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ABSTRACT

The purpose of the present study was to ihvestigaie the time course of training effects
on myof ibrillar ATPase acuvlty m cardrac and skeletal muscle,

"}‘he myof ibril ATPase activity was measured in the cardiac, soleus and ﬁlantaris
muscles of femele rats after 3,6 and 9 weeks of running training, Cardiac ATPase act}vity was
elevated- after 3 \nd 6 weeks (28-'.40%) (p<.05) but w similar to controls after 9 Weeks. In
contrast, the ATPage activity was changed in skeletal muscle in the latter part of ‘the training
programs with an incrdase in the soleus after 9 weeks and a decrease in the plantaris after 6 and-
9 weeks (p<. 05) The regulatorv aspects of the myof ibril ATPase activity ‘were also

mvestrgated by deriving 4 pCa50 and Hll] n from the classrcal Hill equation. The changes in the

cardrac muscle

ar 1o be related to a change in the regulatory aspects of the actomyosin
cycle but these changes were not noted in skeletal muscle. In summary, it is suggested that
runmng trammg can result in changes in myoflbrxl ATPase activity in the heart if this
parameter is evaluated early in the training. Furthermore, the time course of the training effect

results in different responses depending on the muscle investigated.

7
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. . CHAPTER | !

lntrodbctlon

Functional overload of cardiac and skeletal muscle rcsu{lts in physiological adaptations
that are specific to the demand placed upon the organism. With endurance training lﬁc overload
or demand situation over time is accomplished by varying three essential factors; intensity,
frequency and duration. The precise contribution of each variable to the physiological

adaptation process that occurs with endurance training is uncertain, however, intensity has been

.

| 4
identified by some as the primary factor for improvement (Roskamm, 1967; Faria, 1970;

Davies and Knibbs, 1971; Hollering et al, 1971; Harger et al, 1971; Gledhill and{iynon, 1972;
Knuttgen et al, 1973; Fox et al, 1973; Fox and Mathews, 1974; Chaloupka, 1975; Wenger and
Macnab, 1975; Fox et al, 1975, 1977a, 1977b; Hickson et al, 1977; Whitten and P’aimer..1977;
Lesmes et al, 1978; Dietrick and Ruhling, 1978; Atomi and Miyashita, 1980). The precise nature
of the inicnsity is uncertain. When classic carc-ovascular (cv) variables such as heart rate,
'ardiac output (Q) and maximal oxygen consumption( VO, max) are measured to compare high
and low intensity tréining programeé, minimal improvements have been reported regardless of
whether an interval or continous protocol was employed. (Henriksson and Reitman, 1976:

Houston and Thomson, 1977; Eddy et al, 1977, Cunningham et al, 1979). Furthermore, a

preliminary study has demonstrated that high intensity training (ie. 125-140% VO, max) was

inferior to more traditional intensities (70-80% VO, max) endurance training in humans
(Robinson and Sucec, 1980). Potential problems with this area include lack of control groups,
lack of sound experimental designs and lack of characterization_ of the training programs (ie.
quantification and equating of workloads of different types of training programs). In aﬁidition.
the precise contribution of frequency and duration to training remains obscure for the same
reasons (American College of Sports Medicine Position Statement, 1978).

1
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Endunanceltrammg results in -a vanety “of cardiac functional changes These changes

include enhanceodﬁmyocardral contractrhty and mechamcal functron under normal hypoxrc and
1schem1c condmons (Penpargkul and Scheuer 1970 Scheuer and Stezoski, 1572 Hepp et al,
1974; Scheuer et al, 1974; erhams and Potter, 1976; Dowell et al 1976; Behrson and Scheuer N
1977; Dowell et al, 1977,,$one 1977 Trbbrts et al, 1978 Behrson and Scheuer 1978 Noakes et
al, 1979 Scharble and Scheuer 1979; thzer et al, 1980 Meerson et al, 1980 Barnard et al,
1980 Trbbrts et al 1981) cardrac hypertrophy (Liere and Northrup 1957 Astrand et al 1963; -
Oscai et al, 1971a; Scheuer 1973 Crews and Aldmger 1974 Wyatt and Mrtchen 1974 Carey et
(al 1976 Codini et al 1977, Scheuer and Trpton 1977 Allen et al, 1977 Baldwm et al, 1977;
'Carew and Covell 1978 DeMana et al 1978; Ehsam et al 1978; Wolfe et al, 1979 Rerych et
al, 1980; Stein et al, 1980) and greater maxrmal cardrac output. (Astrand and Rodahl 1971;.
Clausen 1976) in both humans and anrmals
Inte.restmgly, the cellular alteratrons that account for the enhanced rnyocardral
'contractrhty are uncertain. leblts et al (1981) have suglgested that an 1ncreased contractrhty in
 their runnmg experrments W1th rats was due to greater Ca" transport across the sarcolemma»
. ‘wrth the contrrbutron of. the contractrle element bemg neghgrble Others ‘have reported
' srgmf 1cant changes m the contractrle (myosmcor actomyosin) element of rats as a result’ of run‘
trarnrng programs (Baldwrn and TerJung. 1975 Baldwm et af; 1977, Penpargkul et al 1980; -
Resrnk et.al, 1981a 1981b) The drscrepancres wrth regard to. changes in the myofrbrrllar
vu~ATPase‘ may be dueto a number of factors. _Baldwrn et al,,(l977) have reported'that with
continous: endurance training the cellular eyentsv'/.i'nvolved with cardiac contractlon (ie..
rnyOfll;rillar ATPase) do notchange. On the other hand, when the endurance training program
' was undertaken w1th intermlttent .exercise at ,a'greater \intensity, the cardiac myofibrillar -
AT?ase activity wasrelfevated (15%) and cardiac hypertrophy was maintained. It was suggested
that the reduced exercise overload on the o system with lower intensity training programs

LS

1 T - » . N - : |
results in only transient changes in cardiac tissue of rats (Baldwin et al,. 1977)_2 The transient

nature of adaptations has been repofted and it appears that following 2 to 4 &‘geks the cardiac
. : i _ o T g ‘ - B



adaptatrons that occur with a.convennonal trammg program may be lost (Prerce et al, 1979//
The small number of training groups (Baldwin et al, 1977) and the lack of quantxfrcatrox‘t of
exercise duration and total work done in animal experiments, add to the uncertainty : of the
ef fects of endurance exercise on the contribution of the contracttle component (eg ._m,yof ibrillar
ATPase‘) to the changes in myocardial contractility.. ‘ o / K
‘. Thus, the purpose of the present study was to: | ‘ o |
| 1- examine the effects of endurance trammg on myofibrillar ATPage acth/lt;’ of skeletal and ‘ '

‘l

o cardrac muscle in female rats. 4 FA
/.

2- to see wether there was a relatronshlp between the training ahd the time coursp of
' - (
£

development of the adaptatlon ' F

v3-‘ 1o examine lf the Ca** regulatory characteristics of the myof 1b’§lllar ATPase played a-role in
h the alteration of the enzyme's actrvrty

. Analysrs of cardiac myoflbrrllar ATPase and cardlac morphologlcal measures were evaluated at
3,6,and 9 weelrs‘ since it appears that this time course would be most approprrate to mvestigate
the transrent changes in. cardiac trssue (Baldwm et al, 1977). Furthermore, indirect
1nvest1gatron of the possrbrhty that .the transrent cardiac changes are a functron of the
physiological overload accompanymg enduran,z/e/tramm'g was done by studying the magnitude
of the training adaptations for fast ‘and slog/ /skeleta-l muscles. This approach is warranted, since .
:“ it has been suggested that the improved £ffectiveness of the skeletal museles to undertake the
| ‘ workload followmg training is an 1mp;5r/tant feature of endurance tramrng Furthermore it has

' been suggested that the cv adaptat/ ions partly are dependent on skeletal muscle adaptations
(Gleser, 1993; Davies and Sargeant, 1975, Clausen, 1976; Mitchell et al, 1977; Holloszy, 1977,
Mckenzie et al, '1978; Saltin and Rowell, 1980). This evidence suggests that training with
specific muscle groups leads to cardrovascular adaptations (1e cardrac output. (Q) and strok&
volume (SV)) that are not carried over to contralateral untrained muscle Thus, it is possible

that alterations in physrologrcal overload and subsequent sympathetrc activity is one mechanlsm

responsrble for the transient nature of .the cardiac adaptations (Hollander and Bouman,



»

1975;Clausen, 1977; Mitchell et al,,197,_7'), and the investjgatioq of Askeletal §uscle myofibrillar

ATPase was done to establish a possible relationship between cardiac and skeletal adaptation.
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CHAPTER 2

Methods and procedures

.o

Animals

A total of 116 female Spi‘ague-Dawley rats, 180-200 g. were housed in cages in pairs.

Females were used since others had reported a tendency to maintain body weight with training

{ Ba]dwm et al, 1977). The diet con31sted of Purina rat chow and water ad libitum The animals

were kept on a reverse day- mght cycle. Environmental temperature was kept at 20°C. Ten of

*

-the rats were used as initial controls and the remaimng assigned to one of three expenmental

groups.

,’ Exercise training programs

The animals assigned, to the 3, 6 or 9 week groups were partitioned into one of two

.

training groups or a control (CONT) group. The animals were randomly assigned to exercise

groups and underwent a. specific program on a motor-driven rodent treadmill (Appendix B and

Table 2-1). In the present study, most of the rats ran spontaneously so that random assignment

was not a problem and classification into runners and non-runners was not necessary.
However, on occasion there were some animals that would not run and these were excluded
from the experiment. Attrition due to the inability to run or through disease or death amounted

to 15%. Briefly, program A (PROG) was a classical type of exercise training program

consisting of a progressive increase in duration and intensity up to 35 meters per minute, for

one hbi’lr;\Program B(HINT) was considered a program of high intensity, and consisted of
exercise training at 35 meters per minute from the onset of training with the duration

progressively increased to one hour per session.




Table 21
Exercise Training Programs
for P(progressive) and H(‘high intensify) groupS
Variables 3 Week 6 Week C 9 Week

Group P | H P H P ‘H

Intensity 3 : , o

m/min. 25 35 %0 35 35 35

Duration

-

min. _ (15-60) (10-30) »(30-45)' (30-45) (30-60) (45-60)

Frequency

days/week 5 5 o 5 5 5 5

‘Total Work

meters _ Equated Equated - Equated

_ Analysis of tissue was sometimes not done until several

Tissue sampling and sacrifice

[N

Animals were sacrificed by stunhing and subsequent = decapitation. Following
exsanguinatioz hearts were excised, the ventricles were removed, rinsed with cold salineb and
. blotted dry. After morphological measures were determined, the ventricles were frozen in
isopentane, pre-cooled with liquid nitrogen .énd stored for subséqueﬁt analysis (-70 C.). In
‘addition, soleus and plantaris muscles were excised frozen and stored for biochemical analysis.

Animals were sacrificed 40-50 hours after the last exercise bout, at th.e end of 3, 6 or 9 weeks of
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tra}ning.' months after storage,'All samples of a particular ’muggﬂlg%,}v‘lgr’e'{r_lalyzcd with a sainple
f;om each group on a particular day. The activities in each mtlSéle-?\.i)'é?é"‘;'re'p}esentgtive of values
feported in the literature regardless of storage time. Howevex,',tlgzs‘ doés not rule out the
possibility that storage time had an ef fectv on the activity of thé ATP;ase 'Aen‘zyme in the present

study. : ' j v

' - Morphological assessments

The hearts were trimmed of ‘excess fét and a number of morphological’ measurements
recorded. All weights were determined o;x a Sartorius balance and diameter measures were done
according to the 'm¢thod of Crews and Aldinger(1974) ‘with a Coastal .inside-‘outside depth
guage. The rhorphological measures -taken - included total heart weight (including atria),
ventriculaf w'cight, left ventricular weigh/f and right ventricular weight. All measures were
expressed in milligrams(mg). To measure right ventricular weight a scalpel was used to tfim the
.right ventricular wall away from the restof the heart. Ratios between heart, ventricular and .

. left and right ventriéular and body weights were subsequently derived and analyzed statistically.

All anthropometric determinations were performed by two people. In all cases the
measures were bbtained in a totally jndependent manner. Once practice data was collected a
correlation coefficient was derived to determine the reliability of these measures. Correlation

. Ve B . . X v
coefficients exceeded 0.99 on all measures. : o o L
| . . . ! . .

Biochemical analysis R

Muscles were homogenized with a Polytron Pt-10 in a borate-KCI buffer at pH»7:1(39 .

Na borate, 50 mM Tris, 5 mM Ethy}énediamine Tetraacetic Acid (EDTA). Briefly, the

myofibril fraction was washed twice with 50 mM Tris,5 mM Na azide, 100 mM KCI and 0,5%

Triton x-100 (pH 7.4). This procedure allows for the isolation of myofibril proteins with

omogenate was centrifuged at 1000xg for 10 minutes. The pellet was resuspended in 39 mM Na ;

orate and 50 mM Tris (pH 7.1) and centrifuged. In addition to the removal of EDTA, the
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minimalﬂ contamination from membrane ATPases (Perry and Corsi, 1958; Belcastro et al,
1980). Following the isolation procedure, the myofibril fraction was adjusted to a
. concentration of 2 mg/ml with 50 mM KCl and 5 mM Tris (pH 7.0) by the method of Lowry et
al (1951).

The yields for each.mvuscle were between 40-55 mg: gm.~! for heart, 55-70 mg- gm-! for
plantaris and 30-40 mg- gm' for soleué. If a protein determination fell outside this range they
were respun and another Lowry' assay was done, | |

The myofibril ATPase activity wés determined in a reaction mixture as described by
Goddno et al (1978). The myofibril protein (0.5 mg/ml) was pre-incubated for 5 minutes with

50mM KCl, 2mM Tris an‘d. 1mM MgCI2 (pH 7.0). The free Ca* cohcentrations used in the
| _inéubations varied from é pCa of -8 io -4 and were calculated by ‘the method of Katz et al
(1970), with thve binding constants of Ca’* and Mg for ATP as derived by Vianna (1975). The |
binding constant of 4.47 x 10 to the 6th was used for Ca’**/EGTA. The Ca® concentrations
| were checked for accuracy with an'Orion Ca?* sensitive electrode by the method of Bérs (1982).
An Ethyle’neglycol-big-N,N'-Tetraacetic Acid (EGTA)' concentration of 0'.1 mM wa; used for
all Mg?* activated conditions (Katz et al, 1970). Three Mg** concentratiéhs, b.04, 1.0 and 10
mM were used in the presence of physiological Ca**(pCa -5) and in Mg?* activated (5SmM
EQ’fA" without Ca’") conditions. The reaction was initiéted with 5 mM Mg.ATP and
j termi;ihted' with 12% TCA. All samples “were cenfrifuged at 1000xg for 10 minutes and an
aliquot of the supernatém was used for phosphate determination (Taussky and Shorr, 1953).
Phosphate activity was ‘éxpr'esse'd as-umol Pi/mg/min and was read at a wavelength of 700 nM
on a Unicam SP 1800 Ultraviolet Spectrdphotemeter.
Before experiments were begun assays were pra;tised until the coefficient of variation
was less than 5% for the Lowry, and ATPase assays and also for pipétting. The coefficient of

variatiop was calculated by the following equation: Standard Deviation/ Mean x 100.



Dafa Manipulation and Statistical Analysis

The ciassical Hill equation wae used to determine Hill plots (Rupp, 1980). From these
data the slope of the Ca2 actlvatlon curve (Hill n) and its pCa50 were derived. A Least squares
method(Imerpolatlon with a cub1c spline) was then used to fit the Ca?* activation curves. The
equation used is as follows:

| | V= Vmax/1+Q/(Ca*)n
vn-wés calculated by a plot of the
| LOG of V/Vmax-Vvs -LOG (Ca?*)

pCas50-was calculated as.LOG of | the point that corresponds to 0 on the X axis of the Hill plot
Q-is the activation energy was allowed to vary with the Ca* concentration. .

| .Once these data were reduced an ahaiysis of variance\ with unequal n's was_used to-
determine the signif icance of the data extracted from the: study. ‘Whex"l statistical significance .
was achieved, a post hoc Tukey, or a Least squares difference test was used to identify a
sxgmf icant difference between a pair of means. d1f ference between a pamcular palr of gneans

* Values were considered significant if they achieved a p level of 0.05 or less. , T )



CHAPTER 3

Results

Results reported deal :directly with the Ca?* and Mg’ activation characteristj¢s of
pl’antaris'soleus and cardiac muscle in trained and control animals. Anthropometric data on the
heart is also presented. Results were significant if they reached PpX0.05. An initial control
group was compared to the three week control grou to see if there was any difference between
these two. A t-test on the myofibril ATPase revealed no differences betwecn this group and the

three week control group p<0.05 ( Appendxx D).

Anthropometric data

Body weigﬁvt increased for all groups throughout the time course of this study. Since the
rate of body weight gain with time was different in some grbups (Table 3-2a). and since the
absolute body weight among the groups differed, the heart weight/body weight ratios for total
ventricular weight (TV), rightv(RV) and left ventricular (LV) weight to body weight ratios
were used to assess cardiac hypertrophy with trammg (Table 3-2). Both trained groups had
sxgmflcantly greater ratios when compared to the control values w1th the HINT group having

the greater elevation in the ratios (p<<0.05).

— -
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Trainil*g

Table 3-1
Body and Heart Weights of Rats at 3, 6,

and 9 Weeks for JCQNT, PROG and HINT Programs

SEM RV

11

2
Body SEML\Hean "SEM TV SEM LV  SEM
o } 3 ;‘\

Wi, T Wt. Wt.
CONT-3n=11 215 2 549 9 116 3 402 8
PROG-3n=12 4 639a 15 131 7 466a 8
HINT-3 n=§ 6532 14 125 4 500a 10
CONT-6 n=11 240 4 703 23 640 23 150 10 444 13
PROG-6 n=11 26la 3 8722 24 767a 22 110 8 539 14
HINT-6 n=8§ 246 7 793 25 698 22 154 8 5342 11
CONT-9 n=10 253 5 147 25 656 20 149 10 465 1

0 . N
- PROG-91n=10 2882 13 8742 20 781 18- 112 A 5482 14

HINT-9 n=9 250 6 811 21 719 8 150 6  S54la 15

Body Weight is in grams and heart weights in mg.

a= significant difference at p<.05 fof CONT, PROG and HINT




Table 3-2a

Growth rates and body -1z of rats

CONT PROG HINT
Growth -3 15% 18% 8%
Initial wt. " 187g. 196g. 212g.
Final wt. 215g. ' 231g. 228g.
Growth -6 47.8% 58% 20.3%
Initial wt. 166g. 165g. ¢ 205g.
Final wt. 240g. 261g. 246g.
Growth -9 . 24.3% 40.7% 23.5%
Initial wt.  204g. 205g.  202g.

Final wt, , 253g. ‘ 288g. _ 250g.




Table 3-2

Weight ratio measures on hearts

of rats in CONT, PROG, and HINT programs

13

Heart SEM TV

Training SEM LV SEM LV SEM RV SEM
Body " Body RV Heart Hgart

CONT-3n=11 28 03 256 .03 348 10 .66 01 .19 .01
PROG-3n=12 312 .04 2772 04 363a .09 .65 01 .18 .01
HINT-3n=%§ 3.22a" ‘J .04 2.84a .03 4.022a .09 .68a 01 172 .01
CONT-6 n=11 2.89 .03 2.65 03 307 .09 .63 01 .2 .01
PROG-6 n=11 3.33a .04 2.90:_1 04 324 09 .62 01 .19 .01
HINT-6 n=§ 3.22a .04 2;885 03 3.50a .09 .67 01 .19 .01.
CONT9In=10 287 03 2.52 03 323 2 .62 01 .20 .01
PROG-9n=10 3.06 .04 273 .04 2'.70' 15 .62 .01l .20 .01
HINT91n=9 3322 .04 2972 .03 3.63a .16 .67 01 .19 .01

a= significant difference at p<.05 for CONT, PROG and HINT

Ratios are in mg., body weight is in grams

Cardiac Muscle

Figure 3-1 is a typical regression plot of the classical Hill equation for the myofibril

complex as described by Rupp, (1980). The Hill n for the cardiac muscle of the control group

was consistent with time and a mean value of 1.31 was observed. The training programs

{

/

A
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resulted in significant changes compared 1o control, however, the time course of the

adaptations in Hill n were unique to the type of training program (Table 3-3).

Table 3-3

Hill-n and pCa50 oiicardiac muscle

for CONT, PROG and HINT groups

Time Mean S.E.M. Mean S.EM. Mean S.EM
{ . ‘
Parameter CONT PROG HINT
n=9 p=10 n=4
3 week n 1.36 .05 1.19a .02 1.31 12
| 3 week Km 6..53 .06 6.79a .04 6.51 13
n=12 n=_§ n=_§
N ,
6 week n 1.29 O¢ 1.40a .03 1.47a .03
6 week Km 6.51 04 6.51 .04 6.46 13
n=11 n=10 n‘=8
9 week n 1.29 .04 1.33 .06 1.35a .03
9 week Km 6.54 .05 6.49 .07 6.39 .04

a= denotes significance at p<.05 for.Cont, PROG and HINT programs

The PROG program resulted in a decrease and increase in Hilf n at3 and 6 weeks,

respectively, compared to control. In contrast, the HINT group had Hill n values of 1.47 and

1.35, at 6 and 9" weeks, compared to 1.29 and 1.29, for the CONT over the same periéd‘ (Table

3-3)(p<.05).

\
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.Figure 3-1 Linear regression plot of Hill n and Km of hearts
after six weeks of‘*training. Hill n is slope and Km is Ca*

point at O point on the Y-axis of the regression line.
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The mean pCaSO for the control group over trme was 6.53. Dxfferent responses in
2
pCa50 were noted for the two trammg programs. At 3 weeks an mcrease in pCaSO was noted

- over control levels in the PROG group with no difference at & or 9 weeks (Table 3- 3)(p< 05)

"'fhe HINT group did not show any. drff erences in the pCaSO at any tlrne (Iable 3- 3)(p< 05)

L (fa"f activation curves

The Ca? 'ATPase relétionshipv of the rhyofi‘bril complex is seen in figure 3-2. After 9-

'weeks of training there are ‘minimal drfferences between either tralnmg group and the control
(p> 05) At 3 and 6 weeks, “the maxrmal myofxbnl ATPase activity (Vmax) is greater for the

. PROG and HINT groups over their respectlve control (p< .05) Figure 3-3 demonstrates the

time-course of the development of changes in myofrbrrl ATPase activity at pCaS only Controll

" values were not significantly different at 3 6 or 9 weeks. At 3.and 6 6 weeks the tﬁamed groups

are mgmﬁcantly elevated above therr respectrve controls (p< 05).
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Figure 3-2 Ca® ATPase relationship of cardiac myofibrils from

CONT, PROG and HINT groups.Curves were fitted by Interpolation.

Typical $.E.M. range from 0.006 t0 0.018.
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Skeletal muscle

The Hill n and pCa50 data for soleus muscle for all groups is presented in Table 3-4,
The training programs did not result in significant changes in the Hill n values or the pCas0
values in the trained groups at any time (p<.05).
| Table 3-4

Hill-n and pCa50 of soleus muscle for

CONT, PROG and HINT

Group Mean S.EM. Mean S.EM. Mean S.E.M.
| CONT PROG HINT
n=7 ' n=8 n=§
3 week(D) J1.55 10 1.58 ) 1.57 03
3 week Km 6.36 .06 6.35 02 63 03
n=9 ~ n=8 n=§
6 week n 1.51 05 1.59 05 1.55 02
6weekkm - 638 .04 6.37 03 633 02
n=_§ n=9 n=9
" 9 week n 1.40 - .057 1.52 14 158 .0
9 weekKm . 6.50 07 646 .06 6.39 - 03
2 '

a= significant difference p<.05 for ‘

Control, Prog and Hint groups




* The soleus muscle of the trained groups revealed an increase in the myofibril ATPase
activi:ty at high .Ca? concentrations after 9 weeks (Figure 3-4)(p<0.05). Th¢ activities noted
| for 3 and 6 weeks did not result in any significant differences (p>0.05). F‘igure 3-5 depicts the

‘myof ibril ATPase activity for the soleus muscle at pCas$ at all time points. The six week control
~ was higher than the 3 and 9 week CONT groups (p<<0.05).

‘The mean Hill n value for control plantaris muscle was determined at 1.75. The training
f)rograms showed varying responses with regard to the time course of changes in plantaris
mﬁscle, but there were rvlo‘ differences between the PROG and HINT with réspect to the
direction and the magnitude of change (Table ‘3-5). The PROG program did not result in
. changes in the Hill n for either training group (pS0.0S). .

The Ca* ATPase relationship of the myofibril complex increased in a t);pical sigmoidal
fashion for ali groups, at all time point; in planfaris muscles (Figure 3-6). The BR%)G and
HINT training programs resulted in depressed maximal myofibril ATPase activities éfter 6 and
9 weeks (p<b.05)‘. Training did not alter the éxpression of the myofibril ATPase earlier. ip the
training program (3 weeks)(p>0.05). Figure 3-7 shows the myofibril ATPase activity of the
pla{ntaris at pca5 for all time points. No differences were séen between control groups at any

_ time points (p>0.05).



Figure 3-4 Ca’* ATPase relationship of soleus muscle for CONT,

l
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- Figure 3-5Myofibti1 ATPase activity at pCa$ after 3, 6and 9

weeks of training in soleus muscle. Typical S.E.M. ranged from 0.002 to 0.019.
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Table 3-5
rrit’*‘*"'>"'x,ylgill-n and pCa50 of plantaAris muscle

} for CONT, PROG and HINT programs

Mean S.EM. Mean S.E.M. Mean S.E.M.
;1 CONT PROG | HINT
n=7 © on=7 n=7
3 week n 1.7 04 1.0 .04 1.71 11
3 week Km 6.49 03 653 .03 6.56 .05
n=9 n=§ n=38
6 week n 1.72 .02 1.60 .07 1.74 .04
6 week Km 6.50 03 6.59 07 644 .04
n=_§ n=8 n=0
9 week n 1.78 06 .70 .05 00 00"
9 week Km 6.59 06 6.56 06 00 00

a= significant difference at p<.05 for

CONT, PROG and HINT groups
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Figure 3-6 Ca** ATPase relationship of plantaris in
CONT, PROG and HINT groupé. Curves were fitted by interpolation.

Typical S.E.M. ranged from 0.017 to 0.088.
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F igure’3-7 Myofibril ATPase activity at pCa$ after 3, 6 and 9 weeks

of training in all groups. Typical S.E.M. ranged from 0.017 to 0.088.
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Mg*" influence on Ca* ATPasc activity

26

The effects of varying the Mg** levels on the myofibril ATPase activity in the presence

of Ca™ in cardiac muscle is presented in Table (3-6). Following 6 weeks of training, the Ca*

ATPase activities were elevated at all Mg* levels in both training groups (p<.05). The

differences noted at 3 and 9 weeks were not significant (p>.05).

¥

Training

-

Cardiac Ca* ATPase activity (pCa5)

with varying Mg?* levels

Table 3-6

I4

0.04mM SEM. 10mM  SEM. 100mM  S.EM.
CONT3n=9. 143 012 147 011 113 009
PROG n=10 154 011 156 010 119 . .006
" HINT n=4 142 018 .168 030 116 016
’y )
CONT6n=11 121 009 130 011 105 008
PROG n=11 1452 07 163 018 119 015
HINT n=8 1892 008 180a 013 134a 014
CONT91=10 132 006 134 009 110 005
PROG n=10 141 007 146 007 126a 006
l )
HINT n=9 128 010 130 010 098 007

a= significant difference at p <.05

between CONT, PROG, HINT groups

Y
T

e

In the soleus and plantaris muscles no differences were found at any time with either

training program (p>.05). In addition, the Mg?* activated conditions did not result in a



27

significant difference in any muscles between any groups at any time point (p>.05)(Appendix

E). These experiments were identical to the previous Mg!* experiments except that EGTA was

used instead of Ca?.



CHAPTER 4

Discussion

Anthropometric data

’ The body weights of the trained females (both PROG and HINT) were higher than
CONT at 3 weeks and the PROG trained groups at 6 and 9 weeks were greater than both the
CONT and HINT groups. This resulted from a different rate of‘ growth among the three
groups. The finding of differing grow\th rates in rats is not uncommon and has been noted by
others (Schaible et al, 1981; Leblanc e\t al, 1982). These differences could be due to individuall
variation and/or dietary differences. The latter factor must vbe considered sinc‘é' training results
in a decrease in body fat and body weight because of a reduced caloric intake both in females
and males (Leblanc et al, 1982; Hickson eAt al, 1983). Cardiac growth is linearly related to body
weight (Beznak, 1954), therefore unless body weight at the end of a training period was
equivalent in all groups, cardiac weight/body weight ratios were used rather than absolute
cardiac weights. The use of ratios is traditionally an accepted method of evaluating

“hypertrophy. Although ratios are less sensitive than absolutel heart mass in determining cardiac
hypert}ophy in animals, others have noted cardiac hypeftrophy despite a lower -body weight in
trained animals (Baldwin et al, 1977, Anversa et al, 1982, 1983; Hickson et al, 1983). When
body weight is factored out, both the HW/BW (heart weight/body weight), TV/BW (total
ventr}cular/ body weight), were increased by 10-13% after 3, 6 and 9 weeks of training. This is

_ in agreement with others who have used ratios to evaluate cardiac hypertrophy (Bloor and

Leon, 1968; Bloor et al, 1970; Oscai et al, 1971 a,b; Javeed et al, 1974; Scheuer and Tipton,
1977; Schaible et al, 1981) af tef-endurance training. A 10-13% increase in these ratios represents

a significant but modest increase in cardiac hypertrophy, a finding that is consistent with

28 R
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results from previously mertioned 'm studies and results from studies with other species
(Carew and Covell, 1978; deMaria et al, 1978; Ehsani et al, 1978;: Wolfe et al, 1979). No
further increase is seen as training continues from 3 10 9 weeks indicating that the effect was
maiimizcd early in the training program. Baldwin et al (1977) have noted an increase in
ventricular weight in female rats in the early stages of an endurance training program. After 8
weeks, however, these changes regressed to normal values again. These Ehanges were attrit;uted
to the f act that the initially high intensity of training in their study was lost in the later stages
of training. In the p'resenl study, the intensity of training was higher than in the study of
Baldwin et al (1977) and this may possibly account for the maintenance of this hypertrophic
effect. Nevertheless, the continued training is likely responsible for the anthropometric changes
since others have shown that detraining, after exercise-induced cardiac hypertrophy in rats, led
10a regression of cardiac hypertrophy (Hickson et al, 1983).

The HINT group alsd increased the LV/RV (left ventricular/ right ventricular) and the
Lv/ heart.ratic;s significantly at all the time points but this was not seen in the PROG group. It
could be argued that the HINT program wagdmore intense in the first 3 and even the first 6

weeks of training, which again would lend support to the contention that higher intensity

training would lead to a greater degree of cardiac hypertrophy (Baldwin and Terjung, 1975; -

Baldwin et al, 1977; Hickson et al, 1983). But after 9 weeks of training, the intensity was the
same and the total work was equated in both groups, negating any effects of intensity. No
explanation for fhis difference at 9 weeks is possible at this time.

The depressed RV/ heart ratio is a ';ubtle but significant change that occurred only in

the 3 week HINT group and is related to a greater LV mass in relation to the total mass of the

heart. Since the RV/HW ratio remained approximaiely the same in both trained groups at other

time points the right ventricle growth was in proportion to the LV growth indicating that the
magnitude of the stimulus imposed on-the right ventricle was as great as for the the left
ventricle. This is in agreement with two studies (Van Liere et al, 1965; Crews and Aldinger,

1974) who found a proportional degree of cardiac hypertrophy in both the left and the right
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ventricle as a result of endurance training but in direct' opposition to the work of Anversa et al

e

(1982, 1983) who have shown larger increases in rtght ventricular mass after training rats in

)

‘therr studies. This dtscrepancy may be due to the ammals used, since Anversa S group studied

these effects i in much younger and smaller (80 grams) ammals than in the present 1nvest1gat10n
-

~

‘Further 1nvest1gat10n is needed to evaluate the effects of exercise on the right ventricle. —_

Ca?- activation and myofibril ATPase activity in cardidc muscle

The myofibril ATPase activ&ﬁﬁ cardiac muscle was not signif icantly elevated in either
of the tramrng groups after 9 weeks of tratnmg (F;gure 3:2 p< .05). These fmdxngs are in
agreement with he results of other runmng studies who found minimal changes in ATPase

-

/
_actrvrty‘ after 8 weeks or more of endurance traihing (Baldwm et al 1975, 1977; Sordhal et al,

/\v
0

1977; Tibbits et al, 1978 1981; Penpargkul et al, 1980; Nutter et al, 1981). The myoftbrrl
ATPase act1v1ty was only slightly increased (10%) in the PROG trained group and this
. non- srgmf 1cant fmdtng is also comparable to that reported by others who trained rats for 8to
12 weeks (Baldwm and Terjung, 1975; Watras and Gollmck 1979 Penpargkul et al, 1980;
Resink et al, 1981a 1981b)

At the end of 3 and 6 ‘weeks of trammg, there. was a srgmftcant 1ncrease in myoftbnl
: ATPase actrvxty in both the HINT and PROG tramed groups over the CONT at actrvatmg Ca?
‘levels (Flgure 3-2 p>.05) These increases ranged ‘from 28% to 40% and are similar in

Amagmtude to changes found wrth swrmmmg trammg after 10- 12 weeks in rats (Scheuer and

‘ -Stezosk1 1972 Bhan and Scheuer 1972; Scheuer 1973 Scheuer et al, 1974 Medugorac 1975;

Bhan and Scheuer 1975; Bhan et al, 1975; Malhotra et al, 1976; Schaible et al, 1981 Rupp

1981; Rupp and Jacob, 1982 Rupp et al; 1984). In swrmmmg trarmng studies, These changes
were not as great at 3 weeks and this maybe due to the fact that the 3 week CONT was more\
elevated than the 6 and 9 week CONT althrcj)ugh it was not s1gn1f1cantly greater than’ values from
~ the rmttal _CONT‘.NO explanation except tha}n of normal variation can be given for this result in

the 3 week CONT. Rupp‘ (1981), Rupp and Jacob (1982), and Rupp et al (1984), have ;

[
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attributed increases in activity to an observed 1socnzyme Shlf[ but this possibility has not been
1nvest1éated in. éardrac muscle with running trammg studres If myosin isoenzyme shifts are
occurnng, with running training, the role of thyro# hormone must be considered since
swimnrihg trainirrg in rats has shown that th_xrroid deficieht rats cannot shift isoen'z';'mes from
the slow V3 to the fast V1 as in: normalb animals (Pagatm' ‘and Solaro, 1983). Other‘possibilities
for the explanation of increased ATPase activity have been su'ggested by Resink et al ( 1981a),
who have 'reported that run. training results in an increase cardiac myosin light chain
phosphorylation as evidenced by an increase in Pi content in the | LCZ."This hypothesis,
however, Temains unresolved since'a physiological functign has not been ascribed to light chain
' phosphorylatidn in cardiac or skeletal muscle ( Winegrad&iﬂ) . |

In .the present study the Hill n, which reflects the co-operativity of the ATPase versus
pCa curve was increased at 6 and 9 weeks in t'he HINT énd at 6 weeks in the PROG group.
Both the myosin and the. regulgtcd thin filament (including tropomyosin (Tm)vand" troponin
(Tn)), are necessary for full activation of the ATPase. For example, recent experiments have
‘shown that the myosin‘ ATPase activity is higher irr the presence of Tm and Tn than with pure
- actin ‘valoue (Lehrer andrMorris, 1982). These results are not yet fully understood, however, the:
kinetics of this en{zyme Ainyolve a \)ery complex serics of reactions. Changes in the myosin
c‘oncentration or the removal of different structural corhponerrts of the thin filament greatly
4af fect the bmdmg characterrstlcs and tHe kinetics of the actomyosm cycle. The thin fllament is
thought to enhance product release in the cycle which could theoretically enhgnce the rate of '
turnover of the cycle. The present experiments do not provide sufficient evidence to -confirm a
role " the thin filament in the adaptrve process but an increase in co-operativity such as the
one iuind in the present study warrants further investigation of the role of the thin filament in
endurance training adaptatrons. This agrees wrth»the Teport of Pagani and Solaro (1983), whrch
suggests a role for the thm filament regulation. This® suggestron was based on the fact that an
increase in V1 1soenzyme (20%) resulted ﬁan increase in myosin Ca?*- ATPase actjvity, but no

/

change in actomyosin Mgz‘--ATPase activity. This is in disagreement with the work of Rupp
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(1981\) who did find changeg in myofibrillar. ATPase actiy@ty With swimming training in pa;allel
with isqenzyme shifts. Pagani and Solaro's (1983) findings were attributed to thev fact that a
20% shift in V1 isoenzyrhe Qas not sufficient to account for myofibrillar changes in ATPase
activity, This implies:thét the thin filament may have had a damping effect bon the activity‘

despite the shift in isoenzynLLes and/or changes in myosin ATPase activity. Studies on the thin

‘filamént are needed to clarify its role in the actomyosin cycle (Leavis and Gefgeley, 1984).

Pagahi and Solaro (_1983) suggest that mechanical Vmax may be a more sensitive index

‘of the training adaptations. Indeed it has been shown that physiological function does improve

with traihing. Increase in rate of rise of pressure (dP/dt), peaked developped} tension (PDT),

¥ .

peaked systolic pressure (PSP), stroke volume (SV), ejecLic'fn fraction (EF), cardiac output

(Q), stroke power (SP), velocity of shortening (Vcf) and isometric tension .and a decrease in

' ~-dP/dT, time to peak tension (TPT) and 1/2 relaxation time (1/2 RT) have been noted with

swimming training (Penpargkul and Scheuer, 1970; Scheuer and Stezoski, 1972; Carey et al,
1976; Behrson and Scheuer, 1977; Giusti et al, 1978; Schaible and Scheuer? 1979; Schaible et al,
1581). .The biochemical changes that have re_sulted from the HINT. and PROG training
programs after 3 andv6v weeks of training agree with results from.swimming training. It is
tempting to ascribe a physiological improvement in parallel with the biochemical changes that
have occurred in the eafly stages of tfaining in the present investigatioﬁ. However, after 10-12
weeks of running t'raining:,’j's‘pme investigators. have ghoWn indices of improved contractility in
the hearts of rats withouf a cbncomitant change in myofibril ATPase activity (Dowell et al,
1977; Tibbits et al, 1978, 1981). In one study (Schaible et al,. 1981), male and female rats
underwent a running program of a fairly intense nature (31 rn-min'l'fqr 2 hours/day) and no
improvement_s in the corﬁgractile f d.nctiori of female hearts after training sﬁggesting that' a males
and f erha%gspond diff ereritly to training. Othef rﬁnning studies have not been able to show

foN

increases in physiological parameters but the intensity of these training programs was perhaps

not sufficient (Dowell et al, 1976; Nutter and Fuller, 1981),

)
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Several points regarding the training paradigm for physiological and biochemical
parameters should be made. The present study has examined the time-course of ‘adaptation in
the hearts and skeletal muscle of ats with training. A few studies have adopted this approach
to evaluate training, however, in many of the running studies the training intensit'y and
duration are quite varied (Baldwin et al, 1975; Baldwin and Terjung, 1975; Terjuhg, 1976,
Baldwin et al, 1977, Tibbits et al, 1978; Penpargkul et al, 1980; Schafble et al, 1980; Resink'qt
al, 1981a, 1981b; Tibbits et él, 1981; Dudley th al, 1981; Harms et al, 1983). It has been shoWn
that intensity was critical, at least in skeletal muscle, in 'maximizing training benefits (Dudley et
al, 1981; Harms et al, 1983). Generally, ;i protocol of 25 m'min~* and 10% grade with continous
running is sufficient to stress a rat to 'A()% of its Voémax (Shepherd and Ggllnick, 1976; Brooks
and White,'l978; Patch and Brooks, 1980). Furthermore, Giusti et al (1978) have shown that
detraining of only two weeks can result in the regression of cardiac myofibril ATPase activity

and physiological function -again s'howing'that daily exercise overload itself is necessary for

. these changes to be maintained. Although the work of Giusti et al. (1978) and of Hickson et al

(1983) indicate the need for the maintenance of daily exercise, for training adaptations to be
' maintained, in some cases htti concern is expressed over the progressiveness of the training

program. Wlth adaptatxon ring the relative mtensny of exercise (eg. treadmill speed)may

rmvn

become low{.r in magnitude centrallyJ(Clausen 1976). Smce the relatwgmtensxty of the exercise

is crmcal for maxxmmng trammg benefits, it may be that quite different responses of

physiological and biochemical parameters are occunng as the organism . adapts to a funcmonalv

overload. It has been shown thal specific cardxac biochemical adaptations may take place with
only a few exgrcise bouts (Pierce et al, 1979) or a few weeks of training (Pierce et al, 1984)
Thus it appears, that the time-course of adaptation and its relationship to the fnanipulation of
variables such as intensity and duration or evén mode of exercise need to be evaluated very
cearly in a iraining program, Iﬁconsistent results from previous studies are posssibly the.result
of the manipulaﬁon of partigular variables in a t{aining protocol (ie. intensity, duration and

frequency) or as has been shown, a particular training method (swimming versus running).
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The use of time course evafuation has not often been used as a method of monitoring the
development of a training effect in rats and it is not possible -in many cases to éompare
different studies. Most studies have employed 8-12 weeks as an end point to their training
programs claiming that a steady-state of training has been achieved. The present étudy is a
good example of the need for a more thorough evaluation of the development of a training
effect in response to a particular exercise overload. Such évaluations are needed in order to
piece together a model of endurance training, .

Another factor.that was not taken into account in tl}e present study and in most other
studies is the f act that measuring parameters during resting conditions may not be the best way
to evaluate an organism's ability to respond ;o exercise. Logicaliy there ié merit in evaluating
the organism as it respongds to an exercise overload af ter the training period. P.revious work in
this laboratory has noted large differehces in cérdiac and skeletal muscle function in response to
exhaustive exercise after endurance training (Maybank et al, 1982; Turcotte et al, 1982).
Therefore, many factors that have not been previously considered need to be included in future

studies to evaluate the effects of chronic exercise.

Soleus Muscle Aéaptations
|

.. .
In the preseht study, a significant increase (15%) in myofibril ATPase activity was

f ound at pCa levels of 4 and $ in the soleus muscle of the PROG and HINT trained rats after 9
weeks of training. The increase in Ca”/Mgz’ myofibril ATPase is consistent with the findings

of others who have examined contractile function in the rat soleus muscle (Syrovy et al, 1972;

BaldWin et al, 1975; Belcastro and Wenger, 1982; Saltin and Gollnick, 1984). In addition, the

biochemical results are in agreement with the physiological response of soleus muscle with

trgining. For example, a 15% decrease in contraction time (CT) and increased peak rate of rise

tension (dT/dt) during a twitch énd during ietanic contraction, an increase in. Vmax, a decrease

in 1/2 relaxation time (1/2 RT) and an increase in maximum tetanic tension have been reported

(Staudte et al, 1973; Fitts and Holloszy, 1977). Although physiological function has not been .
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, evaluated in the present squdy, the good relationship established between myosin ATPase and
'the velocity of muscle shortening (Barany, 1967) suggests that the soleus muscle did adapt its
function after 9 weeks in both the PROG and HINT training programs.’ The time course
measurements sﬁggest that the adaptation only occurs at‘the later stages of training. However,
after 6 weeks of Lraining the CONT group's activities are elevated compared to the 3'and 9
week CONT. Although these results cannot be contested Figure 3-5 does show a linear increase
in the activities in the trained groups from three to nine weeks. Neverthelesg, it must be
remembered that the design of this study is not truly longitudinal and that the 3, 6 and 9 Qvee’k
groups were assayed at different times and for these reasons comparisons should :_bevmade
between the CONT, HINT and PROG groups at thei; respective time points. The changeé in
ATPase are not due to regulation changes since the Hill n and pCa50 are unchanged aftef
training (Table 3-4 p<.05). The intensity of tra;’ning itself did hot coﬁtribute to changes early
in /the training program. }Balbwin et al (1977) have shown that higher intensity interval training

f increased the levels of citrate synthase to a greater extent than -a lower intensity training
program in the soleus mu'sclevof rats. Other studies have also demonstrated a greater magnitude
of chahge with higher intensity training (Dudley et al, 1982; Harms et al 1983). Unfortunately,
tissue was acc1dentally lost in the present study, preventing evaluanon of this parameter. The
PROG trained group ach:eved the same intensity of training as the HINT group after 9 weeks
of tralmng where changes in ATPase activity did take place. To evaluate the effects of the
intensity of training with longer periods of training (je. 8 weeks'or'more), a low intensity
traininé program must be. evaluated. In the early stages of training, the time-cburse of
| adaptation in the soleus énd heart muscle is opposite with respect to ATPase activity. Although
oxidative enzyme Jejels increase early in a training program these also follow a time-course

pro‘g“ressively increasing with the training period (Dudley et al, 1982; Baldwin et al, 1977).,11 is

possible that initially, the felative stress fron‘i the intensity of training was greater and exerted

its effects on central parameters rather than on pgripheral ones. @thers have also reported that

" myosin isoenzyme shifts occur much later than changes associated with Ca?* binding and
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sequestering and the enzyme and isoenzyme forms of energy metabolism (B‘aldwin.et al, 1977,
. Green et al, 1983, 1984). The ;hange in myofibril ATPase activity in the present study may be
reflective of isoenzyme changes and are likelf not comparable to oxidative enzyme changes and
since the time course of adaptation of these and other parameters is not the same in skeletal
muscle it is difficult to make a definitive statement regarding a relationship between central and

peripheral mechanisms of adaptation.

[

Plantaris Muscle Adaptations

The adaptation of the myofibril ATPase activity after 9 weeks of training is in
agreement with the changes noted for fast type skeletal musc;le (Belcastro et al, 1980; Baldwin
et al, 1975), however, these changes are not consistent with other reports (Hearn and Gollnick,
1961; Bagby et al, 1972; Syrovy et al, 1972). The discrepancies may be, due to -isolation
pfocedures and/or assay conditions in the earlier studies. The changes that occur at 9 weeks are
also evident after 6 weeks but not after 3 weeks of training. The significant decrease in
" myofibril ATPase activity cannot be attrib‘uted to changes in the regulatory charactgristics since
the Hill n and pCa50 are unaffected (Table 3-5 p<.05). Studies that have evalﬁated contractile
function have also reported discrepancies. Barnard et al (1970) and Fit'ts et al (1973), reported
no changes in contractile parameters in fast muscle with eﬁdurance training.- In contrast,
Drachman et al (1973) observed a decreased 172 RT although this change was correlated to an
increased Ca’* uptake of the SR rather than the contractile element. In addition, D.rachm'a.n et
al (1973) have shown a greater resistance to fatigue as derﬁonstratéd by a better maintenance’ of
isometric tension and maximal twitch tension after their endurance training program. The work
of Green et al (1984). supports these findings since they found anb increase in the relative
proportion of slow isoenzymes in fast muscle after endurance training. The épecific demands of
exercise in the present study in both training progréms may-be such that a- stimulus for an
ﬁpward regulation of physiological function mayvha',ve resulted in soleus muscle, because this

muscle may not have had the necessary contractile profile to meet the demands of exercise,
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whereas in the case of the plantaris muscle contractile parameters' were overloaded at a level
that was much less than its inherent capacity. The decrease in ATPase activity in plantaris-
muscle could also reflect an isoenzyme shift as a result of an endurance type stimﬁiqgu(Green et
al, 1983, 1984; Pette, 1984). Although other parameters such as oxidaiive enzymes and
capillarization are greatly increased early in a training program in both fast and slow muscle
(Holloszy, '1977; Saltin and Rowell, 1980), these changes- rt_aflect parameters that affect enefgy
supply, whereas, in contrast, myofibril ATPase changes and physiological function changes
reflect a change in factors affecting the utilization of energy. As has previously been mentioned
for.soleus muscle the time course of energy utilization factors respond fnofe slowly (Green et
al, 1983, 1984; Pette, 1984) but _from the results on studies of both slqw and fast type muscle,
it appears that muscles respond to the nature or type of stimqlus placed upon it when energy
utilization parameters such as myofibril ATPase activity and pﬁysiological function are being

considered.

S

Central versus Peripheral adaptations ‘ E . cy

A possible mechanism’ by which the differing time-course of adzfptation in myofibril
ATPasesactivity in skeletal and cardiac muscle could be explaivned is prd\rided by studies that
have attempted to differentiate between central and circulatory inechanisms of adaptation
(Clausen, 1976).1t is possible that at the beginning of the training program the increase in
cardiac myofibril ATPase activity reﬂec‘téd aﬁ adaptive response in thlé heart to a functional
overload caused by the relative 1nten51ty of exercise. As prevxously mentioned, the increase in

dy

myofibril ATPase act1v1ty could reflect an increase in contracnhty

Later in the training, the relative intensity of the exercise on the myocardxum may have "

diminished due to perxpheral adaptauons that could take over a greater portlon of the overload
of exercise. This coul\' be expressed as a decrease in peripheral resxstance in the circulation. This
. R

could in turn negate the necessity for an increase in contractility. Evidence for such a

- hypothesis comes from studies that have shown that training in one limb (ie. leg) is not carried

over to the contralateral untrained limb (Clausen; 1976). Also training a smaller muscle mass
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has a minimal effect on an untrained larger muscle mass (ie. training of the arms and
measuring changes in the ﬁmrained legs) (Clqusen,\l9.76). These two lines of evidence suggest
that the periphery is partially responsible for improvements in indices of cv function and that
thé magnitude of central adaptation is in part due to the muscle mass used in training. The
greater magnitude of change with the larger muscle mass is presumably due to a 'greater
overload centrally. The findings of the présent study suggest that the time-course of the
response of the central parameters may in part be related to the time course of adaptation of

skeletal muscle.



CHAPTER 5

~ Summary and Conclusions

Conclusions

From the results of the present study the following conclusions appear justified:
1- Cardiac muscle response to running endurance training follows a time course whereby Ca?*
regulation of the myofibril ATPase is accomodated in the early stages (3 -and 6 weeks) of
training but not after 9 weeks.
2- The temporal Aadaptations are not related to exercise intensity, once beyond 70-80% of
" VoZmax . |
3-The ﬂxcrease in co’:operativity in the heart of the trained rats suggests a possiblé role for the
thin f ilahdlem in the development of the training adaptation wi}h run training.
" 4- Soleus-muscle increased its“my'ofibril ATPase activity and p]antaris muscie d‘éqréased its

activity in the later stages of training (6-9 weeks of training), wi\;h no apparent alterations in

Ca?" regulation.
5- The differing time-course of the changes in cardiac and skeletal muscles suggests a

relationship between cardiac and skeletal muscle-adaptation.

Limitations and rqcommendations for further study

1- Future studies  should include cont‘ractile parameters to establish a relationship
between biochemical énd contractile changes as a function of training.
2-  Other -aspects of the regulation of the myofibrili ATPase such as
phosphorylation-dephosphorylation meché_nisms, myosin isoehzyme changes, ATP effects and
Pief fécts need to be investigated to understand the precise nature of the biochemical regulation
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of the myosin ATPase as a function of the exercise stress.

3- The time-course of ‘other variables Af fected by training need‘to be evaluated both in skeletal
and cardiac muscie to better understand the relationship between cardiac and skeletal
adaptation to exercise.

4- The findings of the present study are limited by the species used and thus the generalisability
to other species is reduced. |

5- The findings of the present study are limited to female rats.



Appendix A- Review of Related Literature

The purpose of the present review is to outline and present data from the major areas‘
of’ research that led to the undertaking of the present dissertation. These areas will include the
physiological effects of interval and continous training since these studies have focused mainly
on the intensity of training as a manipulative variable for improyements with endurance
training. The intensity of exercise and its effects in rats will also be rcviewed.:"Morphologica]
changes in the heart of humans and animals are covered since it is a parameter that has. been
considered in the dissertation as well. Contractile changes in the heart and skeletal muscle as a
result of endurance training are also presented since these adaptations are often inferred from
J biochemica} éhanges and aid in understanding the, meaning of the training effect. Studies
dealing with the piochemical alteration of the myosin ATPase enzyme in skeletal and cardiac
muscle are reviewed since théy are central to the dissertation. Finally, biochemical évideﬁtc that
has led to a better imderstanding of the sfructure, function and regulation of cardiac and
skeletal muscle is reviewed since t};is area helps to provide a more complete explanation of the

underlying regulatory mechanisms associated with endurance training.

Intensity of training in humans

Much work has been dévoted to endurance training and its effects, however, this area
of research is ‘beyond the scope of the present review. Excellent reviews e;cist outlining the
a{daptations that have been found to occur as a result of endurance training (Clausen, 1977:
_Saltin, 1980). Instead, the f ocus of this section is on the iﬁf orrriation accumulated over the past
20 years or so, that devotes itself to the general cardiovascular (cv) effects of intensity of
training on the body.

One of the most popular methods of exarﬂining the effects of intensity as it relates to
training has been to use interval versus continous training paradigms to compare largely
diverging intensities of training. Unfortunately, the research done in this area suffers from
many limitations. These include lack‘of control groups in experimental designs, lack of pre-test
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familiarization and la-ck of control of other variables (ie. frequency, duration, total work and
initial fitness level) that are known to affect the magnitude of the adaptive response with
endurance training (Med.Sci.Sports- Position’ Paper, 1978).. Despite these obvious problerr;s.
some workers have adopted a philosophy that the upward manipulation of intensity is of
paramount importance for adapatation and this belief may be unjustifiable (Fox and Mathews,
1975). Nevertheless, some valuable information has been derived from these studies and
important inferences with regards to the design of the training programs used in the present
dissertation have been made.

As ﬁreviously mentioned, many studies that have attempted to evaluate intens;ty by
means of interval training (IT) suffer from the fact that a control group was never used
(Chaloupka, 1975; Fox et al, 1973;1973 b 1975 a, 1975 b, 1977; Harger et al, 197} Hollerinig et
al, 1971). Hickson et al 1971; Knuttgen et al, 1973). In general, most of these studies found
only small increases in Vo2 Max (4-6 ml/kg/min) and in sofne cases values were not reported.
Consistent decreases in submaximal exercise heart rates and blood lactate levels were also
found. Unfoftunately, ii is difficult to evaluate the significa-ﬁce of these changes since no
controls were used, making it impossible to make comparisons to the results of training or to
other studies. In only a few cases the interval (IT) and continuous (CT) training programs
were eéuated on total work. Knuttgen (1973) and‘Hickson‘et al (1977) demonstrated much
larger increases in Vo2 max in subjects in their studies, however, no control group was used and
even though this type of study has a pre-post design many limitations as to the significance of
their results arise because of design problems. Knuttgen (1973) used two interval training
programs one using a greater frequency (3 as opposed to S times a week) with a longer training
interval than previous stugies using interval methods. In his study the interval was three
minutes in durétion as op;;;§cd to only a 90 second maximum interval length in other training
studies. The submaxjmal exercise heart rates decreased to the same extent but thé Vo2 max
increased to a greater extent in the 'program of greater frequency. Initial fitness levels were

similar at the beginning of the training progfam. Thus, many studies have offered evidence
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suggesting that interval training may enhance the cardiovascular re§ponse to exercise to a
modest degree and that intense training may have played a role in making that adaptation
possible, however, design problems make it impossible to determine the magnitude of
contribution of intensity to the training effect.

One study (Hickson et al 1977) showed large linear increases in Vo2 max with both a
continuous and an interval program, however, the interval consisted of long (6 minute work
bouts gt 100% Vo2 max). In addition, initial fitness levels were very low at the onset of
training. Other studies have actually corﬁpared IT an“c\l{\C"l-" programs in the same study (Whitten
and Painter, 1977; Cunningham et al, 1979; Eddy et a\l,“ ;«1977; Henriksson and Reitman, 1976;

Rqskamm. 1967). These studies used classical cardiovascular variables to evaluate the effects of

g and Rainter, 1977; Eddy et al, 1977; Henriksson and Reitman, 1976) , however,
)

stud®s that have used control groups (Cunningham et al, 1979; Roskamm, 1967) and have

equated the training groups on total work did not show differences vin Vo2 max, blo*actates,

%was a

greater a-v 02 difference in the IT group over the CT group (20% vs. 9%) (Cunningham et al,

cardiac output or maximal rate of work. Indeed the only difference that was fou

1979). The intensities used in the IT and the CT ‘programs were readjusted so that the same

relative stress (ie. %Vo2 max) was mair'l‘tained throughouvtﬁ the study, but the intensity of
training was never more than 100% Vo2 max. It can be questioned whether this intensity of
exercise in the I'T was sufficient to have a different overload than CT on the cv system since no
sﬁbstantial dif ferences were found between the two modes of training under those conditions.
Others have found tha: higher inténsity training of a continous nature was better than
lower intesity training of the same type but the training interisities were either very divergent
(100% vs 60% Vo2 max) (Wenger and Macnab, 1976) or the training was not equated on total

work (Atomi and Miyashita, 1980; Shepherd, 1979).
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Others have examined- the question of intensity *by implementing very high intensity. .
training programs and measuring the cardiovascular Tesponse of their subjects to this type of
chronic overload as compared to more classmal CT programs (Smith‘ 1978; Robinson and
Sucec 1980 ‘Thorstensson et al, 1975, Houston and Thomson 1977) For example Houston
and Thomson (1977) and Thorstensson et al (1975) sprint trained subjects and Yere unable to
show a change in the classrc cv responses to exercise after training However, endurance time ‘_
-maximal blood lactates, Mg” ‘stimulated ATPase! activity, creatine phosphokmase and
myokinase activities were all increased with this mode of training. Smith ( 1§78) and Robinson
and Sucec (1Q80) used intensities vof up to 125% Vo2 max under weli‘f'controlledvconditions’ (ie. .
control groups, sahie initial fitness leveis and equated workloads) and were also unable to
Vdemonstrate classxcal changes found with endurance training programs. Robinson and Sucec
.,‘(1980) d1d show that this type of trainmg resulted in improvements in the anaerobic threshold
~in their subJects Smith (1978) only reportec Vo2 max data

An animal study is worth mentioning in this light. Barnard et al (1970) combined aCT
and an IT program in guinea pigs on a treadmill- program The CT consisted of 2 days a week

4
for. 20 ‘minutes and 2 days a week of IT which consisted of 30 seconds work with an equal

0

o work -Test ratio at 40 meters per minute Changes in the tota] fibers staining as slow were not

found until 18. weeks after the onset of trainmg but ‘the oxrdative capacity of the muscles had
still not changed It seems that very high mtensrty training may have a drff er&it physrological

ef fect than lower intenSity training ' ' _ : v

= . s

In the light of the studies reViewed some 1mportant pomts are eVident First, the issue

of intenSity as a critical and positive element in a tra_ining'program has not been resolved.

AN

Second, it appears that in well controlled studies igntensities of up to 100% Vo2 max done with
an IT method has not prowded evrdence that intenSity offers any substantial advantages over

continuous training Thrrd well. controlied studies that have used high intenSity training (ie.

| ‘ sprint training or training of up to 125% éoZ max )do not appear to offer any advantage With '

respect to changing class1ca1 cﬁ?ﬁ ovascular measures and eVidence for different types of

—

|
I
|
I,
|
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adapatations with high intensity IT has been put forth Undoubtedly, the use of intensity as a
component of a training program requ1res further investigation before the nature of its effects

can be evaluated.

N Intensity of exercise in rats
5 o
In animals, training studies have been designed to demonstrate a trainmg effect but
most have overlooked the relative intensity during the progressron of a trarmng program and
hence researchers maylnot have achieved the desired skeletal muscle or cv adaptations-that are
typicallyb expected withkendurance training. Also, many workers have employed swimming as a
model l’or exercise training and recent work by Flaim et al (1979) .’and Gleeson and Baldwin
(1981) has demonstrated that swimming does not result in classic cv responses to exercise as
does treadmill running in rats. |
Running on the other hand, results in classical responses that can be monitored and
evaluated quite easily (Shepherd and Gollnick, 1976; Patch and Brooks, 1980' Brooks and
‘White 1978; Taylor Nielsen and Rook, 1970; Gleeson et al, 1983) The overload of running on
’treadmills and in act1v1ty wheels has been evaluated and these results mdica@a linear,
quantifiable relationship between speed of running and rnaxrmal oxygen consumpuon in
untramed rats, trainability of Vo2 max and little variabillty in the Iesponse from one rat to
/another Table I and II present the results f rom the studies that have examined this question

|

exammmg response variables and have rarely established the relative: irtensity of work or
]

j ' Previous training studies have rarely used speeds of more than 25 metersmin-' when

readJusted this intensity penodically throughout a trammg program - Recently, Dudley et al,
( 1982) have established that male Sprague Dawley rats can be trained to run continously for
speeds - up 10 40 metefsmin™! and that 100% Vo2 max is not reached until speeds of _50 '
meters-min'l or more. The training .ef fects‘ in,cardiac and. skeletal oi(idative enzymes tended to
platea,uf.at durations of 60 minutes/day as opposed to 30 or 90 min/day. Although the ‘oxidative-

! g . . . § 3 . ’ )
enzyme changes were muscle specific these data indicate that the previous training programs of
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‘Tats may not have been designed to get optimal responses from their training paradigms. In ¢

\

addition, serial‘evaluations of different training intensities has not been evaluated and may

further characterize the training effect.

M

Table 4-1
"’”Data. from various studies on ’VO'2max and maximum
o treadmill running speed of A.dbino Tats |
" - Author . - ~ VO2max  %grade ‘Speed Weight‘ Sex/Train.

Pasquis et al, 1970 %5 20% 7 23 BT

- . mmin™!
Bedford . 6 - 10% 268 46l M/UT
et al, 1979 O ", 268 42g M/T
" 81.1 v 287 07
- .4 | . 90.6 "( 254g
Patch and " | 71.6 15% | 41.6 | 265g
Brooks, 1980 as " 89 2%lg

Treadmill speed is in meters'min-'and Train. denotes training status

>




Cardiac Hypertrophy R .

( V]

Since the early part of this century researchers have been concerned about the possible
deleterious effects of exercise on the heart. With the use of electrocardiographic and
.radiographic data many physicians have coined the phrase "athletic heart syndl‘ome " for what
was suspected to be pathological ventricular hypertrophy in humans engaged in athletic activity
(Gott et‘ al‘,‘-‘l968; Underwood et al, 1977; Frick et al, 1963; Ganse et al, 1970; Saltin and
Grimsby, 1968; Astrand 1963; Bramwell, 1931). These techniques were limitgd for nteasuring
"‘,;pertrophy, however, and echocardiographic techniques have 'permittecl researchers to better
“ A ,ynderstand the differences between athletes and sedentary individuals. It has also allowed for a
more in depth understandmg of the hypertrophlc process with exercise trammg

Many-studies usmg’a comparative desxgn have shown that endurance runners, cyclists,

weight lifters, wrestlers, basketball players, f ield hockey players, race walkers and. swimmers

“-have increased left ventncular dimensions such as volume and mass and 1nter¢nal dimensions .

/

when compared to age and weight | matched control i cts. Left ventncle and septal wall '

thlckness ‘were not ‘dlfferentfrom c\\ontrols except in the case of wrestlers, shot -putters and
weight llfters (Burke et al, 1980; Epstein et al, 1975 Knshna etal 1980; Roeske et al,. 1976;
Nishimura et al, 1980; Rubal et al, 1980 Jordan et al 1980; lebert et al, 1977 Nutter et al,
1975; Parker et al; 1978; Raskoff et al, 1976;" Zeldis et al, 197(&@5Underwood and Schwade,
1977). The normal range for structural diinensions of the hea”rtﬂ at vrest is quite large and it is
therefore difficult to draw conclusions as to the possible existence of a training effect or to a
superior genetic endowment with studies using cross-sectional or comparative designs.’ Ricci et
alﬁt 1982), were\able to demonstrate a modest but significant increase in left ventricular mass
(LVM) under resting conditions with endurance and sprint training’ as Calculated by an increase
in the internal dimension of the left ventricle. ‘These changes were att?xb*\{ted to the bradycardia
- of training and an increased diastolic filling time rather than to a true catdiac hypertrophy.

‘Such a change at rest may only reflect a use of a greater portion of the inherent filling capacity

of the ventricle rather than a true hypertrophy of .muscle fibers. A questlon arises with these
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T
relatively c sical type of exercise training programs. Does exercise training when evaluated at
. et p g .

rest and af terwa presumably steady state stage of training result in persistent structural and/or
hypertrophic changes in the hearts of humans? Present evidence"would suggest that if ‘there. is
an eff ect that it is a modest one. Other training studies have rzv‘i'isedamore doubt with respect to
this question since some studies have shown increases with training that was etraluated after
only 3 to _12’ weeks (Ehsani et al, 1978; DeMaria et al, 1978; Stein et al, 1980; Rerych et al,

1980) while others have been unable to show any echocard‘iographic evidence of structural or

' hypertrophic changes in the heart after 6 months of training (Wolfe et al, 1979). With these

.

studies it is possible that changes must be evaluated at earlier stages of training and perhaps

during exercise rather than at rest. In addition the training prdgams used in these studies ought

to ‘be quantified and the relative intensity of trammg needs to be reestablished as the trammg

- program progrésses. When examining an exercise program four variables and not three need to

be ‘controlled. These afe frequency, intensity, duration and total work. Therefore, the

' quantifying of the magnitude of exerise based on each of these four variables may affect the

A

nature of the adaptation. These problems as well as ot}\cr design problems previously

w

" mentioned in this review’ must also be consuiered if a proper evaluatlort of the trammg stimulus

is to be made possible.

This is in contr;.i:t‘”to results in studles w1té1} dogs (Wyatt and Mltchell 1974) and rats
(Crews and Aldmger 1974) where increases of 9% and 39% of the thickness of the left
ventricular wall were found. Many reports of hypertrophy have been published in dog and rat
studies. Some rat studies have reported increased heart weight to body weight ratios or have
kept controls on a restricted diets when using males while others have used females presumably
because they maintain their appetiteand hence their body weight even with training (Bloor et
al, 1970; Bhan atnd Scheuer, 1976; Scueue‘r, 1973; Malﬁotra et al, 1976; Carew and Covell, 1978;
Barnard et al, 1980; Wyatt and Mitchell, 1978; ~!"erjmtg and Spear, 1975; Oscai et al, 1975; Oscai
et al,‘ 1971; Liere anchorthrup, 1957; Javeed et al, 1974; Baldwin et al, 1977). There is some

question whether a change in heart weight body weight ratio (HW/BW) is a true indicator of
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cardiac hypertrophy and most studies with rats havg been unable to show what some consider
1o be a true cardiac hypertrophy as a result of exercise _training. Some havé attempted to do this
by using female rats and have failed but their training programs were evaluated after many
weeks and the intensity ‘of training was maintained at a low level. Interestingly, Baldwin et al
(1977), have also shown a regression in ventricular weights with continous training evaluated
after only 2, 4, 6, and 8 weeks of training. Initially though, hypertrophy, as measured by an
increase in ventricular weight versus weight matched female controls wés siénificantly
increased. A high intensity interval training program also elicited this effect and it was
maintained even after nine weeks of training. It was suggésted that the relative intensity of
training may have decreased with the continous “training making the training stimulus
inadequate to maintain th.e stress on the myoca}dium. Other investigators have demonstrated
.(that rat heart can be hypertrophied if rats are subjected to an isometric training program
(Muntz et al, 1981). Anversa et al (1982, '1983) have alsq shown that the right ventricle was
hypertrophied’ to a greater extent in the rats used in their- studies as a reéult of running training
even if training was moderate adding a new dimension tb the appreciation of cardiac function

in rats with treadmill exercise.

’ Summary

|

From the literature évailab}ef‘in both humans and animals it is apparent that there is
still some doubt about the existence of a permanent hypertrophic effect of training on the
heart. In addition, the work of Anversa et al (1982, 1983) has also raised more serious

questions about the functiongl mechanisms by which the heart responds to chronic exercise.

Functional changes in the heart with training

A series of studies have examined the effects of physical training on the mechanical and
contractile function of the heart. A variety of variables such as positive and negative rate of
rise of pressure (+dP/dt), peaked developed tension (PDT), time to peaky tension (TPT),

Telaxation time from PDT to 1/2 PDT also called 1/2 relaxation time (1/2 RT), peak systolic

ks ‘ : rd
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- pressure (PSP), peak left vemriculavr systolic pressure (PVLSP), left ventricular end-diastolic
pressure (LVEDP), velocity of circumferential fiber shortening (Vcf), ejection fraction (EF),
stroke volume (SV), -cardiac ouz?ut' (Q), stroke work, stroke power, isometric .tension,
ventricular wall stress and ventricular wall compliance have all l;een shown to improvre after
swimming and running training in rats and dogs (Crews and Aldinger, 1974; Behrson and
Siheuer, 1977, 1978; Barnard et al, 1980: Nutter and Fuller, 1977; Stone, 1977; Scheuer, 1977;
Dowell, 1977; Giusti et al, 1978; Hepp et al,1974; Meerson et al, 1930; Noakes et al, 1979;
Penpargkul et al, 1970; Ritzer et al, 1980; Scheuer and Stezoski, 1972; Schaible and Scheuer,
1979; Riedhammer et al, 1980; Codlni et al, 1977; Carew and Cb\;ell, 1978; Dowell et al, 1976,
1977;Carey et al, 1976; Tibbits et al, 1978). Othg&s-tudies, however, using more moderate
training“ progre}ms,b have been unable to show any functional changes (Williams and Potter,
1976; Cutiletta et al, 1979). These measures were &ken gnder normal conditions as well Vas ‘
coﬂdmons including ischemia, hypoxxa and aoZtlc occlusion in intact anesthetized and
unanesthetized animals with isolated heart and heart muscle preparations (Scheuer, 1977; Stone,
1977; Dowell, 1977; Nutter and Fuller, 1977). ]
Under normal conditions, regardless of the type of prepara.tion used, one common. .
finding seems to be an increase in +dP/dt and a decrease in. relaxation t_ime. The finding of
increased *dP/dt arld peak +dP/dt has also been documented during maximal and
submaximal exercise irl dogs (Ritzer et al, 1980; Dowell et al, 1977; Barnard et él, 1980; Stone,
19_77; Carey et al, 1976), however, in humans +dP/dt seems to be decreased at all relaiive work
loads at a \giyen blood pressure (Clausen, 1976). In paciné studies with isolated heart
prepara;éons from trained ratf, the relationshlprstill holds (Scheuer, 1977; Giusti et al, 1978;
Behrien and Scheuer, 1977;-Codini et al, 1977; Schaible and Scheuer, 1979). Researchers have
used. =4P/dt as an index of contractility and extent of relaxation of the left ventrlcle Some
author: ‘“»rnard et al, 1980; Behrson and Scheuer, 1978; Scheuer, 1977) have suggested that

the tra. .  zange in dP/dt is related to the Ca** pumping ablhty of the sarcoplasrr‘nc'

reticulum (.x) or to an in -crease in sarcolemmal bound Ca?* available for



51

excitation -contraction coupling (Tibbits et al, 1981). Some authors using swimming paradigms
(Scheuer, 1977; Codini et al, 1977; Giusti Et al, 1978) have also demonstrated and implied a
physiological 'parallel between biochemical (ie. increas;:d ATPase - activity) and functional
changes in the hear‘; but Dowell et al (1977) could not demonstrate this relationship. Incrc;ased
1 dP/dt were also maintained in studies where anesthetized rat hearts were paced (Penpargkul
and‘ Scheuer, 1970; Codini et a1,~1977) and in hearts that received isoproterenol injection
(Noakes et al, 1979). Increases in + and . can‘/dt, _were also noted durihg hypoxia induced in
conditioned hearts of rats and dogs (Scheuer Ai Stezoski, 1972; Carey et al, 1976). Aortic
oéclusion studies have been used 10 qxafnine the effects of training during the isovolumic phase
of ejection of th; left wentricle. During an acute bout of exercise a decrease (Codini et al, 1977)
and an inéreésé (Dowell et al, 1976) in LVEDP and peak +dP/dt have been repbrted. Chronic
occlusion of three days or more resulted in an increase in peak idf/dt and an increased
LVEDP over control animals ( Dowel) et al, 1976). Riedhammgr et«}al, (1980) found an increase
in LVEDP after training in dogs during submaximal exercise.
In early investigatiofis (Rushmer,' 19?6) it was beleived thatvthe Starling's law of the
A hear; was a significant factor in increasing ;he SV during exercise. Though training studies in
- l"gla’ffx)a'rlls.and dogs support this view (DeMaria et al, 1978; Ehsani et al, 1978 Stein et al, 1980;
Rerych et al, 1980; Ritzer et al, 1980), the previously mentioned body of literature suggests that
an increase in contractility may aiso play a role in this adaptive process as well.

Another finding that seems consistent in many animal studies is an increase ih Vef
(Behrson and Scheuer, 1977; Carew and Covell, 1978; Mee‘rson et al, 1980; Ritzer et al, 1980;
Schaible and Scheuer, 1979). Again a relationship between biochemical changes and this
functional change has been implied and human studies have reportéd this changé Vin one study
(DeMaria et‘al, 1978). The models that have been employed to make these measures vary
greatly and could account for many of the disc.repancies in the literatﬁre. Heart r;luscle
preparations have offered a higgfee of control (Scheuer, 1977) whiie others concerned with

physiological conditions have used isolated working heart preparations. The heart muscle

\
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prepararations .offer the advantage of direct measurement of contractility and/or force
production by cardiac muscle fibers, a low failure rate and reliable and comparable
force-velocity data (Nutter and Fuller, 1977). The anesthetized and instrumented animals
mimmick more closely stable physiologic conditions ;han Ltfle muscle preparations or the isolated
‘ working heart preparations. These preparations atso allow for the investigation of ‘nervous
system effects (Stone, 1977; Dowell, 1977). Despite the highly complex and highlyv different
approaches used common findings suggest each method to be potentially informative. For
example, Scheuef (1977) has been able to consistently demonstrate improvements in indices of
contractility (ie. increased + dP/dt and peak +dP/dt, Vcf, decreased 1/2 RT) by using the
same preparation ‘and the same physical training program. These improvements, however, ma)"
not be generalizable to other training methods or species. Also the use of measures such as these
have been questioned as indices of contractility since they affect the functioning of the heart
and are not necessarily representative of a direét change in contractility or contractile force of

cardiac muscle.

ATPase activity in cardiac an%eletal muscle

Endurance training in animals causes changes in the activity of the ATPase enzyme in
skeletal and cardiac muscle. The results of the studies done vary a great deal. Part of the
discrepancies can be attributed to the type of preparatjon iu'sed, the assay conditions and also to
the type and nature of the training programs used in each study.

Swi{nming and running have both been used as models of endurance training. Both
swim training and run training studies have dealt mostly with changes in cardiac tissue. There
hafve been very consistent changes in the hearts of swimming trainedvanimals. On the average,
increases of 17 to 30% in either myofibril, myosin of actomyosin Ca?* ATPase, Ca**/Mg*
ATPase, or Mg?" ATPase activity have been found in the hearts of rats (Bhan et al, 1975; Bhan
and Scheuer, 1972; Malhotra et al, 1976; Giusti et al, >1978; Medugorac,b 1975; Penpargkul et al,

1981). Others have demonstrated up to a 55% increase in cardiac Ca** ATPase activity with the
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same type of preparations (Wilkerson and Evonuk, 1971; Ashok et al, 1975) but Rupp (1981)
found only a 10% increase in myofibrillar Ca**/Mg?** ATf’ase activity in the hearts of rats
trained by swimming. Wilkerson and Evonuk (1971) examined the effects of | swim training on
skeletal as well as cardiac muscle and f ound a 44% increase in Ca® bstimulated ATPase activity
of the gastrocnemius muscle after 6 and 10 weeks of. training which corresponded to the
magnitude of change found in cardiac tissue in the same study. Hearn and Gollnick (1961), on
the other hand, found no change in the Ca? myosin ATPase activity of the gastrocnemius
r'huscle but did find an inc:ease in heart muscle after 5 weeks of daily swimming. Syrovy et al
(1972) examined soleus and found a 17% increaée in the Ca* myosin ATPase activityp but ﬁo
change in the extensor digitorum longus muscle after 9 weeks of swi;n training.

Running programs have been less consistent in reporting increases in cardiﬁc tissue.
Watras and Gollnick (1979) have reported an 8% decrease in Ca’; actomyosin ATPas.e activity
in hearts while others have shown no change in the heart with a myofibril preparation (Baldwin
‘et al, 1975; Carey et ‘a’l, 1979; Tibbigs et al, 1981) z:nd with actomyosin (Dowell et al, 1977).
The intensity of these running programs was 25 metersmin-! and the duration was usually up
to one hoﬁr. Others (Malhotra et al, 1981; Penpargkul et "al, 1980) have trained rats at aﬁ
intensity of 30 metersmin- ' for up to two hours and have found no changes in Ca*
actomyosin ATPase activity in the hearts. A long duration (2.5 hours per session) traiﬁing
program at a low intensity (20 meterssmin-') used by Penpargkul et al (1980) resulted in a 9%
increase in Ca®* actomyosin ATPase activity,

Re§ink et al (1981, a, b) used the same continuous training program in two different
studies. This program used a speed of 25 metersmin-! and the sessions were 2 hours in length.
The intensity was augmented by elevating the grade to 15% rather a more popular 8% grade
used in previous studies. Ca?* myosin ATPase activity was increasedv by 14% in trained over
~ control hearts of rats. Baldwin and Terjung (1975) were able to show up td a 13% increase in
myofibril-Ca?* ATPase activity in a study which used four training programs. Some animals ran

at 25 metersmin! at a lb% grade for 2 to 4 hours per day. The largest increase (13%) was
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found with the program using a 10% grade for 2 hours per day. All four programs showed a
mean increase of 8% in Ca** myofibril ATPase acrivity. Cardiac hypertrophy was greatest with
the highest grades and then with ‘the longest duration training programs. Baldwin et al, (1977)
also used programs of different intensities in an attempt to identify the "time-course" as well
as the intensity required to elicit a change in the cardiac myofibril Ca?* ATPase activity of rats.
One training program used an ?ntensity of 25 metersmin- with a 25% grade with a duration of .
up to one hour over an erght week period. An initial increase of up to 10% in ATPase activity
regressed to control values after 4 weeks of training. A second training program used an
interval type training program to elicit speeds of up to 67 meters-min ! during training sessions.
The duration of the work bouts were up to’ 3 minutes. Althou‘;h the total work done was
consrderabl) less in this trammg program than in the continous one, the mtensrty of the
program was sufficient to cause a 15% increase in ATPase activity which persisted after 9,'
weeks. Fast and slow type skeletal muscle increased their citrate synthase activity in both
training programs although the contineus program showed increases of greater magnitude.
Phosphofructokinase activity increased by 20% in the slow muscle with the continous program,
but ATPasefa”EﬁVfi}z was not evaluated in the skeletal muscle.

Pierce et al (1979) examine& the effects of only 10 training sessions on Mg** stimulated
myofibrillar ATPase activity. Female rats were exgmined after 1, 3, 5, and 10 sessions. After 3
and 5'sessions Mg?* activated ATPase activity‘ was increased by 22% but this was down to
normal values after 10 training sessions. The natufe of the training program was not expleined,
however, but it is interesting to note that the early stage of the training program eiicited a large
effect as in the earlier part of the training regimen in the study of Baldwin et al (1977). Apart
from these two studies all other studies were examined after 8 weeks orﬂr‘nore of training and
there were usually no changes found in these studies when ATPase activity was evaluated after
these longer periods of training.

Another study by Baldwin et al (1975) attemﬁted to look at Ca?* actomyosin ATPase

activity of both cardiac and skeletal muscle with the same run training program. After training



v 55

for 24 weeks at 28 meters/min at a 15% grade for 2 hours per day the hearts_'s ATPase activity\
was unaffected. Similarly, fast type vastus muscle did not alter its ATPase activity. The fast‘
oxidative glycolytic muscle decreased its activity by 20% while the’ slc;w soleus/increased its
activity by 20%. The ATPase activity of all the skeletal muscle types c'0rrelated well with (.933)

with phosphofructokinase activity.

Bagby et al (1972) used a continuous (28.4 rﬁ&éfs/min for one hour) and an interval

type training program (18 sprints per session up to 80 meters/min with a 1:1 30 second work

rest ratio). Training in this manner for 11 weeks failed to alter Ca?* myosin ATPase activity in
the gastrocnemius muscle. Belcastro et al (1980) trained animals at an early age (10 days after
birth) and found a 19% depression in Ca?* myofibril ATPase activity of the plantaris muscle in
a group of rats trained to run at 40 mefers/min for 2 hours a day for 6 weeks. A sprint trainea
group (40 bouts/day 20:30 seconds work rest ratio at 80 rfxeters/min) did not alter its ATPase
activity after the same period of trc.

Finally, with respect to studies that have investigated A lPase activity Belcastro and

4 by _
Wengej (1982) used the same training program to evaluate. ects on slow type soleus
muscle. At 21 and 51, days the Mg?" activated myofibril ATPase activities were 39% and 49%
greater when compared to the control groups. Even though the sprint group did not change its

activity, growth caused a depression in activity in the control group that did not occur in

trained animals. The endurance trained group also maintained its activity and increased its

activity at 51 days over its ‘own activity at 10 days.

Factors underlying changes in ATPase activity

Several authors have attempted to determine various causes that underly ATPase
changes with both swim and run training studies. Swimming trainirig studies have shown
changes related to the myosin molecule or to myosin's light chains in the hear_t muscle of rats.
Bhan and Scheuer (1975) found an increase .in HMM,ATPasg acﬁ'vity'of trained animals

indicating a change in the head of the myosin molecule. The change was not related to the

A7
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oxidation of sulphydryl groups as shown by the use of sulphydryl modifying reagents (Bhan
and Scheuer, 1975) but perhaps to a conformational change as suggested by the differential
effect of ethylene glycol in the hearts of the same swim trained rats. Rupp (1981), Rupp and

- Jacob (1982) and Rupp et al ( 19?21) support this contention' by demonstratmg that a 12 week
_program of swimming resulted in a shift to a greater proportion of VM1 from VM2 and VM3,
The‘ Vml isozyme is correlated to the speed of shorteniné of cardiac muscle (Rupp et al, 1983)..
Swimmingﬁgraining programs have also demonstra;ed an increase in the susceptibility of the
light chains to phosphorylation (Penpargkul, 19'}7). Ca’ ATPase and Ca’" uptake of the
sarcoplasmic reticulum (SR) ha\;e also been reported with swimming training and these changes
have been offered as mechanisms by which the Vmax of the myosin ATPase could be increased
(Renpargkul et al, 1980).

Running training has also suggesie‘d .that liéht' chain phosphorylation is increased with
increased extracellular Ca?- levels and this fn'crease is in propor;ion to the increase in Ca?*
myosin ATPase activity in thd hearts of trained animals and it has thus been implied that' an
«cnhanced capacity for transsarcolemmal Ca™ flux could be responsible for a greater Ca**

dependent phosphorylation of the myOSm P 1;ght chaxris resultmg ultlmatg'ly in 1mprovement of

activity of the ATPase enzyme fg,lfowfng a trammg reglmen be a cellular mechamsm partxally

oW vf

responsible for an 1mprovement¢n f:@xitractﬂe fﬁnctlon of the heart Indeed both swimming and

“;izw ¥ -

runnmg training in animals hay, &ovxdcd ev1dence for the adaptabxhty of the heart when it is
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evidence for this adaptive capability of the heart with chronic exercise.

@ Biochemical changes in skeletal muscle have most often been related to an increased
capacity for acrobic metabolism partially centered around fat oxidation (Holloszy and Booth,
1976). With regard to depression in ATPase activity in the myofibril with training some have

P
coutd be depressed. 5

‘ inﬁicated a change in myosin isozyme type as a possible mechanism by which ATPase activity

" Evidence explaining skeletal muscle alterations that underlie ATPase changes is not as

abundent, since less work has been done with this type of muscle. Conf licting evidence exists as

to the effects of endurance training in skeletal muscle. Changes in skeletal muscle have been

Jelated to an mcre,ased Ca?* uptake and Cé” binding ability of the SR. The slow soleus muscle
has been used and a depression in Ca’> ATPase and uptake of the SR has been found with
swimming training (Fitts et al, 1979), but others (Bonner et al, 1976: Belcastro and Wenger,
1982) have found increases in Ca* uptake and Ca?* ATPase but no change in the Ca’" binding

ability of the SR in soleus muscle with endurance running. The Ca*: binding ability of the SR

(Belcastro et al, 1980) and Ca’* uptake of the SR to fast type muscle®
have also been shown to increase with endurance runnmg in other studies. Conf‘lxctmg evidence
‘

ex1sts as to@me ef fects of endurance trammg on the functlonmg of the SR. Muscle type (ie.
slow vs.Q fast) and assay conditions used in different studies are undoubtedly responsible for
some of these differences'('l'ate, 1984). Electrical stimulation studies have dcmonstréted the
plasticity of muscle showing substantial Ehanges in the contractile element, the SR and the
intracellular content of parvalbumin (a Ca? lﬂirr;ding protein)(Pette, 1984). (Tate, 1984).

The contractile function of skeletal muscle has also been studied and again conflicting
results have been reported. Some authors (Barnard et al, 1970 Fitts et al, 1973) have also

L)

shown no, changes in contractile characterxstlcs of fast muscle with endurance trammgh

Drachman et al (1973) on the other hand, demonstrated a decrease in the 1/2 RT in line with

an increase in Ca’* uptake ability of the SR. Alt‘hough fast muscles do not change a great deal

with respect to their characteristics a greater resistance to fatigue as demonstrated by a better
; :

W
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Irmaintenance of isometric tehsion and maximal twitch tension was demonstrated in trained

animals in all of” the studies In slow muscle, up to a 15% decrease in contractlon time (CT), an

increase in peak +dP/dt durmg a twitch and during a tetamc contraction an increase in Vmax,

a decrease m 122 RT have all been dem/onstrated thh endurance trammg(Fitts and Holloszy,
N . : X3

1977) An mcrease in maximum tetanic tensron has also been demoustrated with sprint training

: (Staudte et al, 1973). Although these changes have not been demonstrated in conjunction wrth

biochemical data many of these changes have been found with similar types of training’

"programs as that. used ‘10 estabhsh the existence of- biochemical adapatatxons with endurance

training.

% . : )
Stimulus for change in ATPFase activity

" The stimulus for adaptation of the ATPase enzyme .may be different for swrmmmg and
running Although swrmmmg generally causes larger and more consistent changes in ATPase
_activity, many drfferences exist - when compared to running. Water immersion has been

considered as a factor but was refutedj' by Penpargkul et al (1980) vvho found no effect on

ATPase activity of simply immersing rats in water. Also, swimming exercise causes a decrease

in cathecholamine turnover tather than an increase making the fight or flig'ht response.an ,

‘ unlikely mechanism responsrble for a greater ATPase response (Rupp et al 1983) ‘However,

hormonal mﬂuence cannot be discounted as Pagam and Solaro (1983) were able to show

: myosrn 1soenzyme shifts in norinal swim- -trained rats but not m thyrordectomized rats

A“.

mdrcatrng that a hormonal mfluence is essential f or normal adaptive changes to occur
Flaim et al’ (1979) ‘have mdicated that swimming» exercise may not elicit' a classic
response in measured cv variables. After 15 minutes of exercise with t‘ails unweighted Q SV,

mean arterlal pressure (MAP) and right and left ventncular coronary blood flow were

’ unchanged The VoZ max eltcrted wrth swimming is lower than ‘with runmng (McArdle 1967 -

Gollnick and Shepherd 1976). The overload of swrmmmg exercise in Flarm 8 study is def’ mitely

~of a lesser magmtude than swrmmmg \traimng where tails are usually weighted but swrmmmg

58
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exercise in rats is definitely different than traditional exercise stimuli and this makes it difficult

~ to use validly to evaluate true training effects.. v
Treadmill exercise. with intensities as low as 20 metersmin-‘result in more classic

rialbles in rats (Flaim et al, 1979). Nutter et al (1981), however,

responses of -the saf
haye 'indicated thil
the myocardiurr}."Furthermo‘re, training at this low intensity- does not cause as great a
magnitude of adavpta‘tion in the skeletal oxidative enzyme levels. Also, Cutiletta et al (1979)
found no _irtcreases in‘ cytocltrome ¢ levels in skeletal muscle with trai-ning of up to 25
metersmin~' for 8 weeks, and this raises doubt as to the potential for adaptability at these low
intensities. Dudley et al (1983) have shown that the adaptive response of skeletal muscle to
: ‘endurance training is related to the intensity and the duration of the exereise training sessions.
© This has been corroborated by Terjung (1975) ‘who showed maximal r_esponse to training in
skeletal muscle with higher inten’sity‘. and duration. “

Althougvh(,an intensity of 25‘meters'm'in"l ls sufficierlt to demonstrate a training effect

and the Vo2 response to this exercise is equivalent to 70-80% of Vo2 max in rats (Shepherd and

Gollnick, 1976; Pasquis et al, 1970; Bedford et al,,,'19,79; Patch and Brooks, 1980; Wilson et al,

Fus
¢ fl

.1978), others have shown that rats are capable -of exercising continously‘for long periods of
time at mtensmes of up to 40 meters: mm (Belcastro et al, 1980 Dudley et al 1983) and that
the training effect seems to be greater at mtensm‘es greater than 25 metersmin-? (Dudley et al,
«1983) depending on the muscle evaluated In addition, some running programs using lower
intensities of trarmng (Baldwm et al, 1977; Pierce et al, 1979) have shown a greater magmtude
of change in cardiac ATPase actlvity in the early stages of their exercise program with
subsequent regressron to normal values at later stages of the program and thrs could be related
10 a progressive decrease in the mtensrty of the overload on the myocardrum This change could

J

, also be related to peripheral changes or to an interplay between central and peripheral char‘rges.

Speculation is difficult since no one has closely examined the time course of adaptation in the .

A

calﬁdlac andskeletal mu.scle of Tats. . L - o

4 [N

Rining at such an intensity does not result in functional adaptation of

0
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Structure of striated muscle
Y 1] ) 2 ‘
Gro% morphology of the myofibrils of skeletal and cardiac muscle
; ¥ ‘ , ,

Both cardiac, aad skeletal muscle cells are striated and homologous in their structure
although some structural differences exist (Adams andechwaltz 1980). The myofibril is the
basic funcnonal umt of both types of muscle. In:cardiac muscle the fibers are 1nterconnected
end to end by tight Junctlons known as’ mtercalated discs at rlght angles to the lapg axis of the '
.myoflbnls. These discs permit electrical flow with little resistance across all muscle cells upon
| depolarization. ’Skeletal rnuscl(e cells do not have any structural equivalent to these disps (Adams
“and Schwartz, 1980; Katz 1977) Skeletal fibers are umform long and parallel in arrangement
grouped in fascicles, varymg in length with diameters from «10 to 100 um. Cardidc muscles, Ny |
however, branch off or by/{urcate formmg a more complex, three dlmensmna'l network (Adamfs
"and’ Sehwar;z, 1980). The cardiac ‘myofibrils make L‘p 50 to 60% of the cell volume inside .the' .
sarcolemma, while the mltoehondria make up 3%"‘& “the cell volumev*-(‘Hirakow et al, 1980). In
- skeletal muscle, -rnitochondria are much less numerous but sarcoplasnlic reticulum (SR) content

H

is much greater,

Sarcolemma

The cell unit membrane is called the plasma membrane or'p'la:s_malemma and is 7 to .9
.nanornete;s (nm) thick. bu,tside 'tnis membrane is’the glyeoealyx whichj,conzistsof two layers;
‘- the inner or 'surfac‘g ‘"coat (20 nm) nnd thev external lamina "(30 n:’n)-. In ‘the myocaldium, ‘the‘v"::, ,
glycocalyx follows tlle plnsnlalemma inl'vthe T-tubules (transverse tubules)v but does not do so in
skeletal muscle (Langer,ll978'). SN |

The plas'rnal'emma consists mainly of lipoproteins nnd is made of a llpld bilaye;
structure,' which has high electrical resistance and 'areas which permit the diffusion of ions
(Bennett, 1963). The glycoealyx is ‘polyanionie, primalily l)ecause gf a éreat ‘amount of

mucopolysaccharides, glycoproteins and sialic acid residues. This confribu_t_es to the negative

charge “of the polar head groups of the plas'malemma"s' phospholipids and- creates an

- 4‘3‘-
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, extx"ﬁcellular region with high cation binding capacity, 'particularly Ca* ions. The sialic acid

residues which are in both coats of the glycocalyx play a major role in regulating cation

permeability thru the plasmalemma (Langer, 1978; Adams and Schwartz, i980).

Cardiac muscle has only 7% of the cisternal capacity of skeletal muscle but 400% greater

_surface cation-binding capacity since it has 54 times more sialic residues per unit volume per

.

cell (Langer 1978) Hence much’ recent work on regulatory processes has revealed that

’ extracellular Ca*~.sources in cardiac and skeletal muscle are not the same (Dhalla et al, 1981)

Transverse tubular system

The t-tubules are invaginations 1nto the muscle * cells. In cardiac muscle the

©6l

invaginations are at the Z-line of the sarcomere and extend to the'center of the rnyof:brll and .

occasxonally brfurcate to adJacent myofrbrlls In skeletal muscle, T- tubules mvagma«te at the
site of the H-I band and these also brfurcate Adarns and Schwartz ( 1980) have noted three
ma jor*differences between skeletal and cardiac muscle with respect to T-tubular system. These
are: - ' T i ‘

1- a larger ‘lumen ninv‘cardiae than m skeletal muscle B n

2- cardiac tubules are heavily vesiculated and include »
the glycocalyx while skeletal muscle is not.

3- cardiac T-tubules are "randomly coupled to the SR Whereas

- in skeletal muscle these are consistently‘otiented to the SR. -

3

Sarcoplasmic Reticulum ’ L

el

The SR i is dlscontmous thh the plasma“lemma It functlons as a regulator of Ca in the

‘ myoplasm by stonng and releasmnga’*durmg excrtatxon contractron couplmg (Katz 1977) In

v

’ skelefal %uscle SR 1s arranged in parallel and branches out'in the regron of the A bands but in

cardi

"R‘ the onentanon is more random. The skeletal muscle SR also f’lows together in the

A-l l?and region and forms the termmal cisternae whrch are much larger channels Palrs of

parallel channels ;fun transversely across the myofrbn,l in close assocxatlon wnth the T tubules

2 : - °
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intefconnected by extensions or junctional processes of the SR membrane. The cAgdiac SR s

dilated at its ends and these ends run very close to. the T-tubules and sarcolemma and afe also
joined via junctional processes (Adams and Schwartz, 1980). Junctional SR (JSR) is associated
with the plasmalemma or the T-tubule and free SR (FSR) is not associated with either of

these.

Upon isolation, seven proteins and a lipid component are found t6 make up the SR.

Five of the proteins are intrinsic including the Ca**ATPase (100,000 daltons (d))and a
: : . ) ¥ .

proteolipid. Ca’* ATPase acts as a pump to sequester Ca*" across the SR during relaxation .

(lAndams and Schwartz, 1980; Tada et al, 1978; Van Winkel and Entman, 1979). Th’e proteolipid
appears o be involved in Ca?* trangport as well, _fhospholamban (22,0l00' d) §vhen
phosphorylated enhances the Ca?* ATPase activity and Ca?" uptake (Tada et al, 1978). The two
extrinsic proteins, calsequestrin, and a high affinity Ca?* binding protein act as a Ca** sink in

the SR and may also play a role in Ca?* transldcation (Adams and Schwartz, 1980).

Morphology of the myofibrils
. : A
The sarcomere is the basic unit of the striated muscles. A single sarcomere extends from

~Z-line to Z-line. The thin ,filaxhent composed of tropomyosin (Tm), F-actin and three

troponins (T-1-C) are attached to the Z line although it is unknown precxsely how the.

attachment takes place. The M-band 1s the point df radlal cross-linking of the [thk filament

myosm molecule and is in the center of the A-band (amsotropnc because of the blrefnngent

" nature of the myosin molecule) The A-band is made up of myosin and interdigitating actm

fxlaments. During contraction and relaxatlon, the A-band A-width remains the same since both
filament lengths remain the same. The H-band consists of thick filaments only and the M-line
of the A-band appears less dense at rest since the actin filaments do'not interdigitate'as far

along the thick filaments. Durmg contracuon mteracuon of thick’ and thm leaments takes

. place and the I-band becomes narrower since the thin fi 1laments slide past the thlck filaments.

g )
) !
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~ The myosin molecule includes téivo a-heliga] light meromyosin (LMM) rod like
molecules that form a coiled-coil and a heavy meromybsin (HMM)' portion wh%gh»’gaxisists of
‘two subfragments called S-1 and S-2. The 'S-A.2 subfragment is rod-shap’ed“ and :sa‘nached ‘to
LMM whiie t.he S-1 forms two globular heads at the distal end of HMM §-2 and ?:»‘hiam{ the
ATPase'enzyrﬁ;.dfh;dditibn, four light chains are associated with the 'globular heaq:é No‘j’.the S-1
HMM subfragment (Katz, 1977, Adams and Schwartz, 1980; Mannherz- and Goo’i, 1974,

1976). Table 4-2 presén;s the str‘ilcturall features of the myosin"xr'loleciule that have been

identified.
Table 4-2
Myosin Ultrastructural Components

Structure MW' Length A’ Reference
Myosin filament 485,000 1650 McCubbirivénduKay, 1980
LMM-skeletal 150,000 900 Katz, 1970

-cardiac 145,000 " _ ' "
‘HMM-skeletal 350,000 . o

cardiac 345,000 ; | Muellar et al, 1969

HMMS1 115000 - Mannherz and Goody, 1976

HMM S22 60,000 - ' Lowey et al, 1969

Molecular weight (MW) is in daltons and length is in Angstroms

Q
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Table 4-3 o
Myosm light chains of cardlac and skeletal muscle

Muscle Type Chain Name Molecular Wt. X Reference

Fast skeletal DTNB-LC2 18,500 Weeds and Lowey, 1971

Fast skeletal 'LCl-alkali . 25,000 Marrimoto and Harrington,

| 1924}

Fast skeletal LC3-alkali 16,000 . - -

Slow sl:eletal | LCl 27,000 Frearson and Perfy, 1975 o 7
Slow skeletal LC2 19,000 -

Slow skeletal ... LC3 - 28,000 "
Cardiac muscle ~ + LCl . 27,000 R
Cardiac muscle “LC2 ‘19,000 - "

. o Mo‘locular weig.ht is in daltons
L i
All oomponents myosin but light chains dre presented. HMM S-1-apd S-2 are

cross-bridge projections. References are in right hand columi. .

3
‘ o . : ) » .
The remaining structural components of the myosin molecule are the light chains. The

light chains of fast muscle are made wp of a DTNB (5,5'-dithiobis-2-nitrobenzoic acid)

sensitive (ie. DTNB treatment removes it from thc myosin molecu]e) ThlS chain does not
&

. cause a loss of ATPase actxvxty and has also been called the non- essentlal light chain (Table

- 4. 3) Also in fast muscle are two alkali lxght chams Lxght cham 1 (LCl) has- 41 additional

Y%

‘“f%gmno acid resnduos at the N-terminus and five amino acid’ subsutunons (Mannherz and

Goody, 1976)(Table 4- 3)

N Y
3
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‘ In slow muscle, three 1igh; chains are found and in cardiac only two types, Both of
them having a 19,000 d non-essential iight chain that is not sensitive to DTNB treatment. The
removal of this LC2 from all muscles causes a reduction in K* EDTA ATPase activity and an
increase Mg?* ATPase activity and is therefore thought to play an integral' role in actomyosin

Tabledd  ®
~ Myosin isoenzyme types in skeletal and cardiac

muscle in different species

Muscle Type Differentiation . Characteristics Reference
Chicken Slow LCI:LCl  Slow Hoh et al, 1976
Chicken Slow  * LC2:LC2. ~ Slow  Hoh et al, 1978
Chicken Fast LC1:LC1 Fast "
Chicken Fast LC3:LC3 ‘ . Fast Lowey et al, 1979
Chicken fast LC1:LC3 . Fast Bechet et al, 1982
Rat atria Al | . Fast Hoh et al,' 1978
Rat atria A2 x Fast | "
Rat Ventricle \'2! ~ Fast "
“_—“ RatVentricle V2 Intermediate "
'Rat Ventricle - V3 " Slow "

Heart isozymes differentiated on the basis of heavy chain differences

interactioni even though it does not directly participate in ATP hydrolysis (Malhotra et al,
1979). All 'three LC2 have also been shown to have an MLCK (myosin light chain kinase)
dependent 'phosphorYlatable site (serine 14), and a protein phosphatase that dephosphorylates
the residhe (Perrie et al, 1973“; Holroyde et al, 1979a; Pires et al, 1974; Frearson and Perry,
1975). LC2 has also beeh called the P light chain, Its ﬁhosphate co;ltent has also been shown to

o
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turnover in beating hearts and freeze-clamping of hearts has revealed a phosphate content of

0.3 to 0.4 moles phophate per mole of LC2 (Holroyde et al, 1979; Barany agd Barany, 1977,

s

Stull and High, 1977). Ca* is also required for these reactions. LC2 also has two high affinity

Ca"*binding sites and these binding sites appear to be the ones involved in the ph)osphory,l

transfer reactions. |

Myosin isoenzymes are different in fast, slow and cardiac muscle as well, as can be seen

_in Table 4-4. Some isoenzymes such as'in chicken slow and fast muscle have been shown to

differ on the basis of hght chain composition but rat heart isoenzymes are beleived to be

class1f1ed on the basis of different myosin heavy chams (Hoh et al, 1978). Zak et al (1982),
~ have reported a different primary structure in the heavy chains obtained from V1 and V3

isoeniymes».-while V2 appears to be a hybrid of V1 and V3. Thus far, only the V3 or slow

isoenzlyme type has been found in pig, canine and human 'ventricles'(Cl;'uk'et a\l‘, 1982).

Active Site

Although it is known that the active site of the ATPase is in the region of the HMM S1

“and the llgg[ chains of the myosin molecule, the exact location of the site is not yet known.

Ramirez et al (1979) have proposo;d.a_model for the activation site using the 92 amino acid

peptide (pl0) that had been previously isolated by Elzinga and Collins (1977). Ramirez et al

(1979) felt that this peptide could be responsible for part or all of the active site because of :

1) the exiistence of the unusual N-met'hleistidine residue at position 69.
\,/ One molecule of this tesidue is preserrjt"i‘r? glluactgins investigated.
| ‘ 2) the sulphydryl cysteine residues at position 11 and 21. These sulphydryl
residues play irhportam roles in the modif icatipn of the enzyme.
3) the DTNB 1ign£ chain which also modifies the enzyme

f this region of this peptide.

All of these structures ar?? so near the hinge of the S2 and S1 HMM subfragments In

cardiac myosm where N- mét’hylhlstldme is not present it has been proposedxthat histidine 69

could. replace it. The modél of Ramirez and his co-workers also included othe? amino acid .

e
'“f"&;%»'
e
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residues which, in the proper tertiary structure, éould bind the Mg ATP. Their model could be
explained by several structural associations of the lnucleotide with the different residues in the
pl0 proteiﬁ. First, the putine ri‘ng.of the eight membered cyclic substrate Mg**ATP was fit
tightly into a 16 amino acid pocket by intercalating with-phenylalanines 80 and 81, Second, the
purine 6-amino group formed a hydrogen bond with aspﬁrtate 66 and the terminal phosphate
was bo;md tightly ‘to histidi‘nev76 whicil donates a proton. Third, the phosphate end of "ATP
interacts electrostatically with the B-phosphate of lysine 78. ‘Fourth, the Mg?» is
‘ electrostatjcally bonded to the other two phosphate moieties and the side chains of
methylhisitidine 69 and to- tyrosine 72 (by a hydrogen bond). These 7 amino acids bind directly
10 Mg*~ATP. B

The sulphydryl groups SH-I ands SH2, lysine‘ residues in the S1 and S2 region and a
. Teactive carboxyl group have also been implied via a possible modification of tertiary or

quartenary structure of the HMM subfragmcnts or through “steric changes that alter

actin- bmdmg af fmlty or modify Ca?-, Mg’* and or K*(EDTA) ATPase activities.

Myosin orientation

Myosin filaments are arranged in a head to head manner with opposite polarity in the
center of the filament. The cross-bridges project helically witﬁ axial spacing of 145 angstroms
(A" (Huiley and Brown, 1967). Interaction must take place on two levels for' this to occur.
First, the filaments of opposite polarity interact in the center of the filament‘ through the rod
section. Second, the filaments used to extend the length of the filament must inte}act with each
other's rod portions as well. Different coiling structures rn,a’king these interactions possiblé have
bsen propbsed by several investigators (Huxley and Brown, 1967; Marimoto and Harrington,
| 1974; Squire, 1972). Hasse)grove (1980), through X-ray‘diffraction sfudies has demonstrated
that each cross-bridge. has two heads with oppc;site screw-senses (ie. both twisted in the same
way but tilting in opposite ‘directions. The tilt of the two heads in the frog sartorius studied

were +30° to the fllament axis.
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Thin ilament .

The thin filament is made up of actin, tropomyosin (Tm) and troponin in a molar ratio
of 7:1:1 (Ebashi and Endo, 1968). G-actin polymers are arranged in a double helix giving the
appearance of a two coiled strand of pearls (Mannherz and Goody‘1976). The tropomyosin is

in the grooves of the actin strand while the troponin complex repeats everey 385 A along the

thin filament (Ebashi and Endo, 1968).

Actin makes up 60% of the thin filamént; protein and is homologous in cardiac and
skeletal muscle. The G-actin monomer of actin weighs 41,875 d and is 55 A’ in diaméter. When
G -actin monomer is complexed with ATP and Ca’* its molecular weiéht is 42,300 d. G-actin is

<m(ghtly assymetric ana thi.s has been attributed to a single tyrosine at position 53 in the
mgnorﬁer. This residue is necessary for the formation of F-actin, the polymerized form of
G-agin. Actin also has a Ca’ and a nucleotide binding site that are necessary for
‘ polym‘e;rization of G-actin (Barden et al, 1980; Wegner, 1982). The sites are 16 A'a;;art. The
cations stabilize the F-actin structure by compensafing for negative protein charggs and
reduction of electrostatic répulsion ‘between monomers (Mannherz and Goody, 1976; Zechel,

1981). The nucleotide is not necessarily phosphorylated but ATP ‘enhances polymerization over

ADP (Katz, 1970).

Tropomyosin-(Tm)

Tm is a polar molecule 410 A'lon‘g. and 20 A" wide which makes up 10-12% of the
fnyofibrillar protein. It exists in a 1:7 stoichiometric molar ratio with actin and weighs about
68,000 d. Upon cleavage: two different chain; are extracted, ¢ and 8, with the a chains
predominating in a 4:1 ratio with 8 ;h;ins (Kaz, 1970; Mannheri and Goody, 1976; Wegher,
1980). The B‘ chain content is inversely related to the speed of contraction.-F or exé.mple, slow

red muscle has a higher content of B8 chains in the slow ,m‘uscle_»and rapidly beating hearts of

smaller animals have no 8 chains while larger human, pig and sheep hearts have up toa 20% 8
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chain confent. Thus, it appears that the heterogeneity of a and B chain content in Tm plays a

role in ATPase function and regulation (Cummins and Peryy; 1974; Leger et al, 1976).

Troponin

Troponin (Tn) is a complex of three molecules that are mainly..involved in the
regulation of contractile processes through their sensitivity to Ca?* concentration changes in the
cell. Its molecular weight ()I:IW) is 76,000 d and the three sub -units are: Troponin-C (Tn C,
calcium binding), Troponin-I (Tn-I, troponm inhibiting), and Troponin-T (Tn-T,

tropomyosin bihding) (Mannherz and Goody, 1976; Perry, 1979). Each of these sub-units will

briefly be considered.

Troponin-C

Tn-C has a MW of 17 840 d and except for minor differences in primary structure is
homologous in different muscle types (Collins et al, 1973). The molecule is highly negatively
charged at neutral pH and has four (I, II, III, 1V) regions in the molecule rich in aspartic acid
and glutamic acid residues which form binding loops and have been found to bind Ca?* via the
‘carbox'yl side of the residues. Four mol‘es of Ca? are bound per mole of Tn-C (McCubbin and
Kay, 1980), and f urthor investigation of this molecule has led to the discovery of two classes of
binding sites in both skeletal and cardiac muscle.

In skeletal muscle, two high affinity sites for (;,;" and Mg?". have been found in regions
IIT and IV, while two low affinity ..ies specific for Ca?- have been found in regions I and I1
(Potter and Gergeley o 1‘975). In cardiac muscle, the same Ca"/Mg”"Sites are.in regions II1 and
I'V but only the Ca?- specific site in region II is active (Potter et al, 1976; Potter, 1977; Leavis

-

and Kraft, 1978).
C bmdmg has also been shown to have positive co- operatlvxty and Tn-I binding
increases Ca’" binding to all sites by one order of magmtude in skeletal muscle and ten fold in

cardiac muscle. When@pg;ons 11 and IV are bound by Mg?*- or Ca*, a conformatlonal change

- occurs involving secondary and tertiary structural modification, readying the molecule for
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actomyosin mteracUon The bmdlng of the two low af fxmty,‘snes in reglons I and 11 or only in -
IT in the case of cardiac muscle triggers actomyosm 1nser5:ctxon q;nd the acuvauon WW

ATPase enzyme. Ca’* is also necessary fox Tn-C mteracuon

: (@: -1 (Potter and Gergeley,

1975; Holroyde, 1980; Perry, 1979). . "‘b '
Troponiﬁ-l

This sub-unit has a MW of 20,864 d with 179 amino acids residues in skeletal muscle
b{n in cardiac muscle the MW is 23,000 d in rabbit and 28,000 d in bovine cardiac muscle and
this is attributable to a great;:r ﬁumber of residues (216 because of an additional 26 at the
N-terminus and other smallér additions). Only 103’ 0f 179 skeletal residufes are homologous in
cardiac and skeletal muscle (Wilkinson and Grgmd, 1975) .Its function is generally homologous
among species in at least the following three ways: |

it inhibits Mg* stimulated actomyosin ATPase activity
2) neutralization of inhibition occurs upon interactiopn with Tr;-C
3)it is phosphorylatable by a phosphorylase Or a protein kinase‘
(Syska et al, 1976; Hartshorne and Muellar, 1968).

Fast muscle has a positive charge of 9 and ca?diac'and slow muscle have a posit:ive
charge of 14 and 18, respectively. The cardiac anfl slow muscle have a lower content ‘of
aspartate and glutamate resxdues and a hxgher content of lysine and arginine residues than fast
muscle A hxgh content of proline residues accounts for the bending structure of the molecule
with disparity in studies reporting 45 or 20% « and 10 or 29% B sheet (Wilkinson and Grand,
1978; Wu and Yang, 1976). Tn-I phosphorylation is not unique as other sub-units in the
myofibril structure have a number of phophorylatafle site (Téble 4-5) (Perry, 1979; Cole and
Perry, 1975). Carqiac Tn-1is Aphq'sphorylated at its serine 20 residue at a much higher rate than
skeletal Tn-1 but at comparable rates at serine 146. Interaction of Tn-I with Tn-C does not
prohibit phophorylation in cardiac muscle uﬁlike skeletal muscle implying functional

differences in actomyosin interaction between the two types of muscles {Cole and Perry, 1975; -

Moir et al, 1980).
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@
Sites of Phosphorylation of myofibrillar proteins
(Source: Pérry,,l979) , ~
Protein Muscle Site Enzyme
“y . ) )
Tn-1 Rabbit Fast Ser-117 cAMP -dependent protein kinase
" Thr-11 phosph_qrylase kinase .
" ( Rabbit Cardiac Ser-20’ cAMP -dependent protein kinase
" " Ser-146 "
" " Ser-72 phosphorylase kinase
Tn-T ‘ Rabbit Fast Ser-1 Tn-T phosphoryiase kir_xase
" " Ser-149 "
" " Ser-156 "
Myosin All muscle Ser-14 Myosin light chain kinase™

P-LC types

!

Sites are mdlcated by phosphorylated amino acid i l.pnmary structure

v “r

Troponin-T

Tn-T interacts with Tm, Tn-I and ’Tn-C establishing communication between all of

these proteins in the thin filainent. Tn-T positions the Tn complex evefy 385:A along the thinﬂ

filament. (Flicker et al, 1982; Mannherz and Goody, 1976). It is composed of 259 amino acids

and has a MW of 30,503 d in rabbit skeletal muscle and 37,000 d and@OOO d in chicken ,

skeletal and breast muscle, respectively (Pearlstone et al 1976). It is a highly basic protein w1th

a +9 charge at neutral pH. The N-terminus is acidic and the carboxyl terﬁnus is basic. A 37%

a helix content has been noted with some B sheet in the carboxyl terminus. This protein, as

L]
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allow actomyosm rnteractron (icker et al 19@2)

g o g I .

prevrously descnbed in table 4-4 brnds 3 moles of phosphate per mole of Tn T (Moir et al ,

1979; Mannh Iz and Goody, 1976)

~

The Tn T andTn complex is thought to be an elongated molscule spanning much of

4

‘the Tm length (Horwitz et al 1979 Flicker et al 1982) The length of the whole Tn complex is

~v285 :t40 A wrth a 160° :t35 A’ tail portion. Tn-T is about 195 +25 A’ and the remamrng 100 A* |

' 'drameter portron is lrkely accounted for by Tn C and kl‘n I (Flrcker 1982). Tm probably ‘

mteracts with all 3 sub-units via cysterne 190. Tn- T has two brndmg regrons with Tn I and Tn

=

"and the remamder of the Tn- T extends along Tm s lengr.h (Pearlstone and Smrllre 1981 Mak

I

+ Function - - . - e

: Contractron of the myofibrils

Huxley 5 thrn frlament shdrng model of contractron has been the accepted explanatron

the model suggests that myosm cross- bndges attach to the thrn f 1laments and. mechamcal forcev_- o
is then transmrtted through the head,s For actm and @yosm mteractron ATP hydrolysrs 1s~;, ‘

' necesSary and results in a series of conformatronal changes The force generatron is possrble

PR

over a wrde range of acto myosm drstances because of the flexxbrlrty between the Sl and S2_ E

‘2

“," D - [ ‘.

i o =generates f orce by movmg to ‘an angle of' 45 where ATP bmdrng promotes drssomatron and a

»

to occur-by outwar‘é movement of the stem a change in t11t of the Sl subfragment a change in

' azrmuth angle or by a combrnatron of all three actrons (Taylor 19’79)

s

Huxley (1969) has proposed that the tensron is propornonal to. the extent .of f 1lament

- overlapprng whlch WOuld correSpond to a greater possrble number of cross brrdges mteractmg

-

and Smrlhe 1981) Thrs tail portion of Tn T along Tm suggests extensive mteractrons that .

~could play a maJor role in controllmg the sthchmg processes that the Tn complex undergoes to -’

o for muscle contractron and has been the basrs of much of the work of bthers smce The basis of

subfragments The myosrrj/mﬂ\rs now: beheved to attach at.a preferred angle of 90° and ‘

renewed cycle The rotatlon thmugh the angle or, movement of the cross bndges is postulated.

)

Mo
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exrstehce of the refractory and non- ref ractory states 1s.s‘?§lqan igsue of, ebate
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wrth actin, However the work of Podolsky et al (1976) has demonstrated that 'in actrvely
shortemng muscle, force generatlon s prrmarrly generated by the motion of cross-bridges
rather than the absolute nurnber attached Matsabura et al (1980) have also shown that not all
cross brrdges return to a restmg state during diéstole and that the force is: proportronal to the
product of the number ‘of heads in thm frlament vrcrmty and the degree of thm frlament
actrvauon This farlure to return to a relaxed state has been- noted in skeletal muscle as well -
(Taylor 1979) and it has been postulated to be a potenttated state which i is also consrdered to be:

an 1mportant factor to consider wrth respect to tensron generatron Huxley and Srmmpns (1971) -

have also presented evrdenc;e for. art mdependﬁt elvastrc element whrch allows the cross bndge

to change lengths relatrve to the thrn f{ame% _ :s ’lhodel‘ mcluded an attachment phase and a
stretchrng phase (more rapid) durmg force géneration. The* elasttc component alleed for a

wrde range of -axial posrtrons (50- 100 AD) where it was possrble to generate force.

Recently Ersenberg and Hrll (1978) have developped a model whrch mcorporates therr

Coa

brochemrcal model and modrf ied the model of Huxley What has emerged 1s a theoretréall model

pf muscle contraction that enables a better understandrng of the brochernrcal an mechamcal |

A4

co- ordmauon of muscle contrac.tron (Stem et al 1979). The model uses the concepts of flexrble

slldr'hg frlaments agd an elastfc c0mpone% all, mccrporated mto a btochemtcal scheme

s w € ;
il he model nses an elasnc €ross- brrdge which permrts it to bind actin at a wrde range of angles

although with bound ADP P1 the theoretrcal preferred angle is at ’90 Detachment of the:

Cross- brrdge occurs at 45 or when ATP bmds myosrn agam 1n1tratrng A, new cycle The angle of
#

¢«
detachment will depend on the axral posmon and hence theaangle of attachment at the .

. begmnmg of the cycle The Tate hmrung step in this'model is said to arise in the transrtron from

a. refractory to_ a non-refractory state whrch are inattached states.’ As menuoned in the

biochernical breakdown of ’ thel acto osin and myosin cycles (Stem et al, 1979 Ersenberg et. al -

k- : 4N =

> / 1?&0) the rate hmxtmg transruon is thonght 1o, occur. because of a confeﬁnatronal change that

must take place before myosm ADP Pr can re attaclg tgi, acttn after ATP hydrolysr‘s The-‘

. . 08,
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’ preferred angle of attachment (ie. 90) for a new cycle to occur. The conformatronal change -

w--independent elastic element of the myosin molecule (if ‘there s one) and the distance of the

) Ersenberg et al (1980) suggest that Pi release brmgs the molecule to 50° and the release of ADP -

v"i{‘m‘ . k.‘v” )
1 B
el . !
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Another feature of this model is that ATP binding and hydrolysis need not necessarily

lead to dissociation of myosin with actin. The elastic component-allows variable axial placement

I

‘ _of the myosm on the actin molecule and accordmgly the free energy levels wrll vary according
to the angles- through which myosm is able to rotate An alternatlve explanatron is that the

myosin had no elastic element and that the force producmg capability of the myosm molecule'

depended stnctly on 1ts angle of attachment to the actin molecule. In both cases the attached
myosin cross-bndges movement depends on 1ts axial placement on actin with a consequential
drop in free energy and external work being done.

ATP binding is presumed to weaken the bond with actin and return the myosin to its
accompanyrnlg ADP-Pi release returans the molecule -to 45°. Consrd‘enng vthe range of the

next site of attachment on actin this his been postulated to be at approxrmately 80 A

o

Marston e’t@al (1976) suggest a lengthenrng of the muscle f 1ber m the presence ‘of ADP

B

s needed to bring it to 45", Since the actomyosm -ADP complex is more stable, its release may

+

be slower allowmg for completron of the power stroke. The elastrcrty of the cross- bndges in

combmatrgn with the dependence of rate constants and rapid eqqunum 10 axial placement ofs

. hydrolysrs and force productron (Ersenberg and Greene 1980 Matsabura et al, 1980 Podolsky'

o

myosm on- actm may explain ‘why detachment of the AM complex is not necessary for ATP
O

et al, 1976) Thrs could also partrally explam the prediction that at greater velocrtres the number .

of _attached cross- bridges does not change sxgmf icantly (Eisenberg et al, 1980).

Biochemical Models .

3

e |
included intrinsic ﬂuorescence of tryptophan absorptlon at 190 nm, fluorescencj polanzatlon

of bound labels, stopped flow*fmorescence hght scattermg proton release or absorption

coupled to a pH 1nd1catror conducgnw and dtrect measurements of ADP and phosphate PR

[} < o .

Studies that have attempted to quanttfé different steps m the a' tomyosm cycle havel

b



'that’a slow rate limiting transmon occurs after the initjal Pi. burst
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formatlon (Taylor, 1979) Most of the work done has the hmrtauon of representmg in vitro

data and values derlved from these studres are only approximations of the in vivo situation.

Despite this ltmrtatlon many of the in vivo States are retained and in vitro characterlzatron of

the actomyosin cycle has made it possible to hypothesize in vivo models of muscle contraction.’

. In the following discussion abbreviations will be used to avoid repetition of -frequently used

I3

state=(r), non-refractory state=(n)).
A number of biochemical models have been suggested to explain the contractron cycle in

stnated muscle (Eisenberg and Moos, 1968; Lymn and Taylor 1971; SJ;em et al 1979) Of these

. the model of Stein et al (1979) has become the generally accepted model Ersenberg et al (1980)

combmed data from therr work, the modrfred refractory state mode! (Stein et al 19759) and 2

prevxomly mtroduced theoretrcal formallsm (Ersenberg and Hill, 1978) and attempted to

.Y
quantrfybthe model by suggestmg equlhbnum constants  and free energy changes that ‘would

essenttally concurr w1th the modrfred refractory state model Eisenberg et al (1980) present an

excellent schematic representatron of thxs model and readers are referred to this dxagram for
eference as an aid to understandrng the f ollowrng dlscussron The maJor points of this model
are \that all of the myosin states bourfdgwrth phosphate are in rapxd equthbrmm )vrth tho:r

respectlve actin bound states, that ATP hydrolysrs can occu‘r‘l'wrthout drssocratron of AM (ie.

| direct hydrolysis), that a large f ree energy drop occurs upon binding of ATP to AM and finally

+

The kinetic steps of the AM cycle will be revr’_ ed ir detail ‘Some of the values for

|

; equilibrfum’ constants and-free energy changes that occur in the model- are assumed Where

ass mptrons are made .ll be noted. . - . : T

.

1- The bmdrng constant of ATP to M (Kl) 1s about 10lo or 10‘1 M ! A large free

" energy drop occurs at th1s pomt The bmdrng of ATP is presumed to requrre a two- step

Y

* reaction with a conformauona{,change-.-allowmg M-ATP binding. The second:;qr%r‘ate constant

terms (ie. M=myosin, A=actin, Pi= morgamc phosphate AM =actomyosin, refractory

-2
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of ATP ;:lginding,is about 10° M~ sec *, The fortvard rate is very fast and the reverselrate is
qnite slow and therefore le-ATP binding is essentially irreversible.
2- The hydrolysis of ATP or the Pi burst has-an equilib‘rium constant (K5) of th] M- and ‘
therefore almost no free energy change occurs at this point. If you increase the pH or the ionic

strength the forward rate constant rncreases frem 20 to 200 sec!. This step is 200 times faster
|~

then the Vmax Both K1 and K$ are derrved from experimental data values and are assumed to

be the same in.vivo as well as in vitro (Eisenberg et al, 1980). |

3- The,i_,e)’t)istence of a transition from Ea re_fractory to a non-refractory state distinct from Pi
releaseu is still being debated but the equilibrium constant (K7) of this postulated step was
assumed to be 3. “ 10 M both in vitro and in vivo, Thrs value shifts the equtlrbrrum toward x
" the refractory state, thereby guaranteerng a rate- lrmltrng transrtrgr before force production (ie.

. AM rnteractron) during an isotonic contraction. . . , .
‘vw‘g, v ) N ’ .
' 4 The release of Pi is likely a two-step reactrdfwhrch causes a conformatronal change in the ;

. 1
) FAY o .a é A .
nwosm molecule and hasa constant (K9) of 7.06 M. This reaction is very slow in the absence

K3 , i
O of actm anH 1§ rate%rmrtmg above 5 *C in the myosrn cycle Thls step may be re;versrble When oo Q

. bound to actrﬁé a large el‘fectrve free d%ergy chan&e is evrdegt as descrrbed #1 tl@AM cycle.

5- The f mal step in the cycle is the reiease qf ADP and thrs step h“‘é a constant\(l(ll) of about ¢

' 10* M. Tt is rate limiting at temperatures below 5 ‘C. , . t
P . - . . - N" .

¢ N ’ ~ e - o* 3 e
AR /A/'ct/c;nmcyclé o @” » 4

] //// " The actomyosin’ cycle -has two components: associated and diss’ociated> states with
: , : . ,

myosrn‘ nd the transrtron of the AMT . o I ‘ ) l

~ 1-The brndrng of S to A (K2) has a brndrng constan n} of 107 or 10°M1, s stre gthened wrth

weakened ionic strength is. weakened 30 fold by. ADP and,3000 tirhes by ATR or ADPPi. ~
- Because of this MADP and- M states bmd ATP rnole @trongly compared to MATP, =~ » =

M ADP Pr( I), M ADP Pr(n) The second order rate constant for thr% reacuon is5x 10"’ M-! and

éf? ' this rate is drffusron lrmrted only. Wrth 50 um actm Kl“ KS§, }( and K6 are in equrlrbnum and
B . + f. 'Y

SO - therr se’ﬁond order rate constants are probably srmrlar Stern et al ( 1979} suggest that 1f

PR
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‘ water addrtron and oxygen exchange are t
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'equilibrium exists the differences in the binding constants would be dependent on dissociation

* rates rather than a’s.socratron They also suggest that M-ATP and M-ADP-Pi(r) would rapidly

dlssocrate at a rate of 10J sec’l.. - g
2- The association of AM with ATP (K4) is very rapid (10° sec™t) competing with. rapld
drssocratron of AM by ATP (K3). The equrlrbnum constant (K4) is 2 x 102 Ml and is

¥
presumed to be the same in vivo. Like all _the reactions in the AM cycle this one is also

presumed to be a two: step reaction.. The high binding constant of product release (K9) is qurte
hrgh' (7.06 M) and wrth .,%l.vo“
accompanies ATP bi i

4P levels of 3 mM or more a free energy drop (9.5 kcal)

) orward reactron 1rreversrble

p “ .
. o h—\

rs’thought o be even higher than on myosin alone (Stein et al, 1979)

i

4- There-is evrdence indicating. thar after ATP hyd}blysrs a slaw step occurs which limits the ' Z

ATPase rate w et al (1979) and Ersenberg et al (1’980) favor the theory*a transmon from
|

o,

)

a ref ractory t‘% a non- refragtory state (M ADP Pr(r) to MP Pi(n)) (K&) which_occurs
befonc P1 release and has a rate that is mdependent of actin. It has been postulated that tius
occurs in the M cycle since ATPase rate dependence on ac}n (Kapp) is 4 times greater than Sl
bmdmg to actin (]\13) (Stern et al, 1979). Thrs means that K13 wouId not be. favored but

rather K14 would be favored and AM would reassociate at thrs po‘rm Iti 1s not known how th&
" .
refractory to non- refractory state tran ition “yomes about although oxygen exchange (O )

$

exprrements (Sleep et al, 1980) ) al mdrcate t at this. occurs predomrnantly in. the drssocxated

| ,ystates MADP Pr(r) and MADP Pr(n) smc K7 i$ compauble with oxygen exghange Thus

ught- to limit the rate of transmon ,,f;o;w e |

k3

i . 39
refractory to non- refractory states When Am&es Pi release is very fast (smce oxygen

PR
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exchange decreases) o

gy e

5 Ersenberg et al (1980): have postulated an equrhbnum V:oltstant (KlO) of 4.29°x. 10‘ M ! for h

the release of Pi. The f orwardl rate of release of Piis very raptd as ts ADP release (1000 sec” 1)
ADP release has an: equrlrbnum consf?fnt of 10 x 10* M- !.These reacuons‘are probably

1rrevers1ble and a large free energy drop probably occurs with Pr release : K.
SXl'l’v ,"" o
Some assumptlons have been made by eg senberg et al (1980) to s1mpl ~the

--féiti‘s',t SO that the refrectory .

understandrng of the cross-bridge’ cycle FlISt KA 'a_rs thought not

“ﬁ

state cannot bmd actin. Second, many of the equrlrbrrum consmnﬁa,re fltted ass fbd‘s’based Y

e qelv
*on the model of Stein et al (1979) and other “enmentally denvﬂ values in: other steps. Thrrd

\

' they assume that ATP hydrolysxs cannot occur without AM drssocratron Stem et-al (19793} hwq

put forth evrdenc\ tq»the contrary. Fourth they assume that myosm heads interact wrth only" ‘

one actin molecul&but recent evidence suggests that each myosin molecule may bind several

b

actin molecules stmlﬁta‘ﬁeously ‘This increase in complexrty -would in turn change the

quantrtatlve assumptrons of the equrhbrrum constagts and forward rate constants associated
4 s . . o

~ with the cross-bridge cycle. Also, ﬁof the reactions in the cycle are thought to involve two

4

- steps whieh"fn its¢lf increasgs.the comp¥exity of the model

iy e ]

In spxte of these hmltauons the work done in Maryland by Ersenberg and his

~ co-workers js currently the most complete explanation of the cross br{dge cycle The modified

refractory state model put forth by Stﬂet al (1979) essentrally uses am st&ﬂm
explaln the mechamsm of muscle contractron
[. ,, .,

A Tn Tr@e Tegulation of _cross-bridge . C o &W

R

T
.aa,

. yclmg . ‘ A gy

« o A

> Two theones have: developped regardmg the relaxatron in the cross- brrdge cycle The
)

frrst is a steric hmdrance model (Huxl? 1972) Thrs modél rs basecl on X‘~"ray drffracuon a'nd :

\ .
. ! ¢
_ \ , electron mrcroscope studles and suggests that the Tm' mol'ecule moves away from the center/of

- the actih grooye where it is pla@d durmg contraction by Tn (bound by Ca?*), When Ca* is
! l removed Tn. mamtams Tm u‘i 1ts relaxed posrtron away frorn the tenter Recently bnochemrcal
v \ .

3

LR

*



of Tm -‘Tn regulation of the actomyosin ATPase activity. -
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. a . : .
evidence has cast doubt on the steric hindrance model and Taylor and Amos (1981) have shown
that Tm is l_ocated on the oppposite side of the actin gr’oove to.block actom}rosin interaction.
They propose a new shape for S1 and a three-dimensional structure which has Tm and %e S1

subfragment com?:‘in;g‘«giys'e_‘ contact m the long pitch of the actin-helical groove during
’ ;\uy‘ . ) ;_

relaxation. During contraction however, the Tm is well away from the S1 and as mentioned on
" the opposrte side. The trappmg of Tm in the long pxtch of the groove could explam cross brrdge
& brndmg wrthout Ca’ asin rrgor (Taylor and Amos 1981)

- A second theory results frogn an accumulation of 'biochernical evidence that -
: compronrises the -f‘irstbtheory Eaton et al (1975)'have pointed out that Tm binding;to actin is

strengthened in the absence of ATP Tm alone only partially inhibits the ATPase actrvxty A

J’.fsen;:s of papers- (Greene and Ersenberg 1980; Adelsrem and Exsenherg, 1980 J ohnsmt al, e

. . ﬂf W LS
1979) have dxsputed the exxstence of “a »steric hmdrance model as Well Thrs model does not

“ 3

a&unt for attached and detached states in the AM cycle and the p0531ble equilibrium between

these states (ie, AM cycle is probably not an all or none phenomdanon). Ca’* bmdmg to Tn will

‘ mfluence the rates and extent of contracuon and relaxation and also dlsputes the existence of a

s1mple steric hindrance model. The model also does not predict which of the myosin, states is
, - /
prevented from binding actin. when Ca" is not present.
Work from the lab of Eisenberg (Ch&v&v\xch et al, 1981 Chavlovrch and Eisenberg,

1982; Greene and Exsenberg ‘1980) has resulted in more brochemrcal evrdence for a new theory

kS

Eisenberg dnd Greene (1980) conducted” some studies with regulated, actin (includes
/ ' T

Tn-Tm) and unregulated (no complex) actin. In the preS'ence of low .le\{els of S1-ADP without

' .Ca? binding regulated actin bound weakly compared to unregulated actin. At hfgh '1eveis of

()

S1-ADP both brnd strongly and regulated actin was found to bind in a co operatrve manner

'srmﬂar to the co- opera‘trve brndmg model of Hill, Therefore an allosterrc weakly bound state
Lm0

was thought to ogeur in the absence and presence of Ca>. A 1ower concentrauon of strong
%

- binding sites for S1:ADP on actin, (perhaps one actin for every seyen G-actin monomers) has

.

b4 N
S g
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been suggested to occur under these conditions (Trybus and Taylor, 1980) The mteractron of A
Tm molecules in an end to end manner has also been put forth as an explanauon for ther‘
co-operative change in states from activation to inactivation (Chavlovich et al, 1981). The
Tn-Tm complex could thus alter the entire free energy profile by weal ing the A'M-ADP state '
proposedrto be the 45 state in the cross-bridge cycle. But the fact thﬁhe binding is lower in’
“the presence of lox‘sl S1-ADP in regulated actin still does not sunport the steric hindrance model, -
since at rest the muscle exists’ with bound ATP or ADP-Pi. More work (@havlovich‘ et al' 1981-(
Chavlocich and Eisenberg, 1982) with regulated and unregulated actm has shbwn that the
maximum ATPase rate (Vmax) is decreasedﬁby 96% in the absence of ng butMth,at'the‘
association constant was the same regardless of Ca* levels Therefore, the xtent of activation
is presumably controlled co- operatrvely by Ca’* bound to the Tn-Ttn comple’%sL wrthoht aff ectrng
the affrmty of ‘actin for Sl 'I'hes rnvestrgators have proposed that a conformatronal change or
non-competrtrve binding of tl\e Tm-Tn complex could account for theso Msults and that in the
absence of Ca® the Tn-Tm. cémplex blocks a step in the ATPase cycle perhaps the relea,se of

( v
Pi from the A-M-ADP- P/v complex. . ” '

.
Regulation

Calcium

Since the early 1960's a considerable'body of evidence has accurnulated testif’ ying to the
importance of the calcrum ion as a regulator of a number of cellular processes rncludmg
muscular contractron (Ebashi, 1980) In fact calcium is .rec/ogm‘zed as a nearly umversal
messenger in thhbgulatron of functron of\all -animal cells’ Itis known that in excess calcrum'
acts as a toxic agent leading to dysfunctron and cellulat death. Fluctuatrons of calcium in and
out. of the cytosol are transrent ‘even in cells that have a sustained response (Rasmussen and -
Barrett 1984) In thlS drscussron aspects of Ca” metabohsm that, relate to muscular
contrattion are revrewed These include sources of Ca** in cardrac and skeletal muscle “the Ca“ ‘

requirements for contraction to take place, the co-operative aspects of Ca regulatron of the

»
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,subsequent mcreased mflux l‘rom extracellular so\a§es could account for all (tIhe calcmm‘:""
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a2

myo6fibril ATf;ase activity and the physiological and mechanical correlates of ATPase activity

especially in heart muscle.

Calcium sources

In skeletal muscle, it has been fairly well established that the extracellular calcium is

not essentfal for contraction to take place (Frank, 1982). In cardiac rnuscle, however, the

.Tremoval of extracellular calciutrtﬁ‘ leads to a rapid decline in force production indicating a need

for the extracellular compartment (Rich and Langer, 1975). These findings have led.to studies

from Langer's laboratOry to investigate the relationship between extracellular calcium and

cardtac functnon (Langer, 1978; Phtlhpson et al, 1980; Bers Phxlhpson and- Langer 1981) In

these studies it was shown that isolated sarcolemmal vesicles had specffnc phosphohptd and
byt P
sialic acid binding sites for Ca?* and- that the degree -of contracttllty was dll'CCtly dependent on

&
the extent of Ca? binding o these srtes Abundan; low affinity, ;eceptors were suggested to be -

involved in Ca?* flux in and out of cells Brndmg of Ca® was also thbu‘"’ght to govern the rate of
declme and rate of mcrease in tensxon development in the myofxbnls The, ‘f”dlrect relatxonshxp:

between sarcolemmal Ca bmdmg and contractxhty has also been dewstrated by Dhalla etal .’
(1982). : S

-

. In both types of muscle the mechamsm by Wthh the extracellular calcium couid control
contractlhty or tensxon develjpment has also been investigated. Two fields of thought have

emerged. One theory is that the extracellular calcxum by bmdmg to the membrane w1th a

necessary for cardiac contractlon Thls would not be be the case 'in skeletal muscle his

.,

mcrease in calcxum could be brought about by a Na*/Cg?*" exchange (electroneutral exchange)

and/or by a Ca“ current dunng the plateau phase of depolartzauon of cardlac muscle (Langer

- 1978, Langer 1980 Fabiato and Fabiato, 1979; Dhalla et al, 1982; Drummond, 1979) Whether

“the net influx of Ca" from these sources 1’suffxc1ent to raise myoplasmic Ca’ 1o the levels

necessary for contraction is still a questlon of debate (Fabtato and Fabiato, 1979) and an

alternate theory has been suggested that would agree wnth the involvement of extracellular

-



82

calcium, This theoryds that of a calcium induced calcium release, whereby extracellular calcium

influx causes a largex influx of calcium ﬁ'bm the SR to the myoplasm causing an elevatlon in

{‘

calcium levels suf ficient for contraction to take place. This theory has been hypothesued to be

the mechanistm of activation in both skeletal and cardiac muscle (Frank, 1982; Fabiato and

a

Fabiato, 1979).

Calcium reguirements

Whatever the mechanism of Ca?*' influx into 3e cell, the calcium ion is necessary for -

1

direct activation of the myofibril and the degree of activation is directly dependent on the-

+

calcium concentratrion in th® cell (Solaro et al 1974).
In cardxac muscle, the amount of calcium necessary f or tension producuon was deduced

by monitoring Ca” binding, the biochemical ATPase activity and the mechanical (tension

~development) correlates of myofibril activation. Binding, tension”and activity increased in

paraliel with low values ee Ca’* until 10 ¢ M free Ca® where these all increased
sharply Qg to 10 M. Although the, sxgmondal relatxonsglp of tensxon and-actmty were not

&
directly supenmposed they displayed smnlar actlvanon curves over the free Ca" concentrations

o vy, e LT iy g ‘

between 107" and 10-* M free Ca?* (Solaro et al, 1974) Solaro et al (1974) had also

demonstrated further binding without an increase in activity or tension suggesting that comp’leté
saturation of binding sites was not necessary as had already been demonstrated in skeletal

muscle (Bremel and Weber, 1972). ~ . e

.
N
In vivo studies have also substantnated the\Q vitro data with dirsqt m measurements of
N
Ca“ levels at rest and drmng contraction with the Ca?" se

3

itive'fluorescent substance known as .

aequorin angp,y calciumm sensmve microelectrodes (Allen and Blinks, 1978; Marban et al, 19898~

These studies support the contentxon of a beat to beat regulatlon of myoplasmic Ca’" and also

4
i

support the work of Solaro et al (1974) and Bremel and Weber (1972) by showing that

)

activation was co-operatlve. in nature and that intracellular calcium reaches 10 M for }

o e~

significant tension generation. 5
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Co-operative _activation _ of  the . )
myofibrils by calcium | A _

Calcium activates the myofibril by binding T;n'C_‘as described earlier. In skeletal muscle,
there are two low af finity sites that are bdund and in cardiac there is apparently only one active
low affinity site. Both cardiac and skeletal muscle have %h afflmty site$ but these are not
belelved to be involved in the activation process The reason for this is that the hxgh afﬂmty,
sites also bind Mg" and fﬁe presence of high levels of Mg&coupled with the dlssocxauon
constant of Ca* for this site render t_hese sites unavailable for Ca* and/or oo’ slow to be
involved in ihe activation process (J ohnson et al, 1979). Diff erent approaches (Holroyde et al,
1980; Robertson et al, 1981) have shown that activation of the ﬁlydfibril ATPase occured at
Ca’ concentrations when binding of the low affinity sites “took place wherees all the high

 affinity sites were already boundfAlso the on and off rates on the Tour binding sites was only

. analogous to the contraction-relaxation cycle in. the case of the low affinity sites. Kohama

"

: (1979) has chaljenged this showing that activation can occur even if vCa" binding fs restricted to?
. the ﬁigh affinity sites but whether Y’this situation is possible m Yivo as'well‘r“g;giin vitro 1s

questionable. o ) o \
Rupp (1980a; 1980b) has deseribed a method by which this co-operatfve effect can be

evaluated both in cardiac and skeletal muscle. With,the use of the classical Hilln_equation the

sigmoidal curve of myofitil ATPase versus free Ca* can be evaluated. By using the Hill

‘equation the slope or Hill n and the pCéSO (ie. Ca’ required for 50%‘activa4§ion)' can be -

derived. The consequence df the Hill n is that an indication of co-operativity of Ca?* binding

4

can be seen. If the slope (Hlll n) is-1.0 then the Ca" binding is mdepend‘but if xt is- greatet_

than 1.0, as is usually the case m myof ibril activation under normal cucumstances then Ca’*

.

i’
‘Mo ules The more co-operative the bmdl g
' ’wgﬁ"

* maximal ATPase acuv1ty) -

c -
-
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The measurement of the pCa50 on the other hand would be analogous to the Km of the

myosin ATPase although not a true one since Ca’ is not zhe true substrate of the enzyme. A

& comparable bmdmg at a lower

J
5 ‘ g

higher pCaS0 would translate into a greater level of
pCas0 (ie: Ca?’" sensitivity is decregsed with a higher .
important in deséribing the actin mediated regulatio

of the actin molecule (including the Tn-Tm complx

[

)s been demonstrated by a number of
&

- previously mentioned studies (Greene and Eise ']1“)80; Dancker, 1980; Chong et al, 1983;

*

Chavlovich et al, 1981' Chavlovich and Eisenberg,1982).
In cardiac muscle, the srgmordal curve can be described as being analogous to diastole
{

with low f ree Ca" ranges and as systole at actrvatmg levels of free Ca’*. In skeletal muscle, the
same principle applies with relaxation at low levels of free Ca** and activation at high levels of

free Ca?".

»

Physiological ‘ consequences of

co-om'ratiﬂ y ' R .
Presumyably if Ca? is the activator of myofibril ATP;se and if A'fPase activity is
necessary for contraction to occur, then there should be a relationship between Ca’* binding
and physiological parameters. Indeed a good relationship between tension and ATPase over the

e 4
- range 'of Ca® actrvatmg levels is well known (Wmegrad 1971 Solaro et al, 1974; Bremel and

Weber, 1975‘;~ Brenner and J acob.‘ 1972; Herzrg and Ruegg, 1980). Although Ca** also regul’ates

" tension development, immediate stiffness, Vmax (maximum unloaded shortening velocity) and

A

b‘ : “-td’ns;’n mcreases are paralteled by’ mcréases -in Ca¥ ' dnd. ATPase actrvrty suggestmg‘ a s

-

length-tegsion relationships, thW relationship between these is also dependent on sarcomere

length'and interna’i afterload induced by llength changes -(Brenner and Jacob, 1980).

*

B Herzrg and Ruegg (1980) have subStantrated that 1mmed1ate strff ness and myocardial

! Uj'uw ’

gt

partrcrpatton of a greater number of cross bndges through Ca" binding " and actrvatron
However the velocrty of tension development was related to Ca’" only at low levels but at

higher levels the re,latronship drmrmshed suggestmg that the partrcrpauon of other factors
»>

\

B . Y

-

Y vice vétrsa). This. mformatron is.

contraction cycle. The 1mportance '
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besides myoplasmxc Ca" would contribute to the velocity of contraction in heart muscle. Hcmg

)

and %g (1980) haves also demonstrated that Vmax required a greater pCaS0 than does
tension 1tself Thus, other factors must plgy a role in devel'oppmg maxxmal velocity in muscle
since Vmax can be altéred mdependently of tension and stiffness.

A number of researchers have looked at sarcomere léngth to investigate its effectfs on,
Vmax both‘in cardiac and skeletal muscle (Brenner, 1980; Brennc:r and Jacob, 1980; Allen and
Blinks, 1978). By increasing sarcomere length, quick - release expirements demons“traie a greaotcr
velocity of shortening. Although this velocity is independent of (Ca" concehtration, the pCaS0
does affect the slope of the loss of velocity with decreasing sarcomere leng;hs demonsgrating a
calcium dependence of the velocity of shorten_i’pg . partiéular sarcomgré‘ length.

In cardiac muscle, the length-teafon relationship seems mofe directly dependent on tl'ne

-

pCa. Frog cardiac muscle increased its tension witl], an increase in sarcomere length and an
L

increase in Ca’" sensitivity .(Allen and Blinks, 1978; Fablato and Fabiato, 1978b). Increasmg

* the sarcomere length beyond its Opumal level had an opposite effect however, with a 20%

reduction in tension in frog heart (Fabxato and Ea,ibxalo. 1978). Thus, simply sEated stretch
induced increase. in Ca’ sensitivity can potemially resuit m é greéter num'ber of active
cross-bridges. Ca’" release from the SR has also been reported 10 be mhxblwd by a decrease in
saromeré length (Fabiato and Fabiato, 1975b). Thefefore stretchmg. the sarcomere up the

ascending limb of the sarcomere Jength-tension curve would result in optimized Ca? regulan’on

«

. and an improvement m cardxac function (Katz, 1980) This as Katz (1980) has explamed in

™

i

greater detail would provide a mechano- -chemical basis for the Starling mechanism.
Other factors modulate contractility besidds Ca’ activation. Some of tese including
regulation by 'phophor§lation-dephosphdrylation Igactions, Mgf‘, MgATP, pH and Pi will, be

briefly examined here. - , o . ?

1



.. Phosphorylation

Many tissues are known to be regulated by phosphorylauon dephosphorylatron
| -reactions an'd fragments of myof 1br111ar protem known to be phosphorylated are TnI TnC Tm.
. and m‘yosm hght chams However only TnI and the myosm{ ltght cham w111 be considered since
. _tnost of the phosnhate 1ncorporated in myofibrils occurs in these. two subfragments

Phosphorylauon reactions mvolvmg these sub- fragments usually mcludes a second messenger ‘

_- system begmpmg at the membrane and these are medrated by cAMP or the Ca" 1on Both of "\
these CAMP meSsengers are bound mtracellularly by a proteth kmase' or calmoduhn type
‘protetns m the case of Ca* and exert their eff ects drrectly or mdxrectly cAMP phosphorylates
enzymes m the sarcolernma SR and myofxbr'l and Ca" calmodulm catalyz.e phdsphory]atton

, {
~ reactions via a Ca"-calmodulm dependent protem,kmase. Usually, the phospha_te group: bxnds a

-~ {

-serine group and adds two 'negative chargss to the protein and this may be thé 'chernical ba'sis‘of o

x

" the phystologrcal reactions mediated by phosphorylatlon Dephosphorylatton occur§: V1a spectf ic ”;

protem phosphatases (Barany and Barany, 1981 Perry, 1979) ' \'\' ~ :
Trog'oninl ,

S'ome of the actions of Tnl phosphorylation have been characterized and the |

consequences of TnI‘phophorylation are briefly discussed here. Tnl is phosphory-lated at sering o

20 of the.molecule in cardiac muscle and at threonine 11 and serine 117 1n skelctal rnuséle
Other srtes exist on the molecule but these account for only 2% of phosphate 1ncorporatton m‘ .
the’ molecule Thxs phosphate mcorporanon is evident m both skeletal and cardiac muscle
| (Perry 1979' Solaro‘ et al 1976; Barany and Barany, 1981) But phosphorylatlon is not induced- -
'by contractton of skeletal muscle or 1soproterenol treatment suggcstmg that kmases do not
acttvely phosphorylate skeletal muscle. (Barany and Barany, 1981) In -cardiac muscle
phosphorylatlon tncreases with 1soproterenol, eptnephnne or adrenaline treatment. The amount .

of phosphate incorporated varies from study to ‘study but all show a substantial increase from

| resting levels (Robertson et al, 1982; Moir et al, 1980; En'gl‘and, 1975).
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“\' The increase in phosphate .incorporation observed in Tnl has also been paralleled to
1

\

force development in response to adrenaline (Solaro et al, 1976) but the peak of force: and the 4
o peak of’ mcorporatron of phosphate are not s1multaneous wrth the decay of force (England
1976 ‘Westwood and Perry, 1981) )

Phosphate mcorpotatlon also decreases the Ca* sensmvrty add causes a nghtward Shlft o
of the pCa ATPase relattonshlp FRay and England 1976; Wyborny and Réddy, 1978 '
‘Holroyde et al, _1979c;_r Holroyde et al,}1980; Resink et al, _19.79; Yamamoto and Ohtsukr, 1982)’.. B
Others (Bailin‘wl979-c Yamomoto and dhtsu‘ki 1982) have also’s‘hown that an increase in Ca"
concentratlon is a.lso required for basal and maximal ATPase actlvrty athhat at normal levels
of Ca" a reductron in ATPase acttvrty is caused by TnI phosphorylatron (Yamomlc\)to and.
| Ohtsukr 1982/ Resmk et al 1979 Batlm 1979; Wyborny and Reddy, 1978). Resink ‘and Gevers' ‘

(1982) showed that phosphorylatton decreased Vmax-and dephosphorylation caused mcreases in

.Vmax ln addition to these fmdmgs a decrease in Ca2» binding accompanymg a decrease in

Ca’* sensrtrvrty and a decreased ATPase actrvxty has been noted. Thus Ca" removal or a_

reduced af f inity for Ca? at the TnC bmdtng sxtes is caused by Tnl phosphorylatton (Holroyde :
'et'al 1979c Robertson et al 1982)
| The prevrously menttoned ati’thors and others (Katz 1980 Kramas and Solaro 1983) ‘

. have come to a consensus. regardmg the physrologtcal effect of 'l‘nl phosphorylatlon m card1ac '

muscle. Since Ca* sensrttvrty, myoftbrrl A-TPase -and Vmax are all decreased by L

' phosphorylatlon researchers have suggested that cardrac relaxatlon rate is mcreased ina
catecholamme stlmulated motropy Thrs appears to act synerglstlcally w1th cAMP dependent ‘
- phosphorylatlon of phospholamban in the SR which mcreases Ca” uptake from the myoplasm
_ ‘Therefore mcreased Ca" dlssocxatton from Tn changes in’the Ca** f‘lux and bmdmg at the SL “
and mcreased Ca* uptake by the: SR speed up relaxatlon (Kranias and Solaﬁo 1983;: Katz
‘ 1980) Thrs cbuld also be f. ac1lltatecr by a reduced actm actm transductton leadmg to a decreased. :

)

L AM mteractron and thus a reduced Vmax over the range ‘of: 'actlvatrng &Ia” concentrations
/ 1

'v(Resrnk and Gevers, 1982). lt;has also been suggested, that Tnl phosphorylatlon may represent



¢
a negative feedback mechanism in respdnsc to the - B-adrenergic étimulated hpositive intropic -
Tesponse reducing or smoothing out the positive inotropy by decreasing the myofibril ATPase
activity (Perry, 1979; Solaro et al. 1976; Moir etal, 1980). Dephosphorylation of Tn by specific

phosphatases would p;esumélbly renew‘ the cycle and this would allow ufor a beat to beét '

regulation of cardiac contraction.

- Myosin light chain

Both cazdiac and skeletal musclevundergo phosphorylation-dephosphorylatién reactions
of one or more myosin-P light chains.l Specific kinases and;phosp,hatases capalyze these
reactions (Frearsonv é_nd Perry, 1975; Barany and_Barany, 1981). Some hvave. theorized .that'
, pho_s'phorYlation of the P-vlight chain could play a r_qle in re'gulat;in;g myosin and thus
. contractility, however, evidef?te‘supporting this concept is still obscure (Stﬁl_l et al, 1982;
B;lrany and Barapy, 1981). The P-light chain also serves as tl;"e Ca?* binding site of the\tﬁick
filament (Holroyde et al, 1979¢c) ;nd myosin ‘undergoes a cohfor’mational change upon biﬁding
at activating levels (Marimoto and Harrinétona, 1974). R |
The kinase 6f the 'rriyosin.P-light chain is‘activa-ted'by a/ Ca’\'-calm'odulin complex (4 ;
- Ca* bound/molé of calmodulin) and since c‘aimodulin is ubiquitous the extent of
phosphor_ylation is &ependent' upon Ca?* fluxes,, myo;in light chain kinase (MLCK) levels and
acti\)ity and phosphatase activity (Sdtull et-al, 1982).-Kardami and Gra‘tzerv (1982) have shbwn
that phosphory.lhation ‘may reduce the vaffﬁiilty of- AM interaction via altered Ca** bindivng‘
properties of the myosin light chain. |
It has been determined that light chains are partiaily phosphdrylate(i eveh at baéai lévelsi
of muscle activity, but the exact content hés béen reported as between 0.3 and 05\ mole of
Pi/mole of light chain (Jeacoke and England, 1980; Barany et al, 1983; Westwood and Perry,
1981). | ,‘ S .
| }.’-light. éhéin phosphorylation duﬁng diastole has !beén ,. corréiated with tension
- ‘\éevelo’pr”nent in\\lhearts and thus phosphorylation z‘;évs presumed to predetermine the magnitude
df tension 'develoiihugnt (Kopp and Barany, 1979) but }nany studies haveﬁr\iot been able to show '

N
\ N N X .
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this relationship in skeletal muscle (Kushmenck and Crow 1983; Crow and Kushmerick, 1982;
- Kerrick et al, 1980). However researchers are in disagreement on this point since
phophorylation has been shown to increase with tension and tetanic stimulation in s'keietai
muscle 'in other studies (Stull et al, 1980; Hager-et al‘, 1982; bBarany et al,'198?f; Barany et al,
1980). | '
. Myosm ATPase actrvrty has been shown to increase in rat hearts with phosphorylation
(Resmk and Gevers, 1982; Holroyde et al, 1979a) but another study- (Réddy and Wyborny, |
1979) did notr show a ‘significant change. The actin activation of rnyo,sin Mg" ATPase was
- increased in rat hearts which may be-more important (Reddy and Wyborny, 1979) since
phosphorylation is thought to mediate AM. mteractron (Perry, 1981) In skeletal muscle many
of these effects on actomyosin ATPase have also been reported (Pemrick 1980). Therefore
‘actm activation enhancement in both "these types of muscle support the speculation that
phosphorylatron may modulate AM interaction (Perry, 1981). - |
With 'peak inotropic response to B-adrenergic stimulatioln in hearts, many workers did
" not observe any phosphorylation (Holroyde et al, 1979a; Jeacoke and England, 1980;High and
Stull, 1980; Westwood and Perry, i9$1) but others have shown that phosphorylation o‘f the
P-light chain‘increased and decreased with positive and negative inotropy (Kopp and Barany,
19795: Resink and Gevers (1982) have shown that withdrawal of B-adrenergic stirnulation that
CAMP ‘levels declined along with heart rate and P-light phosphorylation. Others (ReSink et al,

" 1981a; Resink.et al, 1981b) have also shown that running training results in enhanced light_
chain phosphate content in trained animals in.the presence of elevated Ca?* levels in perfused
i«.;“iiearts, Th'is increase m phosphorylation waslin. parallel with the Vmax of myosin ATPase
activity.l Therefore, some authors contend that phosphorylation parallels increases in’
contractility in the myocardium. Others (Alexis and G'ratze‘r,1978; Kardarni and Gratrer, 1982)
have investigated the effeet of phosphorylation on the Ca* .binding' site of myosin,.

Phosphorylation caused a decrease in Ca? sensitivity and Ca** binding to the light chain.

However, disagreement exists on this point as well, as,Holroyde et al (1979b) were /n/oLa—‘blrto



find this effect;v 'fhev suggesl that Czl" binding to myosin n‘la.y fepresent a distinct reguldtory

mechamsm |

Y Other mvcsngators have noted that SL SR and myofibril phosphorylation (Tnl and |

P-light chain mcluded) represem a part of a coordinated regulatory mecharism as prevnously
\

mentloned (Perry, 1979; Katz, 1980; Barany et al, 1983) Sybstantiation of this theory requires

further investigation because of the great discrepancy in the f indings to date.

+

Magnesium

Thevmeasu‘rement of free Mg*  in all muscles poses' grea~tv difficulties but *'P 'NMR
spectrosoopy has provided a value of _0.6 mM as a physiological level (Gupta and Moore,
1980). Polemini and P'age (1973)*has stdted the physiological ranée to be between 0.1 z;nd_
1mM, Severala.,éuthors have studied varying intracellular Mg’j‘concentralions reporting on its
- effects on contractile and Ca® activation parameters in heart and skeletal muscle- of different
species (Fabiato and Fabiato 1975; Kerrick‘ and Donaldson, 1972' Solaro and Shi.ner 1976;
- Donaldson et al, 1978) Therefore, thls compunds the problems since magnesium levels may
also be t?ssue and species specific. |

In skinned rat cardiac cells maximum tension was increased at high Mg’ (10 mM) but
not from 1 to S mM Mg? (Donaldson et al, 1978). The sxgmf icance of an mcreased tens1on at -
high (IOmM) Mg?* is questionable since physiological levels may not exceed lmM ‘The major
effect in cardiac muscle appears.to be a rightward shift in the pCa-%tenslon curve’ with
increasing Mg"‘, which indlcates ‘that the muscle is less sensitive to Ca’" activation. However,
~despite this shift in the curve there is no change in the slope (I-Iill n) ol' the curve indic’ating
that Mg?* is not dlrectly affectmg Ca’* binding ‘to TnC (Donaldson et al, 1978) but rather
reducmg the sensitivity of the ATPase 10 Ca’* When Mg” levels are lowered there is an
increase in- the Hill n and a decrease in maxxmum tension. _Fabxato and Fabiato (19:/5a) have
also substantiated that increased Mg" shifts 'the pCa-%tension relationship to the'right. In
skeletal muscle, 'increasing" Mg?* resulted .in decreases of submaximal tension generation

LI

(Kerfick and Donaldson, 1972) and Hill n in skeletal muscle of frog.
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Solaro and Shmer (1976) have shown nhat bnochemxcal alterauons substanuate the
previpus findings. In skeletal muscle, an increase m Mg" levels shifts the pCa A@e
relationship to the right and increases the slope or Hill n of the curve. Mg? also causes a

decrease in ‘myofibril ATPase at all levels over the entire range of Ca’* levels. The Mg levels .

-

véried between .04 mM and 10 mM; However, in cardiac muscle the biochemical alterations

o

were different. Whep Mg?* is increased from .04 to 1 mM there is an increase in ATPase rather

than a decrease and t entlre pCa-ATPase curve is shif ted\eftward Furthermore, at 10 mM

Mg* apd greater than : aSTG/ ATPase is greater than ‘with 04 mM Mgé*. This. result is in |
~opposition to pCa.-%tensmn esults and opposxte‘ to, skeletal rssults. But Donaldson et al (1978)
also found an increa\se mximum tension Aat high Mg" lc;,vels. Again the physiological
significance is question, ut in pathological states or conﬁitions promoting io:_@: imbalance
these findings may be of importance’ (Rﬁpp, 1980)'. | |

The mechanism by which Mg?* has its eff ects on the myof iBrils is beleived to be related
to the Ca’ and Mg binding sites of the myofibrils (Solaro and \S}}iner, 1976). Solaro and
Shiner (1976) could explain their‘ results via a decreased calcium binding to troponin in skeletal
and an increasé in cardiac muscle with high Mg?* levels. Ca?* binding to myosin was depressed
ATPasc activity in cardxac muscle at low Mg?* corresponds to Bremel and Weber's (1975)
similar finding at um Mg* levels with PCa increasing from 7 to 5. Therefore, Ca?*
requirements at different Mg?* levels is qﬁite different and*the relationship between binding and
ATPase is very sfeép. ' X ” | |

A role fof Mg?* has been suggested by Potter et al (1981) who found that at low and
high Mg?*, Mg?* non j_competftively inhibited Ca’* binding to TnC but this effect was not found
at physiofogical Mg? levels (1-2 mM). This does not e.'xplain Solaro and Shiner's ‘(1976)

finding 6f increased bindihg at high Mg? levels in cardiac muscle. The role magnesium plays in

,/,

N " Y . N
Sy the muscle,is still largely unexplained mostly because of difficulties in determining intracellular

T

7
.. Ve hd

/ con}’e\ﬂfratig& and ffl_uxes in and out of muscle cells. Theories include an interaction of Ca*

T
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and Mg”* on binding sites of both TnC and myosin but are only tentative explanations for.an

“unsolved question.

Inorganic Phosphate-Pi

Inorganic phophate (Pi) is a proton donating anion and in the "presence‘of a 10/mM
concentration ha: been shown to stimulate mitochondrial Ca® uptake at 2 pH below7.2. At. a
pH higher than 7.2 this anion stimulates Na*/Ca?* exchange and inhibits the Na‘/l(‘. ‘pump
(Ponce-Hornos et al, 1982). It was suggested from these studies thzxt this sarcolemmal Ca* |
uptake could have an effect on the role of extracellular Ca’ as an acuva\or of myof’ 1bnls and a *

trigger for the release of SR Ca?*. Pi is also lmportant in regulaung\at the\SR and myofibrils.

Herzxg and Ruegg (1980) have shown a 50% decrease in’isometric force and

Pi)and a decrease in Vmax (10 mM Pi) with Pi addition. Herzig et al (1981) ave also shown
(l tl;t vanadate {Vi), an analog of Pi, in uM concentratrions can decrease maxnm{\fm isometric
Jensxon development, but increased ATPase activity at any activation leve! above basal leyels.
Since ATP turnover was increased while tension was decreased it was suggested that‘the energy
cost of tension maintenance was increased. This was presumably brought about by an alteration
ol’ A{M interacilon whereby: Pi and/or Vi increased the rate of turnover and thus decreased the
- ‘amount of ume\ that the croSs brldges spent in active force generauon Herzig et al ‘(l981b)
f arled to show a change in Ca" bmdmg or Ca* sensmvrty due to Pi and Vi even though, tensron
and stiffness were decreased. ﬂ ‘ _ .
Vi has also been shownvto depress Ca?* uptake and myofibril ATl’aseNaCtivity (Solaro et
al, 1980b).. These authors have also shown a positive inotropic. response (increased LVP

development and force developmeﬁt) in isolated perfused hearts and decreased Tnl

phosphorylanon which could alsoﬁrereag posmve inotropy. A decrease m actm cofactor -

activity was suggested to play a role in reducing the myofibril _ATPasgr This conflicts w1th

) erzig et al (1981) who found an increase in ATPase activity but this could be due to the fact
,"‘\that' erzig et al (1981) used an indirect method to “assay ATPase as opposed to a direct

‘biochemical method by Solaro et al (1980b).
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MgATP

MgATP” serves both as a substrat'e for actomyosin ATPase and as a plasticizing agent.
As a substrate it provides the i"rcc energy for contraction and' as it binds it weakens the AM
_~ interaction th’creby maintaining muscle extensibility (Rupp, 1980; MarstdnA. et al, 1979).
Physiological levels are beleived to be between 3 to 6 mM in skeletal muscie, complexed with
Mg?*(Burt et al, 1976). |

Varying ATP concentrations from uM. to mM lsvels yields a. bell-shaped

tCnSiOI]'M ATP CurVC*bOth in . PRI
8 A !,.‘,:;V';:\p. '
1975b). At low MgATP (without Ca®§ 15~

d skeletal cells of f rogsv (Fabiato angd Fabiato,

i of maximal ieatiybapgi:ed (PMEATP 7). .

With pMgATP of 5.5, 50% of maximé]’ tension is generated and oﬁ’ly 310%5 generated with
pPMgATP of 4.0 or more (Fabiato and Fabiato, 1975). Reuben et al (1971) have suggested that
this was tﬁc expression of substrate inhibition. Bremel and Weber (1972) suggest that tension at -
low ATP lev:l§ is due to a threshold-dependent cross-bridge formation of rigdr complexes that
are-a result of co-operatfvity of the myosin head with the actin filament ("on-state").’
Substrate saturation™afid ATP hydrolysis continue until the high numberof dissociated or
"off-state” cross-bridges brought about by high MgATP\is no longer compensated for by
substrate binding.. Therefore, hydrolysis decreases and reaches a minimxim with an increase in
"off-state” AM sites. It is questionable whether high and low My(f P levels is représemative
df a physiological phenomenon since ATP levels are beleived to be well maintained (Godt,
1974), however, maximal isometric tension, the pCa-%maximum tension, pCa-ATPase and the
slope or co-operative nature of the pCa-tension cutve are all affected by varying ATP levels
- (30um to. 30 mM) in both skeletal and cardiac muscle (Best et al, 1977; Fabiato and Fabiaio,
1975; Rubp, 1980; Godt, 1974; Kerrick and Donaleon, 1975; Ferenczi et al, 1979; Bremel and
Weber, 1972). ‘ “

In cardiac muscle an increase of ‘MgATP from 30 uM to 2mM resulted in a 25% °

reduction in tension (Best et al, 1977). Fabiato and Fabiato (1975b) similarly found a decrease

in tension with increasing levels of ATP. These results have also been reported in skeletal
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Orentlicher et al, 1977). Ferenczi et al (1979) also demonstrated a hyperbolic
relationship between maxvimal shortening velocity and MgATP varying between 10 um and 10

mM. In-contrast, Godt (1974) and Brandt et al (1972) hayc

shown that maximal tension was "
' [} :

independent of Mgf;\TP. ”

* Increasing MgATP shifts the pCa-tension curve to the right (ie. increéses Ca®
requirements) and vict:~ versa on cardiac ( Fabiato and Fabiato, 1975b; Best et al, 1977/ Rupp,
1980) and skeletal muscle cells (Fabiato and Fabiato, 1975b; Orentlicher et al, 1977; Godt,
1574; ‘l‘(erriék agd Donaldson, 1975). Myofibril ATPase behaviour is similar when varying ATP
from 204 um to 2 mM (Weber; 1969). Portzhel et él (1969), however, observed this effect in
crab myofibrils but not in rabbit myofibrils.

The behaviohr of the co-operagive nature (Hill n) of Lhe pCa-tension curve is [more
comradictory; In cardiac muscle, Best et al (1977)‘ reported an increased Hill n with an
increased MgATP. Reciucing‘ATP from 4 mM to 100 uM resulted in a reduced Hill n from 1.9
to 1:2 ‘without affecting Ca’- sensitivity. Tension also ‘increased at low to midrange Ca** values
(pCa 6.1) under these conditions but decreased tension was noted at higher Ca? levels (pCa
4.7). Rupp (1980) found an increased Ca?* sensiti'\{i_ty with ATP levels Abetween 100 um and 30
um..In skeletal muscle, some reports agree with findings in cardiac muscch(Godt, 1974;
Orentlicher et al, 1977) while others could show no effect (Brandt et al, 1972). |

Two explanations have emerged to explain MgATP's effects on Ca® -activ#t'idn
parameters. Weber and Murray (1973). contend that low MgATP reduces troponin's ;nhibitory
effect and rigor complexes afe formed. This could also affect Ca?" binding. The high affinity
sites become morgnlike the low affinity sites when the extent of rigor complex formation
increasés. But this, aside from shifting the pCa-tension curve to the left should increase
co-operativity -but such is not the case in two studies in cardiac cells (Rupp, 1980; Best et al,
1977). In contrast, Orentlicher et al (1977) propose the existence of three states between fhe

enzyme-substrate complex; ES2, ES and E. ES2 is the double nucleotide bound staté

(off-state). ES is a single nucleotide bound state (on-state) and E is a nucleotide free state
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(potentiated). As substrate concentrationincreases, Ca’* activated tension goes from an active

potentiated state at low levels to a competely relaxed state ¢inhibited ES2) at higher levels.

PH effects ‘

Decreasing the cellular pH either by a respiratofy or metabolic acidosis is known to
affect both cardiac and skeletal muscle, the main eff ;:ct usually being a negative inotropic effect
on many metabolic processcs’ gnd'tension generation (Boos'gnd Boron, 1981). Respiratory
acidosis (eg. increasing pCO2) has a more profound effect on force production and provides
evidence that H- acts primarily intracellularly (Poole-Wilson and Langer, 1975; Roos and
' Boron, 1981). "

Normal, intracellular pH measured by *'P NMR spectroscopy is between 7.0 and 7.2
(J‘acobus et él, 1982; Salhany ét al, 1979). The H- production of the cell and hence pH state in
the cﬁoplasm arises from a multiplicity of metabolic processes inside the ceil and ion evxchange
processes across the cell membrane (Gevers, 1977). Salhany et al (1979) have questioned the
premise of lactate production as the primary determinant of cell pH and in heart it has been
suggested that ATP‘ hydrolysis itself ‘may ‘be the fnajor source of proton generation (Gevers,
1977). Indeed processes related to ATP hydrolysis are affected by excess H* production. The
effect intracellular acidosis has on tension generation has been examihed both in cardiac and
~ skeletal muscle preparations. A range of pH and Ca™ concentrations have been used z;nd in
both muscle types a depression in maximal tension was not;,d at pH 6.5 (Donaldson and
Hermansen, 1978; Donaldson et al, 1981) or 6.2 (Fabiato and Fabiato, 1978) at high ca*’
cbnccntrations. The pCa-%tension curve is shifted to the right with a resultant increase in
~ pCas0 with decreasing pH. This effect on submaximal tension was imore pronounced in cardiac
muscle (ie. increased Ca?* requirements at pCaS0 ‘by a factor of 5.5 in cardiac and by 3.5 in
skeletal muscle) .(Donaldson et al, 1981; Fabiato and Fabiato, 1978). The pH effects are
reversible but cannot be overcome by increasing Ca’* sugggsting that the mechanism of
impairment involves much more than a simple competition between H- and Ca?* for myofibril

sites (Fabiato and Fabiato, 1978). Absolute force generation was also shown to be impaired in
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cardiac and fast fibers at all levels of Ca™ (pCa'7.75 to 4.0) but not in slow soleus {Donaldson
and Hermansen, 1978) but the slope or the co-operativity was not shown to bc‘affcétcd by
others (Rupp, 1980; Donaldson et al, 1981). Perfused hearts have also shown a 50% depression
in LVP when pH was decreased by 0.22 but it was ofﬂy necessary to decrease it by 0.09 under
conditions of ischemia for the same effect suggesting a dif ferent mechanism for the reduction
. of contractility (Jacobus et al, 1982). F )

Myofibril ATPase activity of cardiac and skeletal muscle was also altered with pH
changes. Basical activity of cardiac ATPase activity was shown 1o be unaffected by a pH range
of 6.4 to 7.2 in one study (Kcmish and Nayler, 1§79) but depressed at pH 6.4 in another
(Okabe and Hess, 1981). Fast muscle ATPase was slightly increased by a mild acidosis (Kentish
and Nayler, 1979). Maximal cardiac ATPase was decreased by 20% at pH 6.5 from 7.0 but
skeletal mus;le was unaffected (Kentish and Nayler, 1979). The pCa-ATPase relationship
behaves in the same manner as the pCa-%tension relation with a rightward shift at low pH.
Ca’* requirements for a pCas0 increased 4 fold and requirements for a full ATPase increased
by 5 fold as pH was reduced to 6.4 (Kentish and Nayler, 1979). This is in general agreement
with the tension generation data. Okabe and Hess (1981) found an increased sensitivity to pH
with an increase in Ca’* concentrations. At a pCa of 7.0 and pH 6.8 ATPase is not affected but

is depressed at a pCa of 6.65 (pCa increased from 6.6 to 6.3) and at pH 6.4 the basal, pCa50
and maximal ATPase were all depressed.

Combining acidosis with different Mg?* and Mg ATP? levels has also been examined.
With high Mg? (10mM) the sensitivity of tension is unaffected at pH 6.5. Thus, the H- effect
on Ca’ is Mg?* dependent (Donaldson and Herm\anseﬁ, 1978). MgATP?*- reduction did not
alter changes that occur with acidosis, but enhanced responses at normal pH to very low ATP
was reversed at pH 6.5 suggesting a possible H- MgATP - imcracﬁon Qith acidosis (Donaldson
et al, '1981; Oremlichér et al, 1977).

Competition for binding sites between H- and Ca** has been suggested as a mechanism

causing negative inotropy but this is contoversial and Fuchs (1979) was not able to show any
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chapgc in Ca’* binding at a pH range of 6.2 to 7.4. In contrast, Robertson et al (1978 a.b) have
shown that the Ca’' specific sites of TnC wérc pH sensitive, Mattiazzia et al (1979), showing a
reduced tension development and rate of rise of tension suggested a non-competitive inlcracti;n
between the two cations. H' may bind to a multiplicity of other sites in the contractile proteins
and in this rega‘rd Reisler and Liu (1982) hav.c dcmonslratcd that the S2 region is very sensitive
to small alterations in charge balance. |
An impairment of SR transport has also been implicated. In skeletal muscle, the pH
optimum for Ca’* loading depended on the Ca’* concentration (ie. low Ca’ had higher pH
’ optimums qf 7.01074). Acidosis increase loadihg at high Ca** levels (pCa 7.0- pH 7.0 t0 6.6
and ‘pCa 6.0- pH 6.6 10 6.2). In cardiac muscle the Ca’ dependency of })H optimum was not as
clear. Acidosis depresses Ca’* induced Ca? rélease and greater Ca’ is required to achieve a
caffeine induced contracture. Thus, these authors theorize a graded release of Ca’* from cardiac
SR (Fabiato and Fabiato, 1978, 1979). Okabe and Hess (1981) have also noted a depression in
rate and extent of Ca’ uptake with acidosis. This depression in SR function is probably a
contributor to the impairment of cardiac and skeletal function observed in other studies. B\Ut, in
contrast to cardiac muscle, in skeletal muscle the_acidotic effects may in part compensate for

-

the effects on the myofibrils.
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Appendix B-Training Programs
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Programs
A - Progressive increase in intensity
B- High Intensity !
Time-course of training
Train 9 weeks- 0 3 6 9x
Train 6 weeks- 0 3 6x
" Train 3 weeks- 0 3x
x- denotes sacrifice time.
. PROGRAM A
Day | | Speéd Duration
Week One
Day one. 25 m/m}fg 15 min”~
Day two n 25 m/min 20 min
Day three 25 m/min ‘ 30 min
Day four 25 m/min 30 min ,
Day five 25 m/min 35 min
| Week Two
Day one 25 m/min 35 min
Day two 25 m/min 40 min
Day three 25 m/min 40 min
Day four - | 25 m/min 45 min
Day five ’ 25 m/min 45 min
‘Wee*k three
Day one ’ 25 m/min 50 min
Day twa 25 m/min 50 min
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. Day three ‘ ‘ - 25 fn/fmir_l - - 55 min
_ lDay four L 2 ‘m"')'.min | ' 55 min
. Day five ; = ~ 25m/min A ~ 60-min
Week. four |
Day one  25m/min " 60min
Day two | 30 wmin 30 min
Daythree - . 0f/min  30min
Day foui' P 30 m/min . 35.min
,]?ay.five', M , | | 30 ;rx/min ' . | 35,mi.n
BT Wesk e’ | e
Day one - “ © 30m/min R ° 40 min
_Day two' - o 30 m/min _ ¢ 40 min
Day three'_ o 30 m/min’ . 4smin
— Day four ; o 30 m/min o u 45 min
Day fi§e S B 30 m/mm ) ' .50 mi“n
~ . Wéék iix’ | |
- Day y_bne” S 30 m/min N S -5.0~min‘
Déy two L ,. | 30 m/min ' ‘ . 55min
- Day three S o 30 m/min et 55 min o
Day four o : 30m/mm | - »  60 min
Dayfive 30 m/min . Gmin
| Week sevéq‘
Day' one : 35 m/min |  30min
Day two 35 m/mm - '_ ‘ 30 min
- Day three | © o Bm/min 35 min -
Da'y'fo'ﬁr . 33m/min ' 35 min
Day fx’v‘é R 3Sm/min . | 0O min




Week eight
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 Week three

Da& Qne # 35 m/min 40 min
~_Day two, 35 m/min 45 min |
Day three 35 m/min’ 45 min
Day four 35 m/min 50 min
Day five 35 m/min 50 min
Week nine
Day one - S m/min 50 min
Day two 5 m/min 55 min
Day three 5 m/min 55 min
Day four \ oo Sp'm/min 60 min
Day five 1 3 m/rﬁin 60 min
VI ‘. Training Program B -
L \
“ Week one »
Day one 35 ’m/mig > 10: mm
Day two 35 m/;nin ~ 15'min
Day three \ 35 m/min " 21 min
Day four 35 m/min 21 min
Day five 35 m/min 25 min
‘Week two
Day one 35 m/min ‘ 25 min
~ Day two , 3'5 rrll/minv ‘ 25 min
Day three 35 mg;in 25 min
Day four 35 m/min- 30 min
l‘ Day five 35 m/min 30 min
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Day one | . 35 m/min ‘ 30 min
* Day tw\c\ii\» ' - 35 m/min’v . | 30 min
' Day three [ ; 35 m/min o | .;30 min
Day four o . 35 :m/min : S 30 min |
| ‘Dvay five 35 m/min | 32.min
| .\ Week four (}i"
Daf o\_ﬁ\e\ , 35.m}min ~ 32 min
D;y two . 3m/min. ;»;,.-»‘ 34 min
Day three | ) - 3¥m/min - . 34min |
Day four i : 35 m/min S 35 min
Day five © o 3Swmin : 3Smin
| Wgek\ ive | | |
Day one . : 35 m/min o 36 min’
‘Day two 35 m/min \ o 36 min
Day three . 35 m/min \'a | 38 min
D:y fc;ur ' ] , 35 m/min : : : 38 miﬁ
Day five - ) L 35 m/min ‘ 40 min-
| ) Weqk six |
Dayone | 35 ﬁ/min - ‘ 40 min
Day two _ ~ 35m/min . _ % min
Day th_me , . 35 E/min : 40 min
Day fokl 8 | 35 ni\/min d 42 min,'i.
Day é% - 35"\m/m\in._ 43 min
| Week seven | / . ;
Day one 35 m/mih\ \\' ¢ 43min
¥ Day two | - 35 m/min - 43 min
Day three ' 35 m/min - | .45'n'1in

&f.%



/
Day four

Day five

Day one
" Day two
Day three
Day four

Day five

Day.one

Day two

Day three

Day f our
~

Day five

R TN

/

/
/

Total work in meters for progr_a‘ .
Lot , Week 1- 3250 meters

/
35 m/min
35 m)xﬁin

| 'Week eight

| 35 m/min
35 m/min
350m/min
35 m/min
35 m/min
W;ek nine
35 m/min
35 m/min
35 m/min
35 m/min

35 m/min

Week 2- 5125 meters

" Week 3- 6750 meters

Week 4 5400 metf;rs
Week 5- 6600 meters
Week 6- 8400 meters
Week 7- 5950 meters
Week 8- 8050 meters

Week 9- 9800 m‘eters

45 min.

45 min

45 min

, 50 min -

50 min
50 min

55 min

55 min
55 min
55 min
55 min

60 min

130°

Total work done= 59,325 meters for Program A after 9 weeks. Program A averaged 6591

meters per training week and 1318 meters per training session.

Program B was similar with a total of 59,255 meters of work done for the training prograrh.v

L)



Appendix C- Biochemical assays

A . Isolation of myofibrils from muscle (Perry and Corsi, 1951).Reagents and Chemicals

1. Buffer 1: 39 mM Na-borate; 25 mM KCl; 5 mM EDTA; pH 7.1

2. Buffer 2 39 mM Na-borate; 50 mM Tris; pH 7.1

3‘. Wash So}ution': 50 mM Tris; S mM MgCI2;"100 mM KCl; 6.5% Tsiton VX-lOO, pH7.4
Suspension.Medium: 150 >mM KCl; 50 mM Tris; pH 7.4

' 'Pr\ocedure. : '

1. Homogenize tissue in 20 volumes of cold buffer 1 for 20 sgconds at a s’etting of 7 with a
Polytron Tissué Homogenizer (Pt-10). | |

2. Centrif ﬁge the homogenate at 1000xg for 10 minutes using a Sorvall RC2-B Centrifuge.

3. Decant supemaiant and‘_discv:ard. Resuspend the pellet in‘ 20 volunies of Buffer 1, centrifuge
at 2200 for 10 minﬁtes and discard sup'ernatam. |

4. Resuspend pellet in 20 volumes of Buffer 2, centrifuge at 1000xg for 10 minutes and discard
supernatant.

5. Rebeat step 4.

6_. Resuspend pellet in 20 voluﬁés of Wash Solutionand mtrfngé at 1000xg for 10 minutes and
discard sﬁpematant. |

7.Repeat step 6. '

8. Resuspend peilet in 50 volumes of Suspension Medium.

9. Take 0.1 mls. for protein determination (Lowry et al, 1951.)

B. Protein Determination

Reagents and Chemicals

1. 0.5% cupric sulphate (CuSO4.SH20)

2. 1.0% sodium potassium tar£rate’(NaKC4H;106) _

3. 2.0% sodium carbanate(Né2Co3) pH to.12.5 with‘lON NaOH. 4. Lo'wryv C Solution: 61.7%
NaCo3, ‘35.'7‘:% distilled H20, 1.3% CuSdg, 1.3% NaKc4H406 = total solutien 4

5. Folin Reagéﬁt: 1 to 1 (v/v) distilled water. ' | '

131 | K
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“
6. 0.3N KOH-
,| .\-\\ ~_ STANDARD CURVE ' 3
Stock (mi) o Buffer (ml) Conc (mg/ml) < Conc.(ug/ml)
00 0.5 00 L 00
0.1 © 04 1.0 ' 6.0
0.2 03 20 , 12.0
’ 03 02 3.0 100
b I 25.0
057 0.0 o sa 30.0
(Protein Stock wast\ \m‘g/m‘IV'Bo-vine Serum Albumin in distilled wa‘\tevr)
Procedure : N |
a) Solubilizing Protein B \ |
1. Take 0.‘1 ml. fo homo".gven;é‘basnfanda d solution “‘ o f A

2. Add 0.2 ml. of 0.3N KOH |
3. Incubate in water bath at 37 C. for 30 r;igu_tes.

Reaction Mixture

1. :FakelO.l ml (tWice) of soluble profein solution from above.

2. Add 5.0 ml of freshly prepared Lowry C Solution to duplicate tubes.

3. m 0.3 ml of folin reagent to each tube while vortexing. Insure each tube is mixed for the
same length of time. | | |

4. Let reactiogifni);ture stand for at least 0.5 hours.

c) Spechtrophotomé\t\ric Analysis

1. Set spectrophqtdmeter wavelength at 750 nm (Pye-Unicam SP8-100).

2. Use protein blank from the standard curve as the reference... ’

LY

3. Vortex each sample before the analysis of each sample and record optical density.

: C.Incubation for myofibril ATPase activity (Goodno et al, 1978.)
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Reagents and Chemicals

1, Incubation Medium: 100 mM KCl, 4 mM Tris, 4 mlvl MgClZ, pH 7.0.

2. CaCI2- 5 Conc.: 0.01, 0.1, 1.0,-10.0,-100.0 with 5 mM EGTA, pH to 7.0 at 30 C.
Trichloroacetic acid (TCA). 20%, made fresh weekly.

4. Mg.ATP- 50 mM

5.KOH- 10N . S

Suspension Medium (Same as in isolation ,Procevdure)

ProcedWe ' \‘ {

\

~ a) Reaction Mixture 1. take 1 ml of incubation buffer into both A and X tubes.
2. Add Ca*- 0.1 mis. - RS N
'3. Add 1 ml. of 20% TCA to each X tube ™.,

4. Add 0.5 mis. of protein (after'adjusting to 2 mg/ml.).

~

5. Taking into account the later addition of 0.2 ml of Mg ATP solution, make up each tube to a
total of 2 mils. volume w1th the addition of 0.2 mils. of suspension medium.
b) Incubation Procedure

1. Vortex each tube and incubate at 30 C for 5-10 minutes.

X . . : . ' (-
2. At 30 second intervals add 0.2 mls. of Mg.ATP solution to every tube and aliow an

\

incubation time of exactly 5 minutes. Vortex constantly.

3. Add 1.0 ml. of TCA to the A tubes at the.same, 15 second intervals. Vortex.

c) Centrifuge e\lery tube for 10 mlnutes at 1000xg and save Sl;perrletant for ph/osphate‘ analysis.

N.B. See Free Ca™ calculations- Katz et al, 1970, |
"D.Phosphate Assay (Taussky and Shorr, 1953)

.Reagents and Chemicals

1. Sulphuric Acid- 15N: 28 mls. od HZSO4 (98%) and make up to 400 mls. with distiled water.
2..Ammonium - Molybdate -Ferrous-Sulphate Solution: add 0.5 gms. of a’mmonium-irnolybdate
to 5:0 mis. of 10N H2SO4 Dlssolve completely and make volume up to 8.0 mls, Add 2.5 gms.

N

of ferrous sulphate and make volume up to 50.0 mls (make fresh daily).



- Stock ( mlé .)

Standard Curve

Water (mls.)

)
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Fgal Conc. (umoles) ’

|3

1.00.
0.50
0.1‘O
0.05
0.01
0.00
Procedure

a) Reaction Mixture

1. To each standard, add 1.0 ml. of 20% TCA and divide mixture in half (duphcate)

0.00
0.50
0.90
0.95
0.99
1.00

./‘4—’,

1.00

0.50

0.10

0.05

0.01

.0.00

2. Take 1.0 ml in duplicate tubes from supematant of the ATPase reaction.

3.Add 1.0 ml. of ammbnium-molybdate solution to every tube and vortex.

4. Let stand for 5.0 minutes.

b) Spectrophotometric Analysis

1. Set spectrophotometer wavelength ét 700 nm (Pye-Unicam SP8-100).

2. Use distilled water as the reference.

3. Analyze each sample and recordoptical density.

Calculations

(Sample (mM) -Blank'(rhM)/lOOO/Smin./Zmlé x 7.4 (dilution factor)

Answer = X umoles Pimg-'min ! -



Appendix D- Calculations from Hill Equation

1. Hill plots are used to determine n (interaction coefficient or slope)
The equation to deterrpine these plots reads as follows:
LOG V/Vmax-V
2. Once the Hill n has been calculated the activation ‘ener‘gy which was allowed to vary-in this
experiment was célculated for each Ca" concentration used as follows:

Vmax/1+Q/Ca’* conc.x n

. ’ “;?ref ore, Ca’* conc with n as its exponent .
results in the Ca?* to the x (Vmax/v -1)= Q

A

n= Hill valyg,
C;il‘ is expressed inr moles
Vmax is previously determined from thé experiment N
v is equal 10 a velocity (ATPase activity) at a specific Ca?* concentration.
EXAMPLE | |

“Ca? conc.= pCa 7
Vmax = 0.129 umol Pimg-'min. -}
v= 0.051 umol Pi‘mg-'min -}
n= 1.2 from Hill plot

107 (129/.051-1)= Q

10 **(1.529) = 6.1x10-¢

Q varies for each Ca?" and also absolute ATPase activities.

3. Determine Hill Equation:

V=Vmax/1+Q/Ca?* to the nth.

4. Use Interpolation Program with Cubic Spline to plot sigmioidal curve of ATPase activity vs.

-~

135 \ ) ‘ .
-

~

Ca? concentration#



Appendix\& Raw Data

Raw data for anthropometric. measures
Left column contains 1D,
ID BWHW TV RV LV H/B V/ﬁ V/HR/H'L/R
00121 242 764 654 145 473 316 270 619 190 326
00221 242 773 668 151 478 319 276 618 195 316
00321 217 677 621 126 438 312 286 647 186 348 \
00421 222 734 656 120 481 331 295 655 164 401
. 00521 208 628 5(%8 111 424 302 273 67‘5\,\195 382
00621 247 807 743 179 519 330 301 643 \241 290
00721 220 656 563 101 438 298 256 668 154 434
00821 232 677 600 105 456 305 259 674 155 434
00921 241 735 652 133484 304 271 659 181 364
| 01021 234 711 630 AlJl3‘4A75 331 269 668 156. 420
01121 223 739 653 141 466 309 293 6}31‘ 191 330
01221 23'8 736 660 146 457 292 277 62i 198>313
01322 272 958 840 207 537 352 309 561 216 259 ‘
01422 253 785 672 136 472 310 266 601 173 347
01522 252 774 685 145 492 307 272 636 187 339
01622 250 799 696 140 510 320 278 638 175 364
01722 256 910 785 199 522 355 307 574 2.19 262
01822 277 1015 907 203 6?6 366 293 619 185 375
01922 251 833 718 154 509 332 286 611173 331
02022 263 943 831 163 611 359 316 648/173 32?0
02122 252 828 728 143 544 329 289 657 213 306
02222 265 860 784 183 560 325 296 651 217 28>3 '
02322 282 890 790 193 547 316 280 615 194 323
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02423‘288 910 823 193 570 314 286 626 212 310
02523 314 987 891 183 587 222 196 595 185 321
02623 385 856 753 196 490 320 281 572 229 250
02723 262 839 735 154 536 306 278 639 184 348
02823 289 874 803 152 547 286 273 616 179 341
02923 277 793 700 142 547 335 253 616 189 244
03023 269 900 800 170 580 316 297 644 239 308
03123 273 862 765 206 502 308 280 582 212 369
03223 260 802 728 170 523 349 280 652 176 310

03323 263 917 810 161 594 306 308 615 201"'

03411 213 557 512 127 356 261 240 639 228 283

03511 220 607 554 118 409 276 252 674 194 347

03611 208 559 509 097 378 269 245 676 174 390

03711 200 577 532 111 380 289 261 659 192 342

‘ 03811_‘206‘ 589 522 118 373 286 253 633 200 316
03911 226 661 592 115 447 292 262 676 174 389
04011 220 612 547 114 400 278 249 654 186 351
04111 222 660 596 141 431 298 268 653 214 306
04211 211 621 571 109 431 294 271 694 176 395

04311 215 632 569 121 404 294 265 639 192 334

04411 219 600 543 109 1}@9 274 248 682 182 375

04512 239 703 640 150 435 \274 266 635 211 307 |

\

' 04612 247 678 611 127 449 267 ?<17 662 187 354
'04712 244 651 600 132 433 267 24\6\‘6\65 203 328
04812 230 694 640 137 458 302 278 66\0\1\97 334
04912 256 832 744 181 529 325 291 636 218292

05012 227 641 573 114 432 282 252 674 178 379\

.

\

9

137



-

05112 222 586 516 105 375 264,232 640 179 357

05212 259 811 756 205 482 313 292 594 253 23‘5>
05312 224 675 614 147 439 301 274 650 218 299

05412 238 743 692 164 467 312 291 629 221 285
05512 257 715 657 183 383 278-256 536 256 209
05613 253 913 807 213 530 287 252 581 233 249
05713 247 693 605 114 444 281 245 641 165 389
05813 265 722 648 199 402 272 245 557 276 202
05913 254 728 642 124 488 287 253 670 170 394
06013 275 850 713 147 477'310 259 561 173 324
06113 224 665 586 124 420 2;'262 632 187 339
06213 247 704 641 133 481 285 260 683 189 362
06313 260 743 667 155 466 286 257 627 209 301
06413 255 725 632 134 465 384 248 641 185 347
06513 254 723 615 143 472 285 242‘653 198 330
06631 237 816 733 138 543 344 309 665 169 393
06731 224 688 646 140 480 310 286 697 204 343
06831 232.745 661 126 537 321%85 721 169 426
06931 216 720 653 126 476 333 284 661 175 378
07031 220 709622 119 475 322 283 670 168 399
07131 243 746 657 118 510 307 270 684 158 432
07231 228 716 624 111 493 314 274 689 155 444
07331 224 722 637 121 489 322 284 677 168 404

07432 253 837 730 147 543 331 289 649 176 369

07532:253 868 768 178 565 343 304 651 205 317

07632 251 806 710 157 514 321 284638 195 327
| 07732 243 810 712 158 539 333 293 665 193 341
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07832 216 662 594 128 432 306 274 653 171 338

07932 272 832 698 142 580 326 285 697 181 409

08032 227 740 680 134 517 308 300 699 236 386

08132 255 785 695 185 583 306 273 743 195 315

08233 251 805 716 122 568 321 285 706 152 466

08333 250 711 646 146 461 332 293 648 205 316

08433 244 801 728 167 527 328 298 658 209 316

08533 291 787 712 147 543 270 245 690 187 369

08633 238 935 790 179 605 393 332 647 191 338

08733 251 811 699 154 497 332 278 674 185 323

08833 235 784 695 138 525 334 296 670 176 380

08933 243 816 736 157 553 336 303 678 192 352

09033 247 850 751 145 587 344 304 691 171 405
Myofibril ATPase Taw data for heart |

IDE .01 11010 100E4 E10 M4 MIO N Km -
09111027 030 033 094 141 143 670 024 136 120 1556 631
09211 020 029 035176 205 207 038 024 193 145 1500 653

09311 051 053 059 108 155 166 043 011 163 128 1207 664

09411 032 038 028 130 203 203,022 019 192 156 1553 645 )

09511 044 064 036 089 141 153 035 019 143 113 1363 644
09611 028 041 030 067 119 137 028 043 109 091 1256 648
09711 024 035 049 122 137 130 036 031 134 104 1191 678
09811 016 006 017 096 114 114 022 020 106 079 1409 648
09911 000 027 034 101 108 117 oifi}m 111 084 1188 678
10021 044 066 067 162 184 178 040 037 183 122 1255 676
10121 026 061 071 133 152 141 028 043 156 120 1122 688
10221 002 021 040 109 128 133 033 041 127 095 1227 668
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10321 025 039 039 126 145 170 030 026 154 121 1301 665
10421 044 053 077 147 162 160 039 035 163 119 1123 693

10521 035 049 064 150 164 149 035 038 164 135 1206 683 .

10621 035 038 052 116 131 123 023 032 156 117 1152 681
10721 046.046 059 139 171 163 036 038 161 127 1258 668
10821 010 024 045 103 108 108 038 039 106 088 '1093 695
10921 053 068 077 203 218 222 011 019 173 147 1193 682
11031 026 031 039 158 243 234 022 027 188 157 1551 642
- 11131 021 031 033 123 135 135 011 013 119 096 1312 666
11231 Q18 040 043 130 162 141 031 030 134 108‘ 1328 688

“, 020 02 086 080 017 021 092 077 1229 657
11612 01 022 025 075 094 088 dll 012 087 082 1210 658
11712 016 017 023 060 665 078 003 013 077 057 1042 681
11812 025 031 03'7 111 158 163 021 030 143 126 1358 687

11912 036 036 036 091 137 129 071 024 117 108 1307 688

12012 023 033 039 103 155 163 029033 151 138 1324 688

12112 015037 043 087 177 123 031 029 132 117 1372 686
12212 019 055 074 189 166 156 031 033 135 114 1383 686
12312 024 024 032 106 153 145 039 048 167 136 1354 687
12412 018\026 027 032 131 110 031 035 129.104 1396 686
12512 017 027 026 114 140 116 025 028 142 128 1291 682
12622-018 029 032 O9§ 135 124 018 021 121 098 1321 652
12752 013 027 027 110 149 157 019 023 148 132 1416 646
12822 021 024 021 079 118 125 021 021 124 109 1370 641

12922 020 040 042 147 210 210 011 010 095 060 1464 644

L
i

140



13022 025 020 023 085 117117 011 017 107 093 1342 646

13122 011 042 042 148 229 229 019 022 212 169 1517 643
13222 003 021 027 128 129 129 018 022 145 109 1346 683
13322 026,038 036:232 213 213 034 041 210 183 1397 651

13432 020'041" 050 17 6"206 190 020 020 179 134 1405 661 -

. ",13532 026 028 027 152 187 184 027039 233 190'1524. 646
13632 023 025 029 097( 138 139 019 019 174 092 1359 643
13732 011 023026 122-178 180 022 020- 180 132 1510 640
13832 0()3 021 026 127182 190 019 022 180 132 15’1 640
13932 012 014 023 135 208 227 026 026 183 140 1613 639

o 14032 012 026 025 090122 123 034027 170 087 1340 648

14132 028 034 033 165 219 212 037 042 210 161 1503 647
14213 001 004 018 1.00 165 103 023 013 157 139 1566 631

14313 029 031 067 155 171 160 023 020 147 124 1214 682
114413 019 039 031 056 150 159 030 030134 116 1382 636

14513 023 029 026 081 113 115 022 016 118 105 1291 649

14613 008 020.028 080 688 084 042 026 095 076 1142 675

14713 013 033 037 098 152 120 028 037 146 133 1339 648

14813 008 026 040 OL1 122.116 009 015 132 112 1202 646

| 14913 074 028 03‘8 088 122 128 031 042131 104 1218‘658 :
15013 018 055 025 070 118 160 019 040 155 105 1324 642‘
, .15113 023 033 055 139 165 102 020 022 141 1091261 669 .

‘15213 023 023 028 085 103 183 018 020 101 090 1297 654

‘ 15323 031036 029 099 186 156 008 008 159 131 1503 635

‘ ‘15423 023 019 023101 142 168 000 005 155 142 14@ 649
o 15523 015 003 010 058 128 061 009 020 1%5 1104 658

1_5623 027074 084 136 168 158 069 070151 143’1115 685 .

»
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15723 082 082 085 136 163 163 101 095 168 144 1090 690
15823 024 029 024 083 146 153 003 004 143 129 1435 636
15923 019 016 027 ios 159 154 026 020 157 128 1447 641
16023 023 025 023 078 125 123022023 112 131 1374 640
16123 016 023 023 086 127 11 13008 006 114 096 1466 628
16223 014 029 029 088 119 117 012 031 117 103 1286 652
16333 017 027 025 082 120 122 027 029 125 101 1286 645
16433 017 022 013 057 097 102 015 017 120 094 1401 631
16533 022 024 018 068 133 140 019 024 139 102 1463 630
16633 026 028 030 145 179 122 016 014 167 129 1476 649
16733 029 033 042 104 150 149 028 031 139 104 1295 654

16833 029 034 032 093 154 160 025 032 156 123 1386 643

16933 013 009 009 055 098 088 019 015 088 073 1496 624 '

17033 042 048 068 101 108 091 044 021 093 060 1400 639

Raw data for myofibril ATPase in Plantaris

17111 049 066 090 375 473 487 063 034 394 216 165 653-C

17211 055 086 095 364 419 400 025 058 400 262 158 661
17311 043 050 054 423 587 585045»02(')“559‘418 188 639
, 17411 059 064 072 557 618 614 049 035 620 393 184 652
- 1511 oso 063 074 436 520 520 057 036 499 267 175 650
17611 040 041 048 354 452 460 034 017 461 286 179 642
17711 051 062 072 418 511 511 058 036 507 329 175 649
17821 050 057 118 391 4,50' 438 089 045 465 307 155 665
17921 051 068 078 361 460 450 060 028 462 347 168 650
| 18021 079 074 083 295 429 440 069 038 407 245 163 648
. 18121 052 060 082 413 466 491 059 031 487 325 167 657
' 18221 033 033.082 499 603 465 037 020 607 467179 649

b
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18321 056 059 064 402°442°613 085 017427328 171 656

18421 038 046 053 446 S35 548039 021 524 367 184 645
18531 069 078 121 488 541 523 073 038 534 302 164 655
18631 049 077 114 381 439 407 029 059 426 246 155 665
18731 122 164 172 513 574 559 122 068 567 424 156 671
18831 139 185 198 445 440 452 093 046 419 335 098 658
18931 083 102 137 410 455 464 089 041 447 287 151 671
19031 039 072 089 347 478 470 07 041 505 331 166 649
19131 032 038 046 342 498 527 039 026 491 274 185 637
19212 073 088 095 'ST71 612 648 072 043 620 408 176 660
19312 035 051 078 370 444 435 074 032 307 390 166 654
19412 060 071 073 376 567 573 062 030 533 258 179 642
19512 076 072 078 320 591 638 085 053 684 530 180 638

19612 080 096 099 409 476 518 083 034 496 377 163 659
19712 078 070 086 334 457 466 081 048 527 365 165 650

19812 052 047 053 385 466 486 052 023 535 318 178 645
19912 069 082 089 494 543 581 (75 035 535 380 172 658
20012 091 106 112 337 564 573 101 0’84&576 398 168 646
20122 156 168 178 457 481 524 174 088 18 319 146 685

20222 030 050 064 408 552 511047 078 537403 181 642
.20322 134 138 174 384 437 429 172 083 452 335 141 678

: 20422 050 051 067‘ 320 495 470 063 038 490 396 175 641

iy

20522063 055 071 330 425 406 080 037 455 313 166 649

20622 054 062 079 391 464 427 067 032 408 302 167 655

20722 032 064 092 423 516 523 058 031 467 381 169 653
20822 030 040 182 320 402 394 033 007 .39L,_\gos 134 677
20932 033 028 027 295 414 412 @0@8 448 256 189 633

~E&
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21032 145 158 143 351 431 468 124 064 435 259 152 663
. 21132 075 098 123 505 612 612 093 058 585 469 170 656
21232 048 047 048 283 404 439 053 019 405 277 174 640
21332 045 050 058 353 459 438 047 021 476 329 175 645
21432 037 054 054 218 428 445 046 029 429 253 174 635
21532 038 044 050 325 471 484 038 015 455 319 180 639
. 21632058 058 061 323 478 476 046 027 467 306 176 641

T

K062 077 526 624 648 056 032 626 420 183 649

SR

21813 0359050 055 399 536 543 043 027 535 357 184 641
21913 047 046 058 620 660 673 040 025 579 517 192 652

22013033 058 069 556 582 586 070 028 516 378 182 659

- 22113 069 075 090 548 633 671 067 029 611 443 179 653

©22213 024 031 043 511 527 534 025 017 528 478 189 656

22313 029 030 042 511 509 520 022 019 524 411 164 679,

22413 024 037 048 497 493 518 022 012 513 388 148 683

22523 042 049 055 527 557 ST1 043 026 553 385 186 654

22623 027 036 082 506 511 530 629' 014 510.342 172 676

22723 021 023 032 524 512 524 031 010 534 402 140 675

22823 066 071 097 437 486 02 076 034 428 193 165 661
22923 037 052 062 451 560 563 044 025 552 337 183 645
2302 0289037 054 347 448 447 036 014 434 274 176 644
23123 037 046 059 285 447 456 027 011 409 267 174 640
23223 083 046 083 339 429 439 069 046 429 302 163 653
Raw data for Myofibril ATPase of Soleus
23311 013 013 011 115 191 187 ob9 003 189 149 175 624
'2‘341‘1 016 018 023104 168 177 016 018 174 145 152 636
23511 010 013 013 115 142 145 011 010 145 105 158 637

i
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23611 016 014 017 098 141 149 014 014 112 106 151 636

23711 024 023 021 112 156 159 021 014 162 119 150 639
23811 015 010 020 109 138 131 018 014 161 125 146 644

23911 015 015 018 109 154 149 016 010 174 137 154 637

24021 023 022 024 134 196 209 020 016 205 170 157 637
24121 014 015 019 147 195 191 018 011 199 158 162 637
24221 018 028 018 120 164 171 025 020 169139 156 637
24321 023 019 019 105 152 166 014 009 156 120 151 637
24421 002 010 010 073 144 146 014 009 140 105 165 621
24521 013 017 023 113:1‘.58 170 016 014 172 122 149 641
24621 015 009 018 129 181 179 020 016177 133 161 635
24721 010 017 015111 169 176,909 005 174 148 162 631
24831 012 012 015 145 190 1v89‘ 014 014 191 148 168 634
24931 008 011 010 112 175 175.013 009 186 136 173 624

| 25?531 016 014 016 082 148 159 010 008 151 116 155 629"

25131 009 010 012 080 121 126 009 008 121 092 152 631

25231 020 018 019 090 160 15%W14 014 168 129 154 631

. ]
25431 024 029 025 123 156 138 021 021 150 124 146 646
\25531 012 015 015 113 145 142 015 00’ 139 135 155 638

25331 016 016 019 079 156 156 621 015 163 126 153 629- ©

25612 010 012 019 119 ‘1_5v1 147 018 017-143 118 151 642

25712 030 025 050 140 140 145 021 016 129 107 120 615
25812 023 022 (24 122 190 199 017 013 187 144:152'639
25912 628 016 034 098 166 178 040 018 199 175 141 642
126012 019 029 025 146 175 143 021 007 157 128 151 647
26112 011 014 017 101 171 175 014 014 186 126 160 630
26212 021 023 035 163 224 224 014 010 222 176 168 636
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\x 26312 024 023 026 180 220 231 032 025 180 169 152 649

26412 023 023 017 175 215 216 023 014 214 175 160 644
26522 013 010 013 102 163 159 010 009 '154,139 164 628
26622 022 021 023 135 164 166 017 016 168 132 150.646
26722 011 016 008 124 188 196 012 006 217 171 135652
26822 014 014:014 060 138 153 014 012 147 111 159 637
26922 017 013 021 125 203 196 022 023 202 176 163 632

‘2702_% 017 014 011 145 166 146 006 006 142 147 169 637

27122 003 009 011 140 208 216012 008 203 164 '1‘79 625
27222 019 020 021 134 175 185 014 014 180 136 155 640
27332 015 013 016 104 168 175 015 019 181 147 160 630
27432010 016 021 113 171 182 014 013 183 142 154 636

27532 019 016 020 104184 186 016 013 165 147 159 630 .
. 2'76\,‘32 034 030 027 103 161 157 028 029 154 141 145 640

27732 016 017 018 099 181 192 016 010 185 142 161 629

27832 018 016 021 099 162 165 010 007 165 130 152 634 .
~ 27932019017 018 078 161 163 023 017 169 127 156 627

28032 010 022 029 141 201 206 016 014 201 157 154 641
28113 018 020 027 115 148 148 020 015 104 123 141 648
28213 067 087 108 164 191 194 070 046 190 153 119 691
28313 041 044 059 144 177 167 038 027 169 139 134 662
28413 019 016 024 089 122 122 016 015 124 102 109 682
28513,_625 026 038 119 142 138 027 025 151 130 127 662
28613 008 012 024 129 153 154 013 011 152 124 146 649
28713 010 014 020 135 170 171 017 015 176 139 155 641
28813 024 028 038 167 188 193 021 020 212 169 143 659

Initial Control Data on hearts
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01 .063 .065 .095 .083 .095 .096 .088 -
.10 .090 .096 .101-.083 .101 .095 .090

1.0 .143 163 .146 .120 .146 .163h..143 0
16.0 .181 .211 .168 145 168 211 181
100.181 .211 .171 .145 171 .21 .181

X .063 .065 073 .060 .073 .065 .063

o
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Appendix F- Tables of Mg and EGTA conditions

Varying mm Mg?* levels in cardiac muscle

Training 004mm . SEM. 10mm  SEM.  100mm S.E.M.
Three Weeks  C.143 03 / ¥ o1 3009
Training P 154 011 -156 010 19 /006
H .142 018 168 . .030 .11/ .016
/
Six Weeks Cce 009 130 .o 105 .008
Traiming  P.452 017 63 08 . 9% 015
| H .18% 008 180a 013 1342 014
Nine Weeks € 132 006 134 009 110 005
Training P4 007 16 07 126a 006
| H .128 010 130 010 098 007
S '\
]
/ (C-control P-progressive H-high intensity and a denotes significance)
/ .
J
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Y

ATPase activity at 10 um Ca** with

varying mm Mg?** levels in soleus muscle

Training 0.04 mm S.EM. 1.0 mm S.E.M. 10.0 mm - S.EM.
Three Weeks ~ C.159 010 56, 008" 126 07
Training P .174 008 170 007 137 008
H.19 - .009 156 008 126 006
Six Weeks C 179 011 179 o1l 146 .00
Training P.177 011 175 009 147 008
H 175 006 173 v00s 141 004
" Nine Weeks C .166 010 161 009 1135 .00
Training P .190 015 185 04 150 12
H .195 013 188 012 152 010

i
i

(C-control P-progressive H-high intensity and a' denotes significance).

J v
4 )
i)
’ S
o7

[
\ Vi



varying mm Mg** levels in plantaris muscle

" ATPase activity at 10 um Ca*" with

150

Training 0.04 mm S.E.M. 1.0 mm S.E.M. 10.0 mm S.E.M.
Three Weeks C 507 033 5117 035 329 032
Training P .455 088 484 063 325 081
H 484 2021 489 020 314 022
Six Weeks C 535 04 524 023 380 029~
Training P 465 019 — 4711 019 331 027
H 462 021 462 025 308 027
Nine Weeks C 554 017 571 024 424 020
Training P 481 023 494 019 313 026
HO 0 0 0 0 0

/

(C-control P-progressive H-high intensity andmmtes significance)

+
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ATPase activity with 5 mm EGTA and
varying mm Mg?* levels ig cardiac muscle
Training 0.04 mm SEM.  1.0mm S.EM. 10.0 mm S.EM.
Three Weeks:  C .03 012 027 005 - 024 003
" Training P .035 .005 032 006 035 002
H .022 .005 02 002 023 004
’ . -
Six Weeks C .026 006 019 006 % 026 - .004
Training P .019 .003 017 .003. .022 .003
H .025 .003 017 .003 027 0Q3
Nine Weeks - C.04 - 003 022 .006 05 008
. . A
Training P .026 011 V027 007 - .028 010
H .024 003 © 024 009 .02 003

(C-control P-progressive H-high intensity and a denotes significance)



varying mm Mg** levels in soleus muscle

ATPase activity with S mm EGTA and

1.0 mm

SEM.  10¢'mm

152

Training 0.04 mm S.E.M. S.E.M.
Three Weeks C .015 .004 .016 A 012 .004
Training P .017 002 015 013 002
ROl s 015 o3 005
AN
Six Weeks C .02 009 021 015 005
Training POI3 005 . .0l 02 006
H .017 006 .‘0‘1\&\ 015 007
| T

Nine Weeks C .028 019 026 028 008
Training P .020 011 .020 .010
/—‘B.om 003 018 003

(C-control P-progressive H-high intensity and a denotes significance)



varying mm Mg** levels in plantaris muscle
g

ATPase activity with 5 mm EGTA and

153

Training 0.04 mm S'E~Mi§{,‘1 1.0 mm S.E.M.{ 10.0 mm S.E.M.
Three Weeks C .058 .010 .051 .004 .036 005
Training g P 063 018 051 006 031 012
H 075 032 076 - .041 046 .005
Six Weeks C 076 005 068 006 043 006
Training P .087 021 0n 018 049 .011
H 058 013 060 014 030 © 008
Nine Weeks C .043 040 .006 .024 .007
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Appendix G- Statistical Summary Tables
‘Anthropomg‘iric data summary tables for 1-way ANOVA

Three Week Groups

Body Weight
Source D.F. Sum Squares  Mean Squares  F-ratio ’ F-prob
Between Groups ‘ 2 1617.1 808.6 8.0 .0017
Within Groups 28 2815.7 100.6

Total 30 4432 .8
Heart Weight

Source D.F. Sum Squares Mean Squares  F-ratio F-prob

Beiween Groups 2 99847.6 49923 8 2.5 0000
Withiri Groups 28 . 52719.4 1882.8

Total 30 152566.9

Ventricular Weight

Source D.F. Sum Sqﬁares Mean Squares F-ratio F-prob

Betwedh'Graps 2 66302.9 33151.4 2120000
 Within Groups 28 43859.5 1566.4 .

Total 30 110162.4

) Right Ventricular Weight

Source D.F. Sum Squares  Mean Squares F-ﬁtio F-prob
Between Groups 2 1220.5 610.3 2.2 1254
Within Groups 28 7634.3 ' 272.7

Total 30 8854.8 | ?
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. Source

Between Groups .

Within Groups -

Total -

Source

. Between.Groups

withinf%roups,

. Total

~ Source
" Between Gfoups'
Within Groups

. Totat - -~

Source ..
" Between G‘rou»ps\'
- Within Groups

'.“

Total -

.- Source

Between Groups - |
Within Groups
30 01

. Total

2 ._ 48§99\2
28 20060.7

- . . J ¥
87 /i 2815.7
30 7 4433

2 - .0058

e,

 Left Ventricular Weight

D.F. Sum Squares - Mean Squares

30 689sLy
5 Heal’t Weighi/Body w;ight
D.F. x\tos‘“lvﬁ.Sqmres '\Mgzlxn_'_S;iIuares
2 R T 127

© Vent Weight/Body Weight

“D.F. Sum Squares Mean Squdres. -

2 . .00s8 0029~

?

2 012 0040

o

_ Right Vent/Body Weight .

"D.F. ~ Sum Sqtié;es Méa;iSqua‘r&s "

2 .- oo 0010

2 0 0m 0039

-

300 . 0132

Left Vent/Heart

L i . }

/.

0029

2 .00L 0004

i :

© 204456
7165

1006

Sum Squares .  Mean Squares -

F-ratio

2341

F-ratio

279

F-ratio

'6.88

Feratio ‘

263

“Feratio

16.88

L1855

‘F-pro'b‘

. Fprob
0000

- F~prob-.
0037 -

', F-prob
0897

.F-prob
0037



Source

Between Groups

Within Groups *4

Total

Six Week Groups

Source
Between Groups
Within Groups

Total

Source
Between Groups
~ Within Groups
“Total
~ Source
Between Groups
) Within Groups
~ Yotal
o Source

Between Groups

Lo

L]

30

D.F.

27

29

D.F.

227

29

" D.F.

27

29

D.F.

)

Within Groups = » 27 .

LY

‘T'Ota}lk'/- ) “5 s A2‘9

REES
|

S AP
Lo £
f

-

28"

Left Vent/Right Vent

. Sum Squares ~ Mean gquares  Feratio

BRI 4.05
gm0 |
6.3 o

\

, ‘Body-Weigh't

Sum Squafes Mgan'S(iuares‘, I_T-ratio
2 e 6.44

283 195.7
7805 | "

_Heart Wei'ghi .

Sﬁm Sduares Mgan S_quares F-fatio
158420 S s |
142100 5263

, 300520 |

‘Ventr-i‘cu‘lar Weight . T
~ Sum S\rm:esw Meaﬂ Squares F:raiio.
88362 4181 9.73

122540  4538
- 210900 |
Right Vent Weight -
Sum Squar'es ‘Mean ‘Sq‘uares, | f-ratio

2429 . 1214 163
20161 "1 o

290

156

F-prob’ '
0286

F-prbb

0052

‘ F-prog_
.0000

F-psbb

0007

Ffbrob _’

L2153



Source

Between Groups

Within Groups
Total
Source

Between Groups
Within Groups

Total

Source
\\ .

Between Groups -

_ Within Groups

Y

Total.

Source .

.=, Between Groups

&

¥

‘Within Groups

Total

Source
Between Grog{ps
Within Groups

1

Total

Left Vent Weight

I)VF . Sum Squares  Mean Squares

2. 60605 30302
27 56963 210
2 117570

Heart Weight/Body Weight

D.F. «". Sum Squares - Mean Squares

2. . 113 567
21 104 039 .
29, . 218 -

Vent Weight/Body Weight

D.F. Sum Squares -~ Mean Squares

2 384 192
27 .74 029
29 1.16

Left Vent/Heart Weight

DE. '_Sﬁm Squares "Mean Squares

o 015 . 073
BT 7 AR 7> SR
29 049

Right Vent/Heart Weight

D.F. Sum Squares ‘Mean Squarers’

2 oo 0011
27 0137 0051
2% o6

¢ &

F-ratio

14.4

" Feratio

14.7

Feratio

6.69

-

Fratio .
ratio

5.74

Feratio “F-prob o

211

157

.. F-prob
~..0001

F-pr%b
.0000

f—prob
0044

[

F-prob
0084

1412

A&



e
\
Left Vent/Righi Vent
Source . D.F.  Sum Squares Méan Squares  F-ratio . F-prob
* Between Groups 2 8600 /  .4298 219 1316
Within Groups -~ 27 , ‘5,30“ g
CToml ot 29 BRERY:
Nine Wegk Groups ¥ . _
|  Nine Week Body Weight
So}:rce .. D.JF. - Sum Squares | Mean Squares f-raiio r’ F;p(ob
Between Groups. . 2 8645 83 6% 0043
Within Grougs 26 16618 69 '
Towl . B - o
K e Heart Weight
. ‘Sourcei~ ;JF Suﬁ; Squares  Mean Squares | F-ratid ’ F-prob
‘Between Groups . 2‘ o 81158 057 9.58 - .0008
~ Within Groups S 1o 4238
. Toml 28 191260 |
- | Vt.:nt‘W‘eight L
o "Sour‘ce( o DF !Sum;Squgrgs" g Me;: Sgu;reé - "‘F-rati‘é - F-prob
| BétWeen Grou;;. | 2 ~'391,9:1 ‘ 13;'2_ - 1.0001
Within Groups ~ ~ 26— 77286/ ,29‘7‘3_ s | o
| f§ta1 w1 e
e J: N' | Rnght Vent Weigiht, ' Y |
ggprce‘b DF | Sum Sq"uares Mean Sqi;ares F F-ratio ) F-prob_
,Beté%éfén Groups© 2 3537 Cumes 290 073
Wiin Groups,: 26 1589 6092 S
 Toul “4@ 28 s _



- Source
~ Between G:Qups,

Within Groups

Total

~ Source
Between Groups
Within Groups
. ~ Total
Source '
Between Groups

Within Groups .

“Total
, . -Source
# A3 .
e Between Groups

Within Groups

o

“Total

Source

Between Groups

* Within Groups

VTotal

159

Left Vent Weight

D.F. Sum Squares Mean Squares  F-ratio ~ F-prob

2 496 20983 1402 .0001

2% . 38907 1496 '

28 80873

Heart Weight/ Body Weight .

D.F. Sum‘Squares M_e?m Squares .. F-ratio F-prob
2 s a8 e 0053
2 19 074

28 288,

Vent Weight/Body Weight

D.F. ’:Su;r.n Squares  Mean Squares ~ F-ratio F-prob

P 7793 3870 - 7.56 0026

26 1.33 052 |

28 2108

Left Vent/Heart Weight_{;f .

D.F.- Sum ‘Square.s N!taI;} .Squares F-ratio F-prob
2 0181 - 095 R 0012
2% 0210003

o’ 0450 |
S Right Vent/Heart Weight |

DF SumVSquvares - Mean Squéres F:rq.tio F-prob
2 o 064 977 3900
26 017 - 0065

s o

e

o
P



Source

Between Groups |

Within Groups

Total

4]

Left Vent/Right Vent

‘

D.F. ~Sum Squares Mean Squares . F-ratio  Feptoh
SRR

2 413 .1 2460 Qs

/"/ v’ . . ..,'.';J » ’ )

2 A8 . 8385 IR
82593

Statistical analysis on heart ATPase and

e ula_tion

Source

" AB
S-witjgn
C
AC
BC
ABC

CS-within

7

Three way anova on heart

ATPase with differing pCa

 Sum D.F. Mean Squ:;res F-ratio
. Squares

004 2 o007 291 -

10.025 | 5.13

0.011 - IR

0.174

0.975 628.3

0.009 | 2.88

0.012 8 0001 386

0.012° 16 7 oo, 197

0.110 284 000 \'\

A-group, B-time, C-kTPase \

\ ' ‘ ’\

¥

160

0.061

- 0.008

0.343

0.001
0.004

0.001

0.015

1]

Q



-

Source

A
B
AB
S-within
C
AC
BC
ABC

CS-within

Sum

5 - Squares

£0.000
0.001
0.001
0.032
0.000

- 0.000

0.000
0.000.
0.014

D.F.

4

g
142

'\ Three way anova on heart ATPase with

_ \ differing Magnesium levels and no Calcium

Mean Squares

0.000
0.001
0.000
0.000
0.000
0,000
0,000
0.000
000

_\ A-group, B-time, C-ATPase

f” '161
I

s

F-ratio

0494+ 0.612

1.40 0.254 _.
. ' /"‘/
0.773 ‘0547
. //ﬂ“
209 0.128 |
////
0828  0.509
LI1  0.355 g

A0.523  0.837



y - R - 162

f
; ' .
/ Three way anova on heart ATPase /
Vi ' - with- differing Magnesium levels ‘ ' .
// Source Sum D.F.  Mean Squares F-ratip
‘Squares - .
A 0012 . 2 0.006 267 - 0.076
B : 0.010 2 0.005 215 . 0.054
L")
" AB 0022 40 - 0.006 2.45 0.054
S-within . 0162 . Tl 0.002
C. - 0.5 2 " 0.025 140.6  0.001°
AC 0.002 . | ‘ 0.026
BC 0.002 - 0.038
T~ ABC < 0.004 | ~ 0.008
: \ CS-ithin ' B\oz\s 142 000
’ \‘\ \ : . : :
* \\».:;j\ A-group, B-time, C-ATI_?ase /



Source

Mean
Time
Treat .

. Time/Treat

Res

Source
Mean
Time
Treat

Time/Treat

Res ¢

Two way anova on Hill n values in heart

Sum

‘ Squares‘
128.2
0.06
0.20
0.11}

0.93

Mean Squares D.F.
128.2 | 1 #
0.03 . 2
0.10 2
0.02 4
0.0 67

Two way anova on pCaS0 values in heart

SumSquares Mean Squares D.F.
3247 3247 1
0.28 0.14 2
0.24 0.12 2

“0.21 0.05 4
1.46 002 68

F-ratio

9179.9

248

1.37
1.99
0.000

F-ratio
151194
6.7‘2.
5.81
2.52
0.000

163

F-prob

0.000
0.091
0.001
0.105

0.000

 F-prob

0.000 °
o'.ooz‘ '
0.0046
0.049
0.000



164

Statistical analysis _on soleus ATPase
and regulation
'fhree way anova on soleus
ATPase with differing pCa
Source = Sum D.F. Mean Squares  F-ratio
Squares .
A 0.001 2 0001 0450  0.639°
B 0.018 2 ~0.009 6.61 0.002
AB  0.006 4 0001  1.09 0.371
S-within 0.087 65 0.001 * '
C 173 4 0.433 1766 0.001
AC ©0.006 8 0.001 3.00 0.003
 Be 0005 8 0000 256 0011
ABC 0.008 16 0000 19  0.016
CS-withi; 0.064 260 0.000

A-group, B-time, C-ATPase



Source

A
B
AB
S- witﬁin

C
AC
BC

ABC

j

CS-within

Three way anova on soleus ATPase with

differing Magnesium and no Calcium

Sum

Squares

0.001 2 - 0.000
0.001 2 0.001
0.001 4 0.000
0.013 65 0.000
0.001 2 . ,.0.000
0.000 . ©0.000°
0.000 4 0,000
0.000 g 0000
0.002 130 000

4

D.F.  Mean Squares

A-group, B-time, C-ATPasQ

F-ratio
| 3
2.17.
2.85
1.017

" 253
0.837
0.515

0.614

165

0.123
0.065

| 0.406

10.001

0.504
0.725
0.765



‘Source

A .

B
AB
S-within
C
AC
BC

ABC -

i

CS-within

Source

Mairr effects
.Group
Time
Grp/Time
Explained
'Ris

Total

4

]

Three way anova on soleus ATPase

with differing Magnesiutﬁ levels

Sum
Squares
0.00:1
0.0?3
0.009
0.130
0.054
| 0.000
©0.000
0.001
0.011

D.F.

3

130

Mean Squares

0.002
0.006
0.002
0:002
0.027
0.000

0,000
0.000

" 000

A-group, B-time, C-ATPase

Two way anova on Hill n of soleus muscle -

Sum

- Squares
0.003
0.002
0.001
0.001

£ 0.004
~0.008

0.012

D.F.

65

73

Mean Square

0.001
0.001
0.000
0.000
0.000

. 0.000
0.000

F-ratio

1.13
3.25
116

311.5
0.817

1.06

F-ratio

5.17
6.63
3.88
2.44
3.81

166

0.331
0.046
0.339

0.001
0.516
0.777

0.397

-, F-prob

0.001
0.002
" 0.03
0.055

0.001



Source

Main effects
Group
Time
Grp/Time
Explained |
Res

Total

Two way anoya on pCaS0 of soleus m

Sum

Squares

- 0.429

0.140
0.296
0.107'
0.536

0.710-

1.25

D.F.

65

73

Yy,
A - s 1%‘?
"v‘ ‘7;‘»’5%“ ’«.-—L
:\ff v :
LY AT “ing
uscle “on
Mean’s(;u%}-f«ﬁmm,. .
R 4
% . v
" COR 4
0l0f7 T 9.
0.070 6.41
0.148 13.58
0.027 2.45
0.067 6.14
0.011
0.017

0.000
0.003
0.000
0.055
0.000



KR
PR
R

*» regulation.

Source

Mean’
Group
Time
GT
S-within
Cal
CG
CT
CGT
‘f:s-“dtnjn

i

 Statistics _on plantaris ATPase and

Three way anova on plantaris

ATPase with differing pCa

G-group, T-time, C-calcium

2

Sum D.F. Mean Squares
Squares' )
21.59 1 21.59
0.019 | 4 2 ’ 0.009
0.006 1 0.006
0.028 2 ; 0.014
0.313 40 0.008
8.05 4 2.01
0.044' » 8 -~ 0.006
0.012 4 0.002
- 0.015 8 .. - 0.0019
0.302 ©160 M

2760
1.20
.83
1.81

1066

2.93
1.52

0.98

F-ratio”™

-

168

0.000 |
0.311
0.368
0.176

*0.000
0.0044
11983

10.4537
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. Three Way anova oxhx'plantagis ATPase ivit_h B

B '. differing Magnegiilm levels and no Calcium. ! | , o -

.

DF. Mean,Squéres,v', Feratio .

&
¥

b i - / ,‘ K v "',‘ o >‘S(luares @ ‘ . . ‘ o ’1'9« .

“Mean 043 ..l 043 272000
' Group- . 000lmb 0000 017, 084

© o Time %002 .17 L0002 <. 1107 029

I r

OGP~ 0009 : I quos 283, . 009

CcSewithint o007 . 4. . 0002 -
EGTA . 0:022 - R S oo - s , 0000@

CCTLUUEG . oo o4 oo - 1e ol

CLET 00004 2 Gooe2 . 084 0.634
BGT 0005 4 0001 059 . 0676
e S . VG;gIOIIp', T'Me,E-EGTA . o | . \



&:]

Three way anova-on plantaris ATPase ' .
& R - with differing Magnesium

e G e

Source © . Sum’ ~ DF. "'""’MééiiLngu:zifes ~ Feratio

- Squares

n
h

Mean 260 1. 20! 280,

Growp - ' 0038 - "2 . 0019 1}‘,66.
' Time | |

. GT

.. 0.04.

© S-within, .
i ,g |
 Mag 334

MG - 1.15

MT .| 1.90

MGT 0003 - 4 00008 .. 0.68

: L . G-group, T-tigme, M-maghesium
N Tjﬁ_’a) Way anova on 9 ”weékglantaris calcium

¢ .~ ~Sowce Sem ' . DF. Mean Square - Fratio

Squares ’ :
~Mean 883 1. 88 . 1186

' - | . ) : , S 3 . ‘ "' ' & B )

# . . - Greup 1005 e 005 6.81
B " Emor - 0.104 4 ) |
S . Cooa g

Calcium =~ 415 4 106 682

L CG L 0.04 ':_é}‘\ ” 4 TS ”0.009 '“ ,5566 -

L }u - . / SN

».
»

114

1

10000«
- 0.2033-
os39

CS-withi‘n' o '_0.090, _' : 80 7001 - J

v 0.3308 , l t '

N

e



)

Source

Mean

Group

Error

EGTA

EG

‘Error.

* Source

Méan

. Group

Error

Mo ¥

Error

“Two way anova on 9 week plantaris EGTA

Sim ~ D.F. " Mean Square
‘Squéi'es

0061 006
~0.00001 1 - 0.00001
e 14 00007
e 2 00
0.000003 £ 00000
o009 2 " 0.00007

1

Two way anova, on 9 week plantaris magnesium

Sum D.F. Mean Squafé

g Swares

07 1, . 107

009 1 g 0.09
0108 14 - .0.0078
0.026 2 0.13

0.004 2 0.002"
00% /- . 000

...c(",

" Feratio -

90.4
0.01

309
0.22
"VE'F-ratio

1383

11.7

121.1

(=

171

F-prob

-0.000
0.906

© 0.000
0.806

Ffprob

o

- 0.000

0.004

0.000
0.2112
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V 172
Two viv;‘:y’f-ﬁna,va' on Hill n of plantaris muscle BN
Source  sum' DF. Mean Square  Feratio ‘F.-prob
| | “Squares ;
Main effects 0.001 - 3 0000 7 0.807 0.496
o Gowp 00 2 0.000 128 0307
. Time ©0.000 | S 0000 .  0.009 0:923 .
Grp/Time  0.001 2 om0 1 0.301
. . E)gplained - 0.00° s 0.000 .09 "‘0,441.“
Res’ o0 . se . o000 |
Toul - 005 gl oo

. Two way an'ova_on’“ﬁCaSO_ of plantari§ muscle

Sun + DF.  MeanSquare Feratio - F-prob

Squares ’
004 oy 0.15 1,03 10.387
00% s o018 1:2 0.303
| Cooms . 1R oo oss o 0ds
: Grp/Time - 0067 r 0034 oo 0.113
Explained "0_.113, L s 0.023 152 0497
. Re 080 6 00 |
Total 0943 . gl »"' °o.0§ T
. ® - . ! v »



