast muscke than a slow mluscle.

The fact that total neural 1mpulse and therefore contractlle

g'act1v1ty p{ays a domlnant ro}e in the transformatlon process,»

Sets the stage For the use of exerc1se in an: attempt to

i‘achlevegvconvers1on-;of fibre types~-thought»'what %may‘ be jd

| consideredla more‘physiological stimuluk.

Y
3 S

R Hellg* et al., (1984) observed that chronlc stimulation

1ncf@ased the total RNA content of rabblt t1b1alls anterlor to

the 1eve1 of Ecﬂeus muscle w1th1n 8 days These ‘authors
") ?’v -

suggested that the transformatlon process 1nvolves 1ndependent

0'

: chghges «a;in‘u both B transcrlptlon : and translatlon.

o

Transcrlptlonal control was ev1dent form the detectlon of mRNA T

and 1ts translatlon products 1n v1Vo. leferences between in
. R .

%1vo and 1n v1tro translatlons were recorded and 1t was

therefore concluded that translatlonal control must also be 1n

effect

=4 Ay X - . . . . . B ) -



High intensity trainin ograms ahnd skeletal mus

_composition in animals ‘ ¢ .

The fact that total neural 1mpulse and therefore total
contractile act1v1ty are’ central to fibre type transformatlon'

after electrlcal , stlmulatlon " suggests that -isuch

' 1nterconverslon of muscle fibre types may occur in response to,

an exerc1se stlmulus ‘ ,

’Green et al. (1983) observed changes in the .zyme Aprofile'
.of skeletal muscle .which were quantltatlvely comparable ‘to
those reported afterJelectrlcal stimulation. This partxcular
lsthdylengloyed a high intensity;ﬁong-term‘endurance running.
protocolQ They'obServed increaseshin’the activity of aerobic
;enaymesv‘and decreases in. the. enzymes of 'glycolysis ,anday
‘glycogenoly51s (although in the case bﬁ_jhosphofructoklnaée;
and Glycogen Phosphorylase the change was llmlted to tha typeg:
IIA flbres) ' Both Baldwin et al (1977) and Ter]ung (1976)
'highlighted 'the role ‘of recrultment pattern in' these
.experlments which does not appear ‘to" be a factor in studles
-llnvolv1ng electrlcal stlmulatlon Terjung (1976) p01nted outf

that IIB f1bre<~ are called upon at greater treadm1llﬁnnclines
;nlrrespectlve of the pace of runnlng yThe ,anlmals ‘werel=
u"observed to increase - their speed' of. contractlonluonly
_5noderate1yd;oVer azbwide range of .runylng ;speeds : Thus['
~Jadaotationutofa.partlcnlar'lhten51ty;'Es'suggested to_account
for dthe transient. resoonse__of'hHexokinaSe g(Baldwin et al.,

-y S
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1977) .. S

JLhanges in skeletal mdsci—ea SR Astructure and function in.

response to intense exercise _have 'included décreased

4,

parvalbumln concentratlon and changes in the peptlde patterp

of some SR _membrane [ﬂntelns . Green et al., (1984) observed

differences between __..the deep (predomlnantly IEA flbres

(Baldwin‘ et al., ~1972)) -and .super‘ficial ' (predominantly IIB
. . o

fibres) portions—ef the vastus lateralis, presumably due %o

A - ' L

,t:hé recruitment pattern described aboves A decrease- in the

ratio of the 115 kdal"/ 30 »kdal proteins, ‘a %henoﬁ\enon

3 repftrrted to occur after electrlcal stlmulatlon was manlfested

as a decrease in the concentratlon of the 115 kdal Ca2+ ATPase

protein and an increase in the concentratlon of the 30 kdal
a2

o prote‘in o Belcastro and Wenger (1982) observed an increase in .

total ca101um uptake from tralnlng in contrast to the ,results '

RN

. observed 1n studles employlng electrlcal stlmulation. ' ThlS

'"A\stud_y‘- however,' lnvo'lved steady .state tralnlng rather than a

pro,t'ocol attemptlng to _ 1nduce flbre type 1nterconvers:.6n.

-Bonner et ‘al. (1976) also observed an 1ncrease 1n ca1c1um

%

sequestratlon by the SR in response to tralnl.ng ) They

accounted for this as an adaptlve response to exerc:.se, such

that the SR would take over thg role of [Ca2+] regulatlon frdm-
&

the mltochondrla & slow muscle) 1norder to fac111tate ATP

a

.productlon -.a proceedure lnhlbltud,by',h‘lgh concentratlon‘s of

"7 calcium with‘in the kmit’o,chondria. - 'There-fore, the _ results of

N

t¥e Belcastro angd Wenger ”(1‘9‘82.) study must be 'inierpreted w.i‘th' '
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| ~ the _pfotoébl in mind. . :

™ * ¢

Gréen et al., (1.984)1 didAo_bser'v"e. change;}n‘ the contractile
machiner)V(... In the deep vastus:,'iat.eralis (IIA fibres) -onl);,
sii;pificant; increases were obse;véd in the el‘ectraphoretic""' :
"conCent;ratidns of 1s and 2s light chains ‘with corféépbndincj
inére'a_se,s‘ in 1f’ and 3f )chainé. ’ L‘i,keu the studies émploying
. electric'a‘l stimulation thg' ratio of alkéli\tq DTNlBi'li'ght'"
| chains ).:'e‘rr’uaivned s‘fapleﬁ (Creen (et al., 1984). o -

o) - , Y

b
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S o o APPENDIX B
oo ' LABORATORY PROCEDURES .
.o \ . . 5 .U: .‘ ‘ . . ' ) . . .

- APPENDIX B-1.
; PROTEIN DETERMHUATION FOR TQ?AL MUSCLE PROTEI“
,(Low;y et al., - 1951; PS modlfled’ by Campbell d'

Sarqgant“ 1967)

‘ 4 . ; . PR . . I ™ . ‘
'\*.w S o .  1/' ‘ E , 4- )
Rgggents*gnd'qhemicals . ' 3 )
1. o.s% Cupric Sulfate (CuSO4'$H20) o v g

2. 1)0% Sodium Potassium Tartrate (NaKC4H4®6)

3. 2 0% Sodlum Carbonate (Na2C03), pH to 12.5 wigh 10 N NaOCH
A | ‘ ,

at room temperature"

.4. Lowry C solution: 61% NaCoj

. . { ‘ - N
v {_+ .. 35.7% deionized H,0
: B . A A
. < . '1.3% CuSo,°5H;0 B
= . & : " ) . \. i . [\ .
. - - 1.3% NaKCyH, 0, A
. . . . 4 44& s ' (

55.13013n,Reagent:'A1 tot1 (v/v) with deionized water
. s LY ‘ ' 1 ’
6. 0.3\ NaOH

: °

71" ¥suspension medium (see S.R. Isolation)’

4
%

Staﬁdard'Curve (Prételn stock solut10n° 5 mg"ml"1 of boviné.

<
serum albumln 1n dgxonlzed Yater) /}- L

.\A/ .
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’ * . o b PR
stock 'suspension medium ____concl _conc 2
) ' A N
(ml) o © (ml) . (mg-mi~l):  S(ug-m1-ly .
: . N : : : . ‘ . T, - A '
0.00 - V.50 . 0.00 " 0.00"
0.05 . 0.45 o+« 0.50. 3.00
0.10 ' 0.40 - .1.00 o 6.00
0.20 e« U 0.30 2.00 . . 12.00
0.30 ; 0.20 3.00 .19.00
0.40 ° . 0.10 4300 *25.00
0.50 " 0.00 , 5.00 v .30.00
. - ° . \ ' R w ‘ .
oy . & '
Procedure _ . e . .

a) Take 0.1 ml of homogenate or ;@andarddéciution.
. . N . / . W

3. Speétropgotometric‘Analysis
q) Using the pye Unicam PU'gaoﬁrUV/VIS-spectrophotdmeter

at a wavelength of 750 nm;"}ecord the opgfaél density. Uée

\

the protein biank from the stapdard‘curQe as theﬁreforencé

t

.and vortex each>standard and éample tube before its analysis.

w -1
[

“b) Add 0.2 ml of 0.3 N KOH. E
é} incubaté in_Qéﬁetnbéth at 37+ for 30 minutes. .
?; K3 | : | .
< 2. Reéﬁtion'Mixture‘ . . c . Loy - °A
a), Takeud;1~mi (twice)'éf solubilfzed p;otein_frbm‘abové;
bf “Add 5.0 ml Qf_ffeshly‘prepa;ed“Lowry\C éolution to
“duplicate tubes. “ | : o i ] a .‘Z -
Q- ‘AdQ 0.3 ml of folin reagent to each tube while -
vortéxing. f%sure equal mixing for allAtuﬁés:~ oo _m
d) Allow: fegction mixggre;‘to 'stand‘tfor cat iéasg;;45m'
mihutes;' -,Y . ..- o J o ﬁ%ﬁ~‘/ﬁ
Cwe - . C ' - .

o
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' | ” APPENDIX B -,2 0’*
Proteln Deteémlnatlon for Membrane Systems
yn
' - (Lowry et alu, 1951) °
,. ‘ L T . v@ . ‘ - ' r
.Beggents and Chemnicals | L | i . ' '
1. Stock Solution Al: "2% Sodium Carbonate (Na2993} ‘ -
| y © 0.1 N.-Sodium Hydfb#ige (NaOH)
2. Stock Solution A2: 10%~deium Dodecyl surfaﬁef(SDS)
| | (prepared fresh daily) s
.3.'“Stock‘Solﬁtion Bli: 1% Cuprlc Sulfate (CuSo4 5590; | |
4. Stock Se}utioﬁ B2: 2% Sodium Potassium Tartrate
(NaKe,H,0g) * :
5. ﬂLowry.d soiutioh: 50.0'ml.stock'soiutioﬁ-AL
| ;\. . 5.0 ml &tock solution?AZ
‘B.S ml efock soldtion Bi
) 0.5 ml.stock*solutiodzBZ
: N : - L ,
6. Folin Reag%ntf' 1 tbol (v/V) wit?'deionized;water
' * ) ' -

%

).

Standard Curve

L

serum aLbumln in deionized water)

¢

stock
(ml) =

0.000
0.025
0.050
0.100
0.150

.0.200

0.250 -

AN

(Protein stock solutiont

H20
(ml)

0.500
0.475
‘0. 4508
0.350

. 0.300
., 0.250.

.

. . \
1 mg-m1"¥ of bovine

3

> >
¢+ __ . conc ] conc 2
.. (mgrmlTH) (ug-ml~%)
[
0.000 - 0. 000
0.050 0.010
; ..0.100 ° 0.020
. 0.200 0.040"
e 0.300 0.060
- . 0.400 0.080
0.500 0.100 * & -
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1. 'I‘rahsfer 2 x 0.100 nl aliquots of" each tube (at .

0 | N }
"

concentratlon 1) to duﬁllcate tubes containlng 0.4 ml H,0, R
resultlng in the concentratlon listed as "2. “‘ o

2. Add 3 ml of Lowry so‘lutlon C to eac;h dupllcate tube.

“

k8

_ﬂlow (the tubes to 51t for 10 mlnutes or more.

©3., Add 0.3¢ ml of the: dlluted Folin Reagent @ eac’E tube,

4

. while _vortex1ng. - Allow- the tubes to .lsit for 30 minutes or

more. -
-, )y W
4. U51ng the Pye Unicam PU 8800 UV/VIS spectrophotomete‘
y ‘record the optical density at d wavelength of 750 nm. Use-

the protein blank from the standard’ curve as the reference.
. : . i '

ht -‘-——3——-—4-—-A b
— ju ~<1—B
. ) -4--——-—-—-C
{ ; [ P
=0 \ 4
LY . ) <— E ? <
. k S5 F
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APPENDIX B-3 /
" Isolation of SRﬁby Denéity Gra¥ient Centrifugation

' (Saito et al.,\1984) '

L]

) ’ .y i ’ ' \
Reagents ggd Chemiealép“ o y .  u o (f '
1. Homogéhization BuffeE Ay 300 mM Sufrose' Ny '
| ’ ..' ' o éo mM Im1déZole-HCl'
- PH = 7.4 o 0.5 mM EDTA .
| ! 0.5 mM DIT
) ‘ kS
2. Homogenization Buffer B: 300 nM Sucrose A o, 3 ©
| T 20 ;M Imidazole HC1, |
" pH =J7.4 . S 0.5 mM Mg ATP .
I , 0.5 mM DIT . . i
3? Suspension.Buffer A: ; 300 mM Sucrqse
' \ 5.0 mM Imidazole HC1
pH-= 7.4 \ o.s‘mMngT oo
Proceedure - * - A
Wul. ’Grinq;whole nmuscle tis§uegto a powder, under liquid_Né.
22? ,Homdé;nizq the'ugrouna tissue to 5 Wvolu{ﬁés; of |,

khomq@enfkaﬁion buffer A. Using the Brinkmahn polytron, seﬁ

’

at.4f5, hgmdgenize twice.for 15 seconds each. -

.3:_‘Using'the'JA-zo‘Beckman rotor, centrifuge for 10 minutes
. . - . B g X ..

_ - L
- at 8,000 rpm..: : R - . »g

4. Decant and retain. supernatant .(S#1l), throﬁg§n4 1ayeré of
' ' B . : o & e ™ ‘ :
3 .

. .
AT



[

' cheesecloth. - r ' c

5. Resuspend pellet (P#1) in 5 volqmes of homogenization

i

bufger B. . T .

6. At a polytron setting of 4. 5 homogenize the resuspended

ﬁ ’
-
o .

pellet twice, for 15 seconds each. ' ‘ :

[ : L0 . . .
‘7. Using a JA-20 Beckman rotor, centrifuge for 10 minutes at

9% Using. a q?dkman Ti-60 }otor,.cnetrifuge for 45 minutes

8,000 rpm. ° . ' - J-

. ., « s v LN
. 8. Decant and retain the supér atantj(S#Z), through 4 layers

\
of cheesedloth.

1

R - . ' v i LY
(43'+‘3) at 40,000 rpm.
P . " 3 s
10. Vacuum agpirate and discard the supernatant
R

11. ResJepend the pellet in'0.75 ml of suspen51on buffer A

and qulck freeze in 11qu1d Ny

. |
12. Thaw the frozen resuspended pel¥et and layer on the

r

sucrose gradient as shown.
*

/—\{ s \‘ .- . .,\

-
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. here A: 0.75 ml of 5 mM ImiégzéleiHCI
B: pellet, thawed and resuspended .
C: 7 ml of (1.76 M sucrose + 0.5 mM DTT) *
© D: 8 ml ofyD.16 M sucrose + 0.5amM DTT)
E: 7 ml of (1.40 M sucrose + 0.5 mM DTT) -
f: 6 Jnl of.21.72 M sucrose + 0.5 mM ﬁTT) g
‘13i Gsimg %?ckmap rotor SW-28, centf%fugé;fdf 16 hours at \
20,000 .rpm. o ) . - :

o ~

14. Resuspend fractions D and E in 5 mM Imédazola_ﬂCl to 25
ml total (8 tubes),

15. Using Beckman } tor Ti-60, centrifuge for 25 minutews at*¢

.$0,0QO rpm..

184. Resuspend the pelets_in 0.5 ml of suspension buffer A.

17. Divide in 50 ul aliquots a@? quick freeie,in#liquid N,.

-

Store at -70*C until future use. ‘

. B
e | o 7
. L/ﬁ/ | “q - o c
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APPENDIX B~4

S

ATPase Enzyme Activity

-

1. Standard Reaction Media: 300 mM Sucrose

.

- N

\

8

Usiné the\Standard Reaction Media, make up the\,g:ll-owing.

*

1

1

7

00 mM KCl

0 mM-PIPEs‘.*‘

.5 MM MgCly

. (Parkhouse ghd éélcastro, 1987)
Reagents and'Chemicals’ *

,

\’u »

soiutipns; qﬁch that the lis%gd concentration represent

within the spectrophotometrié cuvette.

a) 1 mM EGTA solutions

]

b) 20 mM ca2?t solution

. ¢) 1 mM EGTA

N
10 uM NaN;3 1n solution

A\l

5,{1'

-

/

i

s .that

.

d) 1 mj EGTA N :
5.uM Ruthenium Red’(RR) in solution
2. Using deioqizedﬁ'water as the .splvent; make up the

following solutions, such th

Ay

‘represents that within the sp!ctrophotometric C

a) 2 mM PEP

b) 0.2 mM NADH
¢). 10 U LDH

d) 'Ti%E‘P -
e) 5 mM JENATP
¢ D S

[T

L}

.
- A

) N Y
PR

3?‘f§he_ listed concentration

uvetfe.

s
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1. iilute the thawed: SR ﬁroiein to 1»ng-m}j1. (;

\

2, In a 1 ml tuvette incubate the following in a 37 - C,

: 1
water bath for 10 minutes.

.1?)m}

“2
.
o
=

.14

.054

ml

ml

ml

ml

‘ml

ml

PEP.

NADH *
£oH ’ - .

px' A\ ~ M . ¢

staﬁdard Reaction Media | CZJ ’ '
"SR Suspension Buffer A

&proteint'J ) I

.05 -ml vériablq.stanQQrd solutions, (ie ca2* solution or

EGTA*RR,soﬁption)— D

A

S~

3. Using the Pye Unicam PU 8800 UV/VIS “spectrophotometer at
. ‘ 3 .

‘a wavelength of 340 nm, establish and fecbrd a baseline

optical density.  Use a chart sgﬁkd of 10 s-cm”

A '

1.

4. Begin a timed recording of the change in optical density

with time upbg addition of 0.10 ml Mg ATP. Terminate with -

perchloric acid.

q -

5. Use thelfollowing‘equation to calculate enzyme activity
in units of umpi / mg protein / minute. ', 23
oD X  CUYETTE VOLUME X 60 S
_ SEC " SAMPLE (PROTEIN) VOLUME : 6.22
C, . \ ‘

C

v 2N
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APPENDIX B-5

’

Chemicals and their Source

i

Cupric Sulféte - Fisher
S;h}um Potassium Tartrate Fisher
Sodium Carbonate" . - BDH
Nahﬂ ~ BDH A )

o : f
Folins Reagent - Sigma ¢ o
BSA S T Sigma | . |
SDS C BOH
‘Suérose oo o BDH
Imidazole HC1 Fishef
EDTA Fisher
EGTA Sigma i
DIT Sigma
Kl | ST Fisher

. 0

PIPES . 'LV,» ) éigma.
MgCl, : ‘ ) ' Fisher
Mg—ATP . Sigmé ‘ .
NaN4 | ‘Fisher
RR . " Fluka .
PEP : , cBoeBringer Mannheim
NA : V,., * Boehringer Mannheim
LDH ., N ' }  Boehringer Mannheim |
PK SR, ' Boehringer Mannheim” .
KOH . e A L Chenonics Scientific
CacCl2 | | - Fis er(

N -

\ ?\ .

137
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* APPENDIX C -

¢ Statistics Summqry

SR YIELD: M;TV 1 "t\‘ e

| o css b Ms  F -, ‘B ¢
‘Tfainipg effectx(é),7225}ob . .1",.7225.00 '9.95 - .<.01 y
‘}VéSitlevape‘(VT)'. 7832.25 f;;_f 7832:25 . 1bﬁi§\§ <.01
TXVT © 2500.00  'i ,2506'00 3.44 ned

‘Within o 8712.29 T 12 725.93 -

ns = pot significant =~ o . . BRI

”TOIAL (Mg2t, c§2+ ATPase)fAégngTy; ' ‘ o
A | .. gs . - DF MS ' F P

‘Training Effect (T) _1.85 = 1 . 1.85  48.94 <.01

- Vesichi\iffé ( T)z  7
TX VT >~ N\

Within =

3.92 1 .3.92 124.44 = <.01
1.12 1 1.12 35.55 . <.
f . . 2 e )

[ ’ . R .
O\ 378 . 12 0.0315

Post-hoc T X-VT t-tes 'Yiéidedfa;!t1\of422.92jfp<,01A




{
vv-Ca2+‘AT§asé5ACTIVI?Y:f

| SS
" Training Effect (T) 1.96

Vesicle ?ypgb(vry . 3.86"

T X VD 1.03
Within * = . 0.348

Post-hoc T X VT t-testgyielded a t.

TOTAL MUSCLE PROTEIN:

ES

~ Training Effect (T) .9.44
‘Muscle Type (MT)  777.74

T X MT - 124.85
: ]

 Within { 3103.62

DF

12

DF--.

25

. MSs

l1.96
3.86
0.086

B

of 12.024, p<.01

MS .

'9.44
777 .74
124.85

124.14

'11.09

0.247

—_—

0.076 -

6.2648

1.006
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. Summary of t-tests to invesitgate the effect of NaN3 and RR

‘VESI‘CLE TYPE t 3 P -

1. NapNj - PR o  :i“
Control-light * \ .043 v. ns R | -Jb .
control¥heavy | "_‘;.018.; ns | |
Exercise-light:";i .023 ns
EXef&ise—heaQy o .037° . . ns

2. RR

e | .

~ . Control-light .096 .  ns
:antrolfhéavy .. .026 . 'ns
;Eiércise—llght , .041 ns o ' : .
'Exércise—heavy x {".141‘3“ ns

(critical values of p: 3.18 fof alpha of .05

| 5:84'for alpha of .01)

n;?s not significéht t . ’ ’

' . . - » L
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¥ @ ’ ‘ v v ' ° . 1 v
Summary of t-test fer select anthropometric data: . L x

) : o, p
Terminal Body Weightx* .624 _hs‘
Heart Weight - ' La21 - ns
HW:BW ratio . .a76 ns
Musélé Mass |
Eplgrocleagls .iO9 . | ns - ,
lelal Qfgégéiér . ;w.124 . ns : ..» : - 70
Normallzﬁ 'ﬁuscﬁe Mass ‘o | .
Epitroclearis | - .169 ns
Tﬁbiélis Anterior - .151° ns A
S AN | -

/‘ e

'ns = not significant
* 'vaer for terminal body -weight is an F ratlﬁm Mthe

multlvarlate ANOVA shown on the following page..
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A . B} ‘
Summary of‘post-hoc t=- naéfs :

) -

h N \ ‘
| T significance' «.
Ca2+‘Mg2+ ATPase’activityf S o -~ |
" Control iight_vs heavyﬁ- "~ 4.88 p<.0in
"Tfhined.light vs heavy S 16.32 ' p<:61 )
Héavy‘trained vs control - 11.92 © p<.61 |
Light trained Vs control 2.06 ns . m;
¢a2t ATPase attivity: - :
Control 1ight"vs'hea§yv | N 4.96 {h p<.011v
irained iight&yS heayfi . ¥§.159-\ - p<.01,
Heavy.traihed*vsréontrol o ri1.23 _ p<.01
Light tralned vs ggﬁtrol | * . 2.27 ns -
. : A
SR Yield:
Cbntrol,light Qs heavy - %? 28 §<;01
Tréiped light w¥s heavy ) 0.90. - ‘'-ns ﬁ?;
‘Heavy"bontrol vs traihe&.~,, B 5.32 _‘ ns "
- Liéht'céhtrol vs trained = 1.01 " ns. R

-
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Mean body weight (g) for control a.m'df training groups .at-the....

end of each training week. Mean food  consumed (mg‘g body

weight ~1) for each week.

N MEAN BODY WEIGHT

WEEK CQNTROL TRAINING. SIG.

1 174:885: 176.429 ns
2 182.250 174.429 s
3 188.750 186.286 ns
4 193.625 _193.286 ns
5  200.750 ° 202.857 ns
é,;— 268.625 . 207.857 ns
7 210.125 _211.714  us
§ . 212.500( 214.143. ns
9 .216.750 217.429  ns

10 224.375  221.571 ns

11 225,375 220.857'§‘ns
iz,A 230.250 227.714 ns
13 231.250 323.143 ns
14 v236}500.m 226.571 ns
15 2370625 . 228.857 s
16 244.875  237.857 ns

&=

.

Al

MEAN FOOD CONSUMED

CONTROL TRAINING SIG. ,

y

72.762 72:100- ns

81.450 80.371  ns

81.575 86.629  ns .

; , o
78.500 88.757 © p<.001

77.287  92.700 . _ p<.005

81.750  97.986 . p<.001

81.300  92.wha p<.001

75.725  87.643  §<.001

~

. 78.800  93.243  p<.001

" p<.005.

]

77.550 86.300

o s
76.537 [ -87.086w  Pp<.005

72.175 87.07L p<.001

%0.762  82.329 |, p<.005

67.000 84.786  p<.0Q1

- 66.925 90.429 p<.001

66.050 80,071 ~p<.001 ™

!
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APPEND{X D ,)

U . Rel DATA

APPENDIX D-1

Raw Data:’ Body Mass (grams)
3 > N .
EEN 1 . Ly

I ,coNTRoLs' o o RUNNES J
DATE 04 OB 12 13 18 21 35 33 10 17 19 23 26’ 36 39

T NN N\ - \7 \1
‘31, 7 188 177 185 188 137 164 i68 190 171 163 182 175 201 183 184
06.8° 186 168 183 190 145 165 169 185 169 160 178 164 185 177 175
08.8 183 177 181 193 144 166 168 187 171 166 182 171 190 180 175 .
11.8" 183 186 190 193 150 174 172 188 174 169 175 174 1%0 181 174
13. 8 187,180 182 196 149 173 168 191 157 170 181 173 180 171 181 .
15.8 190'185 191 201 153 175 172 191 173 167 179 176 170 180 176
1849 193 191 194 205 153 181 166 194 169 173 -187 179 194 182 188
26 8 194 190 195 201 151 178 176 201 175 173 187 176 203 189 184
22.8 196 197 199 205 154 183 177 199 172 178 194 181 203 190 186
25.8 202 198 201 210 156 186 183 207 180 178 198 188 208 192" 185
27.8 200 202 205 211 158 185 187 206 186 189 170 188 208 199 183
29.8 200 199 203 211 154 187 .184 211 189 198 181 193 215 192 185
01.9 206 202 211 213 157 194 *192 216 194-198 190 195 217 199 192
03.9 207..207 211 .218 160 195 197 214 200 203 190 200 228 205 196

05.9 215 215 ‘160 188 196 215 200 206 187 193 226 213 195
08,9 217 228 163 200 202, 221°199 202 188 201 226 211 195
10.9 ) 216 218 164 196 200 221 203 202 192 201 208 210 203
. 12.9 219 226 168 202 204 225 212 199 190 203 226 223 202
15.9 215 224 162 196 202 223 216 208 193 200 224 219 209

17.9 217 214 221 221 167 201 205 226 220 206 190 207 230 214 211
©19.9 220 220 221 227 165 202 201 225 223 216 194 207 226 211 205
22.9 223 229 221, 229 170 204 209 228 214 219 194 210 231 213 208
24.9 220 223 221226 170 205 205 227 221 219 192 214 236 220 207
©26.9 221 221 220 228 170 201 208 231 217 214 193 214 234 222 205
29.9 223 222 225 235 171 205 212 232 229 221 198 211 241 229 212
01.10 225 223 224 235 173 204 214 235 223 227 192 214%239 231 209
03.10 227 228 224 232 173 205 211 234 213 237 200 214 228 220 210
06.10 230 226 229 240 175 211 218 234 219 241 203 224 236 228 217
08.10 231 226 230 240 175 213 214 239 215 227 201 228 224 220 213
10.10 236 230 236 245 177 214 219 238 222 233 199 226 231 224 216
13.10 237 233 227 242 177 217 222 240 223 224 196 229 237 227 217
15.10 241 233 234 247 177 213 222 244 219 228 202 222 239 228 219
17.10 234 234 231 245 181 218 218 242 218 227 202225 235 220 219
20.10 237 239 233 251 179 219 226 246 224 243 212 230 228 231 236
22.10 237 239 232 251 187 224 -219 242 234 241 211 232 228 232 233

24.10 241 238 237 253 181 224 220 248 227 235 207 235 234 237/225’~

T, ‘ g ,

s

‘J

-

]



27.10
29.10
31.10
03.11
05.11
07.11
10.11
12.11
14.11
17.11

244
243

‘245

245
246
z47
252
249
256

244
239
238
237
239
241
241

240,

238

432

238

237
245
241
247
241

,245

239

252
256
252
259
253
261
254
259
261

183
185

183,

187
is4
192
190
187

191.

226 218

227
225
226
226
231
230
228
234

225
217
218
217
222
222
224
227

250
247

253°

251
252
251
253
257
255

235
232

223

227
226
232

238

244
241

237 207
235 205
222 204

234 209

227 196
228 207
2404204
239 206
233 207

228
218
218
228
219
231
231
233
225

236
243
234
245

241

237
240
234
238

259 248 248 269 189 229 227 258 234 235 212 220 237 234

L

\

o

233
226
234
227
229
228
222
221
224
233

228

224 .

227
232
221
223
222

226 .

234

-148



e - o : 149

4
: . " APPENDIX D-2 N -
\/  Raw Data: Food Oonsnmtption\ (grams)

CONTROLS // RUNNERSQ
DATE 04 08 12 13 18 21 -35 38//10 17 W 23 2 36 39

08.08 24 2\9 \23 -\27 \25 \26\07 26 S \\‘27\233\27\2"
16746

11.08 43 46 51 46 )42 44 38 44% 42 37 40 39
N 13.08 31 24 27 31 /23127 24 30 13 27 32 26 20 20 29
15.08.31 31, 37 3%/ 28 32, 27- 3.'|38 30 28 34 10
18.08 51 57 52 48 - 41 43 32 47 |41 43 47 4ss5 l%”'ib.
20.08 29 30 35 A1 26 28 27 32 |31 36 37 31*42 %&
22.08 31 36 35 33 29 28 23 29|28 -33 36 33 31
25.08 49 48 53 52 41 45 44 51 |sp 52' 50 55 65 53 47'
30 35 34./35 27 28 30 ”gg 47 32 16 32 33 32 136
29 27 33 30 22 29 26 39 33 34 31 41 35 23
49 56 53 48 41 43 43 52 |60 57 72 62 63 64 57 .
) 33 32 ‘32 .37 25--28 26 30|39 33 33 36 45 37 3
30 37 36 34 27 23 .28 30|41 46 sp 32 37 48 36
54 58 62 59 48 48 S1 55 |59 57 55 66 62 53
35 33 36 29 22 27 26 30|44 35 36 46 21 44 35
34 3836 39 30 34 34 38 48(-35 35 42 47 50 37
58 57 49 51 47 41 46 49 73| 57 56 51 65 65 65
‘34 35 39 40 27 35 30 30|49 36 33 44 38 36 41
37 46 34 33 25 33 37 34 .46 42 37 39 39 37 36
50 62. 55 51 45 4? 47 sp |55 63 53 60 63 58 54
32 35 34 .28 30 39 38 37 39 36 45 35
) 31 30 35 35 29 27 30 33|35 34 33 4 44
55 56 62 57 44 47 52 51|73 6959 61 67
32 31 31 ,38 37 27 2941 |30 38 32 40 445
10 39 $40 40 37 23 32 32 32139 48 44 43 34
06.10~56 49 49 56 45 50 50 43 |58 72 56 69 63.59 -
08.10 36 35 35 eZ 31 34 30 39 ({35 29 33 39 30 34 38
10110 37 38 38 290 33 sSp 3240 37 35. 39 36 40 38
13.10 59 56 56 58 49 52 52 65 59+ 49 53 69 73 65 61
15.10 37 40 34 38 30 33 29 36 {30 36 39 43 47 41 39 -
N 17.10 30 33 3k 33, 28 28. 29 31 |36 (33 37 %9 “34 32 39 °
20.10 53 55 53 6} 46 '50 48 54 |66/ 71 75 73 66 63 70
22.10 31 33 35. 34 35 32 26 29 [42- 39 sp 43 28 40 39
24.10 37 36 33 35 27 30 25 33 {35 32 30 40 35 37 34
27.10 54 53 50 52 44 47 42 52 |66 57 '55 56 58 73 60
29.10 36 33 36 36 31 33 29 34 |39 33 32 30 42 .36 37
31.10 36 30 38 33 28 29 26 34 [31 38 37 36 39 41 38
03.11 49 48 55 52 45 47 39 48 |57- 60 56 67 70 58 60
0511 32 34 34 30 26 27. 27 31 {34 35 26 29 41 45 32
3, - 07.11 33 32 33 35 30 29,31 31 44lb29 40 53 41, 37 - 36
10.11 54 50 51 S50 45 48 43 48 |64 68 56 72 63 64 58
12.11 34 32 31 33 27 28 29 34.|45 39, 46 36 41 41
14.11 sp 30 35 32 28 32 26 33 39| 32 40 gAk/gz 45 42 :
17.11 53 52 52\ 52 41 46 39 46 48| 53 .55 60 57 56

gt

‘Note. These are 2-day and 3-day consunptions. ‘sp= sp‘illed food-
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"APPENDIX D-3
Raw Data: wOr«\load and Power Output
'WEEK °* DATE  WORK POWER
: ’ (kg m) (watts)
\ ‘%;w
L1 6.8.86 8.040 .0%30 ¢
1 8.8. 10.043 .0746
2. 11.8 12.966 v .0815 ,
2 13.8 15,891 ‘ .0866
2 "'15.8 17.058 .0871
3 18.8 , 22.719 .0977
3 . 20.8 ) 27.220 .1059
3 22.8 © 30.202 .1873
4 ' 25.8. 35.679 1166
4 - 27.8 40.791 .1232
4 29.8, 44.743 .1261
5 1.9 51.824. .1366
5 ' 3.9 59.735 .1479
5 RS 5.9 - 63.293 .1477
6 8.9 ' % 70.465 .1556
6 10.9 77.793 .1630
6 12.9 83.881 .1667
7 15.9 103.278 .1688
7. 17.9 112.178 g .1697
7 19.9 120.832/’-/: .1702
8 . 22.9 131.49 1791
8 24.9 143.910 © ..1896
8 26.9 - 147.518 3
9 29.9 163.094 i Yigﬁg
9 \ 1.10 174.292 e -2094
9t 3.10 DID .NOT: RUN‘&- EQUIPMENT
,S_ DYSFUNCTION SCHEDULE SET. BACK THREE:: DAYS N
o . . 6.10 180.646x
0 5 8.10 188.276"
) ' .10.10 : %
11 W 13.10
11 © 15.10
11 17.1
12 - $20.1
12 22.10
12 24.10
13 ©27.10
13 29.10
13 +31.10
14 3.11
A4 5.11
14 7.11
15 10.11
15 12.11
15 | 14.11
16 .




Ja . h, " ) N . N ;
- . ' . : . . % SN
\ APPENDIX D-4 .
- Raw Daka: Tissue Mass émg)

. . . 4
o ” . . .
. * * *

. Q_QD.&I__O_J-_S_ s . . ' . g\;
. Y ) B
04 08 12 13 18 21 35 38
Heart . 825 897 809 945 800 834 1069>1021
- .~ -
Soleus R 63 62 65 73 61 66 .60 69
L 57 60 "®BF M 55 69 60 85
Tibialis) R 394 387 .360- 418 280 301 373 _ 413
Anterior) L - 390 390 352 384 279 °338 330 390 J;
Superficial}R nw nw nw nw pw 1207 1185 1481
Vastus YL, nw nw nw nw ‘iw 1140 1268 1637
™~ -
Epitroclearis R 57 S50 56 69 37 55 60 50
A ’ L .68 67 62 52 30 60 54 61
p ' n
Y :
Runners
. 10 17 19 23 26 36 39 .
. ’ / ‘ﬁ
Heart.: 1034 983 960 1298 1142 1225 1340 e
Soleus R " 79 72- 64 77 __72 78 74. | *
L 69 67 66 767 8A_L_74 77 0
. ( , | o ﬂ | o .
Tibialis }R 282 4881 352 372 421 3634 387 S
Anterior )L 404 TA06 352 340 377 410 369
Superficial)R - nw nw 1207 1163 1236 1088 1463 ' ' )
Vastus )L nw nw 1140 1062 1248 1445 1586

Epitroclearis R” . 62 63 52 56 58 57 53
L 66 67 58 63 - 55 52 64

nw = sample -not weighed



.- . Topal Musclé Protein” (my/g) . .

Epitrocleairis . Tibialis m\eri'dr‘

Controls 04 ¢ 228.26 - 232.30

‘w08 216.14 - . 218.67 .

“ 12 v . -232.30 . -247.96

R - -~ 215.64 . 229.78
S 21 248.46. % % 247,96

' 35n ) 235.84 : 231.80
38  206.55 - .241.90

) N . . R .
‘ ) . : n ' ) N ! o . %\ 4.
' . VFRumners 10 - 220.69 240389

17 | 234,32

19 - 214412, Yus.oa

- 23 . 222.71 . 238,87

= o260 7 240.38 S+ 250.48.

.o ™36 220.78 . ©238.87
R 739 2}9:17_ ” 224.22

o . ; LR : .
. PR . : | . . \
S ‘ : .
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Raw Data: X?ld of SR Protein (ug/g)
Controls’ e ,
light SR . heavy SR
717 825

e : . 752 NG 850

' ‘ 731 T 791

- L 767, 838
Training Group B l Lo N

' | 765 - 756
S 751 , . 803 °
Ll 699 © 746

742 729

153
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N Raw Data: " ATPase: ﬁlEVlty (umal Pl/mg/mln)

1. ca?t Mg2t ATpase . 4" v o S
llght s heavy : o i

Control * . 3.85 W 3.56 . . .

: S ! S 3,92 7. 3.21°
; ‘ 3.70 - . . 3.43
~ ' 3.77 , - 3.28

&

Runners . . 13.64 : . 1.99 SN

| ///”"ﬂ\\\%-79 | S 217 v/ \
s . p.52 “ - 2.10 .
” o 3.70 | 2.34 D
Y ’ ; . Lo - (4 . .vo. . ' ),. : B
control’ - .  0.098 ©0.100°

‘ 0.110. - 0.100

0.093 - 0.096

0.100 = - . 0.110,

&,

Runners | , . 0.111 0.102
g .. 0109 . 0.093
' ,\\ 0.115 L 0.009 .
o 10.107 0,104 T )

- light - heavy ' ' .

Cdntrols , e 3.88 ‘ 3.44 B -
S ‘ 03,79 . 3.30 . ' '
: 3.90 DR 3.37

Rumners 3.75 .. 2.08

»

3 _4}'*§R ATPase-

‘Contrpls . . . 3.45 : L 3.22

: e 367 - .0 o 3.45
. - ' 338 . - - - 33 ' :
e S 3.41 L 3.38 »

—

Runners
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- APPENDIX D-8
"Mass i.lnd_ef thecufv_e" for de.nsitorqetric scans (9) i
ATPase  Calsequestrin  M-55 " 30kd
 CONTROLFLIGHT 667 ° . 38 . 30 107 .
CONTROL-HEAVY = . 609 - a4 . & 155
EXERCISE-LIGHT 523 81 37 . 82
EXERCISE-HEAVY 518 . = 92 90 220
, . .
i
” APPENDIXD-9 - - s
B v . '
Mean body mass (g) for control ancl tra,mmg groups at the end )
of each training. week. ' Mean food constfmed (mg 9 body welght -1y for
each -week. ) IR
MEAN BODY MASS "\ MEAN FQOD CONSUMED
: ‘ (I)NTROL TRAINING  SIG. - CONTROE 'I‘RAINING SIG.-
1 '1.74.885“ 176.429  ns_ »72 762 " 72, 10Q,;. ns
.2 . 182.250 174.429 ns 81.450 80.371 ns 3
3. .188.750 186.286. ns . 81.575 86.629 ns .
4  193.625 193.286 ns. . 78.500 = 88.757 p< 001
5 ,200.750 .202.857 ns 77.287 92,700, p<.008 . .
6/ 208.625 207.857 = ns 81.750. 97.986 p<.001 ..
7 210.125° 211.714 ' ns. .81.300., 92.614 p<,001
* 8 212,500 ° 214:143 . ns ~95.725 . 87.643% p<.001 .
9 . 216.750 217.429. ns . 78.800  93.243 p<.001 -
© 10 224.375  221.571 . ‘ns 77.550 86,300 $2.005.
11  225.375 . 220.857°° ns ', ' 76.537 ~ 87.086 p<.008° -’ -
12 -230.250, 227,714 . ns: i 72.175 . 87.071 p<i00L S
137 231250 ,223.143. ns . s 70,762  B2i329 p<i005. . .
A4 236.500 +226.571'.ns’; 67.000  84,786:p<.001
15 237.625  228.857_ " figh" - . 66.925 . 90.429 p<. 001
16 244, 875,-;; 5 r;g ' ° 66.050 80.071 p<.901 .
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