






















































































































































































































































































more important when only low levels of oxalate are present (Korge & Campbell, 

1994). 

The modification of sulfhydryl (SH) groups bas also been suggested as a 

mechanism to explain inactivation of the ca2+ -Mg2
+ -ATPase at alkaline pH (Xu et al., 

1993). Lower Ca2+-Mg2+-ATPase activity and formation of pbosphoenzyme 

intermediates were found when rabbit heart muscle vesicles were pre-incubated in a 

buffer-medium pH at 7.8 instead of 6.8 (Xu et al., 1993). These reductions at higher 

pH were prevented when ditbiothreitol, a thiol reagent that was added to the pre­

incubation medium. It was suggested that occupation of important SH groups on the 

Ca2
+ -Mg2• -ATPase by protons may prevent interaction with reactive oxygen or 

formation of disulfide bridges (Xu et al., 1993). 

The difference in pH sensitivity of Ca2
• -Mg2

• -ATPase activity from 

homogenate of WGM, RGM and especially S could reflect the presence of different 

proportion of isoforms with distinctive pH sensitivities. These results, as opposed to 

what was found in COS l cells, would suggest that differences in pH sensitivity exist 

between SER.CA la and SERCA 2a, expressed in fast- and slow-twitch muscle fibres, 

respectively. Although, the two isoforms have a similar nwnber of amino acid residues 

and molecular weight, some structural differences in amino acid sequence has been 

demonstrated between Ca2+-Mg2+-ATPase isoforms (MacLennan et al., 198S; Brandl et 

al., 1986). The mapping of the amino-acid sequence of fast- and slow-type Ca2+-Mg2+­

ATPase bas revealed a structure that varies by approximately 15 % (Brandl et al., 

1986). Variations in functional propenies such as phosphorylation by Ca2+/calmodulin-
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dependent protein kinase {Hawkins et al., 1994) and inlnbition by fluoride (Narayanan 

et al, 1991) have been observed between the SEltCA I and SER.CA 2a isoforms. 

Since 11 and Ca1
+ are suggested to compete for the same binding sites on the 

surface of the enzyme, differences in the amino acid residue composition of these sites 

could modulate the sensitivity to pH. Site-directed mutagenesis experiments have 

suggested that the two high affinity Cal+ binding sites of the Ca1
+ -Mg2

+ -ATPase are 

located in the middle of the transmembrane stalk 4 (Glu~, S (Glu771
), (Asn796

:, Tbr199
:, 

Asp~ and 8 (Glu901
) (Clarke et al., 1989a; Vdsen et al, 1989; Clarke et al., 1990a). 

The transmembrane segment are highly conserved between the two isoforms and 

variations in amino acid residues in the hydrophobic transmembrane helices accounted 

for only 7. 4 o/o of the total variation (Brandl et al., 1986). None of these variations 

affect the specific residues in the transmembrane stalks identified above by Clarke et al. 

(1990a) as the high affinity Ca2
+ binding sites. 

The posStbility remains that the difference in pH sensitivity between isoforms is 

due to other distinctive amino acid residue sequences elsewhere in other domains of the 

enzyme that are affected by lH1. These domains appear to be highly interactive. For 

example, the binding of the MgATP complex is dependent upon pH, in the presence of 

Mg2
+ (Lacapere et al., 1990) and accelerates the binding of Ca1

+ (MacLennan et al., 

198S). Phosphate incorporation and binding of fluorescein isothiocyanate to the 

nucleotide domain have been found to be reduced following short term intense activity 

(Luckin et al, 1991 ). Based on the experiments of MacLennan and co-workers 

(Maclennan, 1990), subtle changes similar to those induced by conservative 
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substitutions of amino acid residues by site directed mutagenesis, could poSSibly alter 

the normal conformational step of the Ca2 
... -Mg2+-ATPase (William & Klug, 199S). 

The diff'erence in pH sensitivity could also be the result of two populations of 

the same Ca2+-Mg2+-ATPase molecule with different conformations (Nakamura, 1989; 

Nakamura & Furuko~ 1994). 1lecent evidence suggests the existence of one Ca1
+­

Mg2 
... -ATPase molecule that is in a pH dependent equilibrium between E1 and £2 and 

another molecule that is pH independent and predominantly in the E2 conformation 

(Nakamura & Furukohri, 1994). The role played by Er in the equilibrium of the two 

populations of Ca2
+ -Mg2

+ -ATPase molecules and in Ca2
+ binding to those molecules 

was different {Nakamura, 1994 ). The distinctive sensitivity to pH displayed by the ROM 

and WGM, and S could reflect a different proportion of these two molecules in the 

muscle homogenate preparation. Finally, binding of ~ by other proteins than by Ca2
+ -

Mg2
+ -ATPases, present in the homogenate, cannot be dismissed. 

3.4.S Etrects or ATP concentration on Ca2•-Mg1+ -A TPue activity in 
homogenate 

Until recently, reductions in ATP concentrations as a viable mechanism 

explaining the reduction of Ca2
+ -Mg2+ -ATPase activity has been difficult to justify. The 

measurements of ATP cell concentration before and after fatigue, in humans subjected 

to electrical stimulation (Hultman & Sjoholm, 1983; Spriet et al., 1987), in 11in situ" 

preparations (Dudley & Terjung, 198Sa) or single fibre (Nassar-Gentina et al., 1978) 

reveal that the concentration of ATP never falls under SO %, which is well above the K. 

for the myosin ATPase (Hultman et al., 1988). For the Ca2 
... -Mg2+-ATPase, ~ for 

MgATP of between 3 and 16 µ.M have been reported depending on experimental 
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conditions (Meissner, 1973; Guillain; 1984; Lacapere cl Guillain, 1993), values that are 

also very much lower than the average ATP concentration which stays above 1 mM 

even after extreme fatigue (Nagesser et al., 1992).Tbe decreases in ATP (10-lS %) are 

even less in studies using more physiological model of muscle fatigue (Sablin & Ren, 

1989; Tesch et al., 1989). In a study e,rarnining levels of substrates, the concentration of 

ATP after approximately S min of intense running was unaltered in horses (Byrd et al., 

1989b). 

However, it has been suggested that lower concentrations may be obtained in 

the vicinity of the ATPases, where the local equilibrium between the supply and 

demand for ATP may be jeopardised, (Korge et al., [993; Korge & Campbell, 1994; 

Stephenson et al., 1995). The ATP compartmentalisation hypothesis rests upon 

evidence demonstrating that glycolytic enzymes and creatine kinase are concentrated 

locally within the cell (Korge & Campbell, 1995). 

In this study at each [Ca21r , ATP, for the most part, resulted in peak activity 

regardless of the concentrations (1, 3 & S mM). Minimum levels of Ca2
+ (0.1-1 µM) 

are essential for the activation of ATP hydrolysis (De Meis & Inesi, 1982) and this 

could explain why increasing ATP concentrations made no difference on Ca2
+ -Mg2

+ -

ATPase activity before the addition of external Ca2
+. Only for the ROM were the 

activities measured at 3 mM and 5 mM of ATP different than those measured at 1 mM 

and pCa S.99. 

Similar to our results, Belcastro et al. (1993) using an vesicle fraction 

preparation and an end-point assay based on the measurement of inorganic phosphate 

level, showed an approximately two fold increase in Ca2+ -Mg2+ -ATPase activity when 
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ATP concentration was increased from 1 to 5 mM. Comparison of the end-point-assay 

and coupled assay systems are difficult since the latter buff'ers ATP decline and prevents 

the accumulation of Pi However, similar Ca2
+ sensitivities and cooperativities have 

been demonstrated between the two assays for the myofibrillar ATPase of white fish 

muscle, despite a 2S o/o lower activity with the end-point assay (Parkhouse, 1992). 

A poSSlble mechanism explaining the lower activities observed at I mM for the 

RGM is likely to be related to differences in the kinetics of ATP binding and 

phosphorylation of the enzyme (Lacapere & G1.1il1aio, 1993). The lower activity at 1 

mM ATP concentration could be the result of ATP binding that is slower than 

phosphorylation of the Ca2+-Mg2+-ATPase molecule (Lacapere & Guillain, 1993). 

However, it is difficult to explain the lack of change in activities at this pCa for 

all three ATP concentrations for the WGM and S. The &ct that both WGM and S 

displayed no changes in enzymatic activities over the ATP concentrations utilised 

suggests that isoform difFerences are not respoDSible for the diff'erence in activity 

observed between RGM and the homogenates of the two muscles. 

3.5 SUMMARY 

The measurement of the sensitivity to pH of the Ca2
• -Mg2+-ATPase in muscles 

of different fibre type composition suggests that the response to acidosis may vary 

slightly from one muscle to another. It is reported that S and 60 min were needed to 

obtain 50 % depression of Ca2
• uptake in fast frog muscle and slow rat muscle, 

respectively (Biedermann &, Klug, 1992; Ward & William, 1994). An important 

consideration is that the depressed Ca2
+ -Mg2+ -ATPase activity reported by some 

studies suggest that the effect of pH is not transient, since the measurements are 
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normally done under optimal conditions and neutral pH (O'Brien et al., 1991 ). 

However, the alterations are reverstble since recovery in enzymatic activity is observed 

after 60-120 min of rest (Byrd et al., 1989b; Luckin et al., 1992). This suggests that if 

Ca2
+ -Mg2+ -ATPase activity is inlubited by an increased [H1, the effect is through 

reverst1>le alterations of the enzyme structure. 

Variations in ATP concenbation appear to play a minimal role in the inlul>ition 

of Ca2
+ --Mg2 ... -ATPase activity regardless of [Ca21r . However, its effect might be more 

important if it occurs in conjunction with other alterations in the cell's enviromnent, 

such as a reduction in pH and/or an increase in [Mg21r (Stienen et al., 1993).Tbe effect 

of increases in other products of ATP hydrolysis were not examined in this study. 

However, the concentration of inorganic phosphate {Pt") through its effect on the free 

energy of hydrolysis could be the single most important modulator of Ca2 
... -Mg2

+ -

ATPase activity (Stienen, 1993; Westerblad & Allen, 1993b). The effect of Pi is 

imposSible to examine in vitro with the coupled assay enzymes because of the 

stimulating effect of Pi on the pyruvate kinase reaction. The use of a Ca2
+ -Mg2

+ -

ATPase end-point assay based on Pi production is also impractical since level of Pi 

produced from ATP hydrolysis cannot be detected from the background Pi 

concenbation used to inlnbit the enzyme. 

Finally, given that intracellular [Ca21ris intimately linked to tension production 

in muscle and that a reduction in Ca2
+ uptake will increase the intracellular [Ca21, a 

failure in excitation contraction coupling leading to a depression in the Ca2
+ release by 

the SR is likely to be the most important mechanism underlying muscle fatigue 

(Westerblad & Allen, 1996; Lannergren et al., 1996). 
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CBAPTERW 

FAILUREOJPROLONGEDEXERCISETOALTEllCA2+-MG2+-ATPASE 
IN BOTH HOMOGENATE AND ENRICHED FRACTIONS OP RAT MUSCLE 

4.0 ABSTRACT 

The purpose of this study was to examine the role of fractionation on exercised 

induce changes in Ca~ -Mg2+-Antase activity. The procedures of Byrd et al. (1989a) 

were carefully replicated to minimi:re as much as possible the variability due to species 

and gender, exercise protocol, fibre type composition and analytical procedures. Pairs of 

rats (n = 32) were randomly assigned to CON and llUN groups. The llUN animals 

were run to fatigue on a graded (21 m . mm·1 for the first 60 min; 2S m . mui1 

from 60 to 120 min; 28 m. mm·1 to exhaustion). The red gastrocnemius and vastus 

muscles of two animals were pooled together for the CON and R.UN groups in order to 

obtain sufficient tissue for the isolation and assays. ea:z+ -Mg2+-ATPase activity was 

measured in Hom, discarded fractions of first, second and third centrifugation (P1, P2, 

P3), in a supernatant (SC) combining the supematants of the fourth (S,) , fifth (Ss) and 

sixth (8') centritbgation and in the final vesicle traction (P,). Marker enzymes for 

mitochondrial (citrate synthase, CS) and sarcolemmal (p-nitropbenyl phosphatase, p­

NPP) contamination's were measured in the Hom, supematants of the first (S1), second 

(S2), thud (S3) centrifugation's and in P'- to detect alterations in the purity of the Hom 

and sub-fractions. 

No differences in Ca2+-M~-ATPase activity, CS, p-NPP or protein 

concentrations were found between the CON and llUN for the Hom or any of the sub-
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fractions. These results indicate that exercise does not predispose the Hom to a 

diff'erential effect by the fractionation procedure and that the discrepancy in results 

found in the literature (Byrd et al., 1989a; Chin & Green, 1996) cannot be explained on 

the basis of differences in rat species and gender, exercise protocol or isolation 

procedures since these variables were similar between the two studies. 
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4.1 INTRODUCTION 

Contractile activity depends on increasing free cytosolic Ca1
+ concentrations 

([Ca21,-). The increase in [Ca21r is mediated by the sarcoplasmic reticulum (SR) which 

carries the dual function of controlling both release and uptake of [Ca11r- The release 

of Ca2
+ occurs via a release channel distributed primarily in the terminal cisternae 

region of the SR. The uptake of [Ca21r is an energy dependent process that is 

controlled by an ion-transport enzyme, the Ca2
+ -Mg2

+ -ATPase (de Meis & Vienna, 

1979). Sustained activity, and particularly sustained high intensity activity necessitates 

that both Ca2
+ release and Ca2

+ uptake not be significantly altered. 

Several studies have been published cYarnining the effects of acute exercise on 

Ca1
+ release (Favero et al.,1993) and Ca2

+ sequestration (Byrd et al., 1989a,b, Luckin et 

al, 1991, Belcastro et al., 1993; Dossett-Mercer et al., 1994; Chin&, Green, 1996) by 

the SR. The results, for the effects of exercise on SR Ca2
+ sequestration properties and 

particularly on Ca2
+ -Mg2+ -ATPase activity remain controversial. A depression in Ca2

+ -

Mg2
+ -ATPase activity has been reported following single bouts of exhaustive exercise 

[Ml]by some investigators (Belcastro et al., 1981; Byrd et al., 1989a; Byrd et al., 

1989b, Luckin et al., 1991; Belcastro et al., 1993), whereas others have been enable to 

show any alterations in activity ( Fitts et al., 1982; Dossett-Mercer et al., 1994; Chin & 

Green, 1996). 

Differences in analytical procedures between laboratories remains as a distinct 

poSStbility to explain the contradictory results regarding the effect of exercise on Ca2
+ -

Mg2
+ -ATPase activity. Up until relatively recently, it was necessary to perform 

measurements of Ca2
+ -Mg2

+ -ATPase activity on enriched SR fractions that were 
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obtained through differential centrifugation, a procedure that results in considerable loss 

of SR. membranes. Homogenate procedures, where the measurements are performed on 

the whole tissue were not poSStble because of the contaminating effects of other 

cellular ATPases. However, in 1990, a homogenate procedure was published, allowing 

for measurement of Ca2
+ -Mg2+ -ATPase activity via the selective inlu'bition of other 

ATPases (Simonides & van Hardeveld, 1990). Using the homogenate (Hom) 

procedure, our laboratory bas not been able to document decrease in maximal Ca2
+ -

Mg2.,.•ATPase activity with either induced prolonged (Chin et al., 199S) or with 

voluntary prolonged (Chin & Green, 1996) or intense (Dossett-Mercer et al., 1994) 

treadmi11 running in rats, regardless of the tissue type composition of the muscle. 

Moreover, the fractionation technique does not appear to explain the discrepancy in 

results (Chin & Green, 1996). 

Several poSSibilities exist to explain the contradictory findings: the fibre 

composition of the muscle, the specific characteristics of the activity and the analytical 

techniques have all been suggested as potential factors to explain the discrepant results 

(Chin & Green, 1996). The analytical procedures and fibre type composition were 

examined by measuring Ca2+ uptake and Ca2+-Mg2+-ATPase activity in different SR 

fractions ftom rats subjected to exhaustive treadmill running (Chin & Green, 1996). To 

examine the analytical procedures, the study measured Ca2
+ --Mg2

.,. •ATPase activity and 

Ca2
+ uptake in homogenates and various fractions obtained by two different protocols 

of SR isolation (Byrd et al., 1989a; O'brien et al., 1990). The effect of muscle fibre type 

composition was examined by measuring the above parameters in two muscle tissue 

types. No differences in Ca1+ -Mg z+ --ATPase activity was found between the exercised 
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and control animals for any of the muscles and or fractions isolated by the two 

protocols (Chin & Green, 1996). 

Evidence that could suggest a difFetential effect of the isolation procedures on 

Ca2
+ -Mg i+ -ATPase activity comes from two sources. Initial reports about diiferences in 

oxalate supported Ca2
+ uptake between Hom and vesicle fractions of control and 

ischemic cardiac tissue (Feher et al., 1980) prompted a closer examination of the 

isolation procedure (Rapundalo et al., 1986). The effect of ischemia on oxalate 

supported Ca2
+ uptake in cardiac muscle showed that the isolation procedure was 

selecting certain sub-populations of Ca2
+ -Mg2+ -ATPases (Rapundalo et al., 1986). As 

the length of the ischemic period increased, it was found that a greater fraction of SR 

able to accumulate Ca2
+ was discarded during two centrifugations of the isolation 

protocol (Rapundalo et al., 1986). It was hypothesized the homogenisation 

preferentially released segments of the SR that were most susceptible to damage by the 

ischemia and that these segments were preferentially discarded during the above two 

centrifugations of the isolation procedure. 

The most likely mechanism that has been used to explain the reduction in Ca2
+ -

Mg z+_ATPase activity following both acute and chronic repetitive activity has been 

structural modifications of the nucleotide binding domain which renders part of the 

Ca2
+ -Mg z+ -ATPase population unphosphorylatable (Leberer et al., 1987; Luckin et al., 

1991; Matsushita & Pette, 1992). Evidence susgesting the inactivation of a specific 

population of Ca2
+ -Mg 2

• -ATPase was demonstrated after 4-day of chronic low 

frequency stimulation (Matsushita et al., 1991 ). Isolation with a sucrose gradient 

revealed that the proportion of vesicles displaying low oxalate supported Ca2
+ uptake 
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was higher in the lighter fraction of stimulated than control muscle (Matsushita et al., 

1991). The lower oxalate loading capacity was accompanied by a reduced Ca2•-Mg 2•­

ATP~ activity and pbospboprotein formation implying that alterations of the 

nucleotide binding site was the underlying mechanism for the reduced enzyme function 

(Matsushita et al., 1991). If exercise affects the muscle tissue in a way that is similar to 

ischemia, it is poSStlJle that the difFerence in Ca1+ -Mg 2+-ATPase activity and in the 

distnbution of inactive and active vesicles between control and stimulated muscles are 

not only due to the effects of exercise, but to steps in the analytical procedure. In other 

words, the effects of exercise could predispose a certain population of vesicles to 

adverse effects as a result of the homogenisation and isolation procedures. The 

accumulation or rejection of this population could then be accentuated by specific 

centrifugation procedures and explain in part the observed differences in ca2
• -Mg ?+ -

ATPase activity between control and exercise animals-

The present study was designed with the intention of extending the work of 

Chin and Green ( 1996), namely to identify if the selectivity of the isolation protocol 

could be a contnbuting factor to the discrepancy in results that exist between 

laboratories concerning the effect of prolonged exhaustive exercise on Ca2
+ -Mg ?+ -

ATPase activity. This was achieved by comparing Ca1+-Mg 1
• -ATPase activity of not 

only the homogenates and vesicle sub-fractions of exercised and control animals, but 

also the Ca2+-Mg 2+-ATPase activity of the sub-fractions and supematants that are 

normally discarded during the isolation procedure. It was hypothesized that exercise, 

similar to iscbemia, would affect the distnbution of active and inactive ca2+ -Mg2+ -

ATPases in all or some of the discarded sub-fractions and/or supematants during the 
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fractionation procedure. This differential effect of the fractionation process on Ca2
+ -

Mg2+-ATPase activity in vesicle sub-fractions and/or supematants of control and 

exercise animals could provide an explanation for the discrepancy in the literature 

concerning the effect of exercise on the activity of this enzyme. 
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4.2 METHODS 

4.2.1 Animal description and care 

The thirty-two adult male Sprague-Dawley rats (l 9S-220 g) used for this study 

were housed in an environmentally controlled room (2T' C) with a reversed 12: 12 

light/dark cycle and were allowed free access to food (Purina rat chow) and water until 

the time of the experiment. Animal care was in accordance with the guidelines 

established by the Canadian Council on Animal Care. This study was approved by the 

University of Waterloo Animal Ethics Committee. 

4.2.2 Eq,erimental design . 

Pairs of rats were randomly assigned to enter a control (CON) or exercised 

(RUN) groups in order to examine the effect of exhaustive running on sarcoplasmic 

reticulum (SR.) function. The RUN animals were acclirnatimi to treadmiH running with 

two sessions of 10 (4 % grade; 21 m·min-1) and 20 min long (4 % grade; 10 min at 21 

m•min-1
; 10 min at 25 m•min-1

) , scheduled S and 2 days before the day of the 

experiment, respectively. The RUN animals were fatigued on a motor driven treadmill 

set at 4 % grade, 21 m·mm·1 for the first 60 ~ with increments in speed to 2S nrmin-

1 from 60-120 min and to 28 m·mm·1 from 120-1 Bo+ min. Rats were run until they were 

incapable of avoiding the shock grid. This criteria was used to indicate exhaustion. 

The diagram (Figure 4.1) provides an overview of the various steps of the SR. 

isolation procedure based on the protocol of Heilman et al. (1977) as modified by 
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Figure 1. Procedure for the isolatim of skeletal sarcoplasmic reticululum 
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Byrd et al. (1989a). Ca2+-Mg z+_ATPase activity was measured not only for the 

homogenate (Hom) and the vesicle sub-fraction of SR (P6) but also on the material that 

is normally discarded during the isolation procedure. The Ca2
+ -Mg l+ -ATPase activity 

was measured in the discarded sub-fractions or pellets (P) of the first (P1), second (P2), 

third centrifugation (P3) and on a discarded supernatant (SC) obtained from the 

combination of the supematants produced from the fourth (S4), fifth (Ss) and sixth (S6) 

centrifugation. A contamination profile was established by assaying the activity of the 

following marker enzymes: citrate synthase (Chi et al., 1983) for mitochondria and r­
stimulated p-nitrophenolphospbatase (Plough et al, 1992) for sarcolemma on Rom, 

enriched SR supematants from the first centrifugation (S1), second centrifugation (S2), 

third centrifugation (S3) and the vesicle sub-fractions P6-

4.2.3 Eq,erimental procedures 

The animals were anesthetized with an intraperitonial injection of sodium 

pentobarbital (0.07 mJ/g of tissue). The gastrocuemius and vastus of both hindlimbs 

were quickly excised from the animal and submersed in ice-cold homogenizing buffer 

containing: 250 mM sucrose, 10 mM NaNJ, 5 mM Hepes, 0.2 mM 

phenylmethylsulfonylfluoride (PMSF). The deep red portion of the gastrocnemius and 

vastus, containing a high proportion of a mixture of type Ila and type I, was separated 

from the white superficial compartments, composed of a majority of type llb fibres 

(Baldwin et al., 1972) and used for this study. The specific selection of this tissue was 

based on the results of Byrd et al., (1989a), where depressed Ca2-+--Mg2+-ATPase 

activity with treadmill running was found only for red muscles. 
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The excised muscles were rid of blood, fascia and fat. The muscles were blotted 

dry, weighed, replaced in ice-cold buffer, minced in small pieces with scissors and 

transferred to a test tube. All procedures were performed on ice. The tissue was then 

mechanically homogenized (11:1 dilution) with two 30-s bursts of a Polytron 

(Brinkmann Kinematica GmbH), at 60 % of maximal power, separated by a 30-s 

interval. A 2 ml volume of the pre-determined butrer volume was kept aside to rinse the 

bead of the probe and then added to the initial volume of homogenate. A 40 µl sample 

of homogenate was pipetted into a labeled Eppendorf' tube and stored on ice for the 

immediate assay Ca2
+ -Mg 2

+ -ATPase activity. Aliquots of samples were pipetted into 

other tubes, dropped in liquid nitrogen and stored at -80° C for subsequent analyses of 

marker enzymes The remainder of the homogenate was transferred to l 0 ml 

polycarbonate centrifugation tubes (Nalgene) and placed on ice. 

The isolation protocol duplicated the procedures of Weictekamm and Brdiczka 

(197S) as modified by Byrd et al., (1989a). All isolations of vesicle sub-fractions were 

done using a Beckman Ultracentrifuge with the 70.l Ti fixed angle rotor (Figure 1). 

The homogenate was centrifuged at 1600 g (4200 RPM) for 10 min at 4° C. The 

supernatant (S1) was then passed through 4 layers of gauze and aliquots were pipetted 

into Eppendorf tubes and frozen in liquid nitrogen. The discarded pellets (P1) were 

resuspended in a buffer similar to the homogenisation buft"er but at pH 7 ( 11: 1 

dilution) with glass to glass homogenisation. Aliquots of the Pi resuspension were 

transferred to Eppendorf tubes and also frozen in liquid nitrogen. The remaining 

supernatant was centrifuged at 10,000 g (10,400 RPM) for 18 minutes. Aliquots of the 

supernatant (S2) and the resuspended pellets (P2) were frozen in liquid nitrogen. The 
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centrifugation was repeated and aliquots (S3 and P3) were frozen in liquid nitrogen. The 

remaining supernatant was centrifuged at 50,000 g (23,400 RPM) for 52 minutes. The 

supernatant (S4) was frozen at - 20° C and centrifuged the following day. The pellets 

were resuspended in 10 ml of buffer, coJ'ltaioing 0.6 M KCI, with a glass to glass 

homogeniser. The tubes were stirred on ice for 1S min and centrifuged again at S0000 

g. The supernatant (Ss) was collected and stored at -20° C and centrifuged the next 

day. The remaining material was resuspended in 1 O ml of buffer without KCI and the 

centrifugation repeated. The pellets (P,) were resuspended in a volume of 800 µ1. 

Aliquots, of this purified SR suspension, were pipetted in Eppendorf tubes, frozen in 

liquid nitrogen and stored at - 80° C for subsequent analyses. 

4.2.4 Free Ca2
• determination 

Extreme care was taken to prevent contaorinatlon of the buffer solutions by 

Ca2
+. All solutions were made with water filtered through a Milli-Q Water purification 

system (Millipore) and plastic wares were used to reduce Ca2
+ leaching associated with 

glassware (Bers et al., 1994). The plastic wares were also soaked in a solution of 

EGTA (3 mM) and EDTA (lmM) (Meissner, 1973) and rinsed five times with ultra­

pure water. A 10 mM CaCl2 standard solution (Orion Research, Boston, Ma.) was used 

as the Ca2
+ source. The free Ca2

+ concentrations ([Ca21r) were determined using, 

Chelator, a Ca2
+ software program (Schoenmakers, 1992) and taking in consideration 

the precise ionic strength, temperature (Jr C) and pH of the buffers. Binding 

constants determined under standards conditions (0.1 M ionic strength, pH 7, 20° C) 

were adjusted to the specific experimental conditions of the present experiments. 
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The total [Ca21 needed to get maximal Ca2+-Mg l+ -ATPase activity was 

determined before band through a Ca2
+ dependency curve for both the homogenate and 

the vesicle fraction assay. Maximal Ca2+-Mg 2+-ATPase activity was reached at total 

[Ca21 of 0.969 mM for the homogenate and 0.909 mM for the vesicle assays. The 

[Ca21r was calculated using the Ca2
+ software program by taking in consideration the 

different chemical composition of the two buffers, mainly the KC), Mg2
+ and PEP 

concentration. The calculated [Ca21r were 16.6 µMand 6.0 µM for the homogenate 

assay and the vesicle and other fraction assay, respectively. To insure that maximal 

activity was reached a second addition of Ca2
+ was made to a [Ca2Jr of approximately 

162 pM, representing total [Ca21 of approximately 1.2 mM for both assays. 

To prevent the decrease in pH, produced by the release of protons from EGT~ 

following the addition of CaCh volumes to the buffer, volumes of KOH were added. 

These volumes of KOH, needed to maintain the pH at the desired value, were 

determined before hand under similar medium conditions for each Ca2
• concentration at 

37°C. 

4.2.S Assay for Ca2+-M1 2•-ATPase activity. 

For the homogenate, total Ca2
+ -Mg ?+ -ATPase activity was measured with the 

homogenate method of Simonides and van Hardeveld (1990) consisting of the 

coupled enzyme assay which involves the pyruvate kinase and lactate dehydrogenase 

reactions. In this assay the disappearance of NADH is monitored 

spectrophotometrically. The chemical composition of the assay enables the 

measurement of Ca2
+ -Mg2+ -ATPase activity through suppression of the cootanrinating 
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effects of others ATPase activities. The assay medium (Simonides & van Hardeveld, 

1990) contained 20 mM Hepes, 200 mM KCI, 1S mM MgCh, 10 mM NaN3, l mM 

EGTA, 10 mM phosphoenolpyruvate (PEP), S mM ATP, 18 U mf1 each of purified 

pyruvate kinase and lactate dehydrogenase and 2 pM Ca2+ ionophore A23187 and pH 

at 7. The pH electrode was cahbrated in pH buffers thermostatted at 37° and the pH of 

the assay buffer was adjusted at the same temperature (Tsien & Po72.111, 1989). Basal or 

Mg2+-ATPase enzyme activity was determined at the end of the assay run by adding 2 

M Ca2
+ to a final concentration of20 mM (Simonides & van Hardeveld, 1990). Ca2

+­

activated activity was determined by subtracting basal activity from total activity. 

In order to duplicate as much as posS1ble the conditions of Byrd et al. (1989a), 

the Ca2+-Mg 2+--ATPase activity, of the vesicle sub-tractions (P,), was measured using 

the coupled enzyme assay method of Weidekamm and Brdiczka (1975) as modified by 

Byrd et al., (1989a). This assay was also used to measure Ca2+-Mg 2+-ATPase activity 

of the intermediary discarded sub-fractions of the centrifugation process. The assay 

medium consisted of 25 mM Hepes, 100 mM KC~ 10 mM MgCli, 10 mM NaN3, 1 

mM PEP, 0.6 mM NADH, 7.SU of pyruvate kinase, S U of lactate dehydrogenase and 

was pH at 7 at 37° C .. However, as opposed to the original method, 1 mM EGTA 

was added to the assay medium to eff"ectively control the [Ca21r- Therefore, the basal 

activity was not measured by the addition of EGTA, but as with the homogenate, by 

the addition of 2 M Ca2
+ to a final con'-edttation of 20 mM to saturate the low affinity 

Ca2
+ binding sites (Simonides & van Hardeveld, 1990). A second trial was run with 

ionophore A23187, added after Ca2+, to a concentration of 7.6 µM, to verify vesicle 

intactness (Byrd et al., 1989a). 

139 



The frozen fractions was left to thaw on ice for approximately l 5 min. After the 

addition of 1 ml of buffer to a plastic cuvette, the buffer was allowed 8 min to 

equilibrate to 37° C. The enzymes and 11 µl of homogenate was added to the cuvette. 

After another 2 min of incubation, the reaction was followed spectrophotometrically 

(Sbirnadsu, UV-1601PC,. Tek Science, Missisauga, Ont.) by measurement ofNADH at 

340 nm. Volumes of KOH and CaCh were then added to obtain the pre-determined 

desired pH and [Ca21r and the absorbance signal monitored for approximately 2 min. 

This step was repeated for the second [Ca21r and for the addition of an aliquot of 2 M 

CaCh to determine basal activity. The steepest portion of the sampled area was used to 

determine the activity. Two trials were run on the same sample and since assay time 

following the initial 10 min of incubation was approximately 8-10 ~ both trials were 

completed within an h after being taken out of the freezer. The value of 6.27 x l 0-3 
~

1 

• cm·1 of was used as the molar absorption coefficient of NADH to calculate the rate of 

hydrolysis. 

4.2.6 Co11tamination prorde, protein yield, membnne purity and Ca2
+ -

Mr•-ATPue activity in discarded fnctiou. 

Contamination profiles were established using marker enzymes of the 

mitochondria [ citrate synthase] and the sarcolemma [r-stimulated p-

nitrophenolphospbatase (IC"-pNPP)] (Bers,. 1979; Tibbits et al,. 1981) and included 

measurements of activities in Hom, SR enriched supernatant (S1, S2,. S3) and the final 

vesicle sub-fractions (P6)- No analyses were done on the SR enriched sub-fractions of 

the fourth (P4) and fifth (Ps) centrifugations because of the limited availability of 

samples for these pellets. Percent contamination of mitochondrial and sarcolemmal 
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membranes was calculated as the ratio of activities in the supematants and vesicle 

fractions to the Hom fraction expressed in mg of protein. 

The method of Chi et al., (1983) was used to determine citrate synthase 

activity. The samples were appropriately diluted (Hom; 227:1, S1; 7S:l, S2; 70:1, S3; 

60: l) to fall within the fluorescence of the citric acid standards, with diluting media 

containing 20 mM imidazole-HCl and 0.02 % charcoal to prevent inactivation of the 

enzyme (Passonneau & Lowry, 1993). For the vesicle sub-fraction (P6), because of the 

variation in protein concentration, the dilution factor fluctuated between 15:l and 10:1. 

The citrate synthase reaction was allowed to react at room temperature for an h in a 

buffer containing SO mM tris-HCl, 0.4 mM acetyl-CoA, 0.S mM oxaloacetate and 0.2S 

% of charcoal treated bovine serum albumin (BSA), pH 8.1 (Chi et al., 1983). The 

reaction was stopped by adding a volume of NaOH to a final concentration of O.S N, 

and excess oxaloacetate was destroyed by beating at 95° C. 

One ml of citrate reagent containing: 100 mM Tris-HCI, 100 µM ZnCh, 0.01 % 

BSA, 30 pM NADH, 0.003 U-mr1 citrate lyase and 3 u·mr1 malate dehydrogenase was 

then added and the reaction allowed to proceed for 20 min at room temperature. HCl, 

to a final concentration of 1 N was then added to the tube to destroy NADH. After 1 0 

min, strong NaOH (0.6 N) with imidazole (lOmM) were added and quickly mixed to 

destroy NAD+ and convert it to a highly fluorescent product (Passonneau & Lowry, 

1993). The products of the reaction were then heated at 60° C for 20 min. The tubes 

were cooled at room temperature before reading since fluorescent has a negative T 

coefficient of 1.3 % per degree (Passonneau & Lowry, 1993). Triplicates were run for 

each sample. 
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The K+ -pNPP, an acid phosphatase of the sarcolemma which catalyzes the 

hydrolysis of the phosphate ester of nitrophenol to produce Pi IC"-pNPP was 

determined by the method of Ploug et aL, (1992). Dilution for the Hom and vesicle 

sub-fractions were done based on the recommendations that SO µg homogenate and 8 

µg of membrane protein be used to run the assay (Ploug et al., 1992). For the Hom, the 

factor for the second dilution was 90.9:1. For the SR. enriched supematants (S1, S2), a 

dilution of 60: 1 yielded absorbance readings within the range of the p-nitrophenyl 

phosphate (pNPP) standards used for the assay. For the vesicle fraction preparation, the 

dilution factor was calculated for each sample using the particular protein concentration 

to obtain the suggested 8 µg of membrane protein. The dilution factor fluctuated 

between extremes of 50:48 and 50:8, with most sample being diluted between 50:8 and 

50:12. 

The assay medium consisted of SO mM Tris-HCI, S mM EGTA, 8.3 mM 

MgCh. The detergent saponin (208 pg . mr1
) was also added to the assay medium to 

counteract the vesiculation of plasma membrane that occurs during the isolation (Ploug 

et al., 1992). The sample was added to 300 µI of buffer and left at room temperature 

for 15 min. The tubes were then incubated at 37° C for IO min. KCI (2S0 mM) and 

water were added to determine total and basal activity, respectively. The substrate p­

NPP (50 mM) was then added at 15 s intervals and the reaction allowed to proceed for 

30 min (Ploug et al., 1992). Ice cold NaOH (0.2 M) with EDTA (20 mM) was added 

to stop the reaction and after rewarming tubes to room temperature, absorbance was 

read at 410 nm (Ploug et al., 1992). The IC"-stimulated activity was obtained by 

subtracting the basal activity from the activity in the presence of KCI. 
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A sample was run with the same buffer with 16. 7 mM of ouabain, a compound 

that inlubits the ic+ stimulated phosphatase (Ploug et at, 1992). The ouabain-inlubitable 

IC --dependent activity was determined by subtracting the activity measured in the 

presence of KCI by the activity measured in the presence of both KCl and ouabain 

(Ploug et al., 1992). The ouabain-inJnbitable IC-dependent activity was not measured 

in P6 because of the limited amount of vesicles. Duplicates were run for each samples. 

Protein concentration was determined by the method of Lowry et al. (1951) as 

modified by Scbacterle and Pollock (1973). Protein yields for the vesicle sub-fractions 

were expressed as µg per g of tissue (Chin & Green, 1996). Membrane purity was 

assessed by dividing Ca2
+ -Mg1

+ -ATPase activity (µ~f g1 protein • mm·1) in P6 by the 

activity measured in the Hom. Ca2+•Mg2+-ATPase activity in the presence of Ca2
+ 

ionophore A-23187 was used for these calculations (Chin & Green, 1996). 

4.2. 7 Data and statistical analysis 

The data was collected with Personal Spectroscopy Sofware (Shimadzu 

Scientific Instruments Inc.) program. Regression analyses were used to determine the 

slope of the steepest portion of the absorbance signal curve. One way Analyses of 

Variance (ANOVA) procedures were used to assess the main effects due to condition 

(Con vs. Run) on Ca2

• -Mg l+ -ATPase, total and basal (Mg2

• -stimulated) activity for the 

Hom, discarded sub-fractions and SC, and P(i. Since the data were not significantly 

different for the main etrect due to condition, the Con and Run data were pooled 

together and a one way ANOVA was used to analyze fractions (P1, P2, P3, SC and P6) 

as the repeated measure. If the F ratio were significant, planned comparisons were used 
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on the repeated measure (fraction) to determine ditrerences between means. Similar 

procedures were used for the activity of the two marker enzymes: p-nitrophenyphatase 

and citrate synthase in the Hom, SR enriched supematants and vesicle sub-fractions. 

Significance was accepted at the level of P < 0.05. 
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4.3. RESULTS 

4.3.1 Ca2•-M1 2•-ATPase activity ill hoaogeaat~ discarded sub-fractions 
and vaide sub-fndioaL 

No differences were observed for to~ basal and maximal Ca2
• -stimulated 

activity between the control and run animals for the Hom, discarded sul).fiactions and 

SC, and vesicle sub-ti-actions (Table 4.1 & Figure 4.2). The maximal Ca2+-stimulated 

activity in the presence of Ca2
• ionophore A-231187, expressed in Table 2 as a% of 

homogenate activity, was also similar between the two groups. 

To examine the differences among the homogenate, sub-fractions and SC, the 

statistical analysis was done by pooling the Con and Run group together and treating 

the ti-actions as a repeated measure. Total Ca2+-Mg z+_ATPase activity, measured in the 

presence of ionophore was different between many of the 6 ti-actions (Hom,P1, P2, P3, 

SC and P6) (Figure 4.3A). No difference in total activity was found between Hom and 

P1 fractions. Hom and P1 bad the lowest activity of all ti-actions followed by P2, P3, and 

P6 and SC (Hom=P1 < P2 < P3 < SC =P,). 

Basal or Mg2
+ stimulated activity was lower in the Hom, followed by the Pi and 

P2 fractions which displayed similar values (Figure 4.3B ). The activities of the P3, SC 

and Pt, were also similar, but more than a two-fold difference over the activity measured 

in P2 (Hom < P1 = P2 < P3 = SC = P,). For the Ca2
+ -activated ATPase activity, the 

relationship between the fractions was similar to what was found for total activity. The 

activity of the Hom was similar to the activity found in the P1 sub-fraction. The latter 

was lower than the activity of the P2 and P3 sub-fractions which displayed no differences 

(Figure 4.3C). The activities in the SC and P6 fractions were similar and higher than the 
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Table 4.1. Total, ea2t--activated and basal (Mi+-activated) ATPase activity measured 
in homogenate, dismdecl sub-fiactions and supema1lllt combined and vesicle sub-
&actions in Con and Rutt animals. 

Fractions a TotalATPase ea2+ -activated Bual ATPase 
activity ATPase activity 

activity 

Hom 8 405 :1: 46.6 364 • 37.7 45.9 :I: 10 
Pi 8 455 :1: 64.9 351 :1: Sl.4 103 :I: 19 

Con '2 7 1251 :1: 246 1048 :I: 181 198 :1: 61 
Ps 8 1897 :1: 229 1669 :1: 22S 229 ::1: 41 
SC s 4740 :1: 1414 4383:f: 1429 3S7 ::1: 89 
P, 8 3212 :1: 367 2944:J: 363 37S ::1: 41 

Hom 8 423 :I: 51 .9 376 :I: 62.1 45.6 = 9.S 
Pi I 523:!: 70.0 372 = 47.4 152 ::!: 38 
P2 7 1648 : 468 1439 :I: 385 208 :1: 84 
Ps I 1495 :1: 127 1124 :t: 127 370 ::!: 98 
SC s 3975 :t: 910 3585:i: 889 390 :I: 67 
P, I 2984 :I: 271 2558 ::1: 276 437 :J: 103 

Values me means ::1: SE expressed in pmol. g·• paleiD. min •1; Ham; bomoF• 1)1; pellds fivm 
rmlri&wgadcm 1, P2; pellets fiuln Clllltrifapdcp.l 2- P,; pellels 8am cmlrifiJption 3, SC; c:ombilled 
supcmataat fiom cellllilbgaliol 4-U, P.; pcllels ftl1lll celllrifbpti• 6. 
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Figure 4.2. Ca2+ -activated adenosinetriphosphatase 
(ATPase)activity in homogenate (hom) discarded 
sub-fractions of centritbgation 1 (Pi), 2 (P:z) and 3 
(P3), discarded supernatant combined (Supernatant I; 
S1, supernatant 2; ~ and supernatant 3; S3), and vesicle 
sub-fi'action (P6) in Con and lluo animals. Values are 
means :I: SE. 
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Figure 4.3.Total (A); basal (B); and Ca2+-activated (C); 
adenosinetriphospbatase (ATPase) activity in homogenate 
(Hom), vesicle traction (P6), discarded sub-fractions 
(P1,P2,P3) and discarded supernatant combined (SC= S4 

+S5 +~. Values are means± SE and are based on average 
of pooled Con and Run mimals (n = 10). Significant main 
effects for fraction/supernatant for total ATPase (Hom = 
P1 < P2 < P3 <SC= P6), for basal ATPase (Hom< Pi- P2 

< P3 =SC= P6)for Ca2+ -activated ATPase activity (Hom 
= P1 < P2 = P3 <SC= P6). P < 0.05. 
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activities of the Hom and discarded sub-fractions (Hom< P1 < P2 = P3 < SC = P6). For 

the Ca2
+ -activated ATPase activity in the presence of Ca2

+ ionophore A-23187, the 

activity in the Hom was similar to the activity found for P1 and the activity in P3 was 

higher than the activity in P2 (Table 4.2). 

4.3.2 Co,atwwinatioa pnr~ protein yiel~ membrane purity ud Ca2
•­

Mi4'-ATPase activity ill dilarded fractiom. 

No differences were observed between citrate synthase (CS) activity, ·a marker 

enzyme for mitochondrial contamination, between the Con and Run groups for any of 

the fractions analyzed (Hom, S1, S2, S3 & P6) (Table 4.3). Although, CS activity was 

similar for the Hom, S1, S2 and S3, the level of activity in P6 was reduced to insignificant 

levels with the final centrifugation. The activities represented 0.2 o/o for the Con and 

o_go/4 for the Run groups of the activity measured in the Hom (Hom= S1 = S2 = S1 > 

P6) (Figure 4.4). 

As with CS, no differences were found for the IC"-pNPP, a marker of 

sarcolemmal contamination between the Con and Run groups for any of the 

fractions(Hom, S1, S2 & P6) (Table 4.4). The highest activity was found in S2 (Hom= 

S1 < S2; P6 < S1) (Figure 4.SA). No differential effect of exercise was observed on the 

ouabain suppressible activity for the Hom, S1 and S2 (Table 4.4) When the data of the 

Con and Run groups were pooled together, no differences in activity were found 

between Hom and the two SR enriched supematants (Figure 4.SB). 

Protein concentration was significantly afFected by the isolation procedure. 

However, there were no differences between the Con and Run groups for the 

homogenate or any of the sub.fractions (Table 4.S). With the exception of fraction S1 
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Table 4.2. Membrane purity and Ca2• -Mg2"'°-ATPase activity in the 
presence of Ca2+ ionophore A-23187 in homogenate, discarded sub­
fractions and supernatant combined, and vesicle sulJ.&actions in Con and 
Run animals. 

Fractions n 

Hom 8 
P1 8 
P2 7 
P3 7 
SC 5 
P«s 8 

Ca2+-Mg2"'"-ATPase activity 
in homogenate 

Con II 

363 •38 8 
434::1:72 a 

2307•2st s 
3962±564 8 
6103 :c 14S2 5 
5377•676 8 

Run 

370 ::1: 3S 
489•88 

2067•331 
3242•36S 
5542* 1713 
5064 ::i: l 087 

Values are means ::1: SE of~ -Mr" •A'l'Pale activity (pM. g·1 pmteia. min"1). P1; 
pellefs from centrifbgatioa I. Pz; pellcls Dor.a tenb~ ~ P~ pcOcts ftum 
c:emrifilplicm 3, SC; combined supemalaDl: ftom CClllrifilption 4-5-6, P6; pelJels from 
centtifilgation 6. Slgnificant main eff'ect was found for framons (Hom= P1< P2 < P1 = SC 
= Pcs) (P < 0.0S). 
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Table 4.3. Citrate synthase activity in homogenates, SR enriched supematants and 
vesicle sub.fractions. 

Fractions 

Con 

Run 

n 

8 
7 
8 
8 
8 
8 
7 
8 
8 
8 

Enzyme specific 
activity t 

11.0± 1.6 
12.l:: 0.8 
12.S•0.9 
13.5 •0.7 

0.02±0.02. 
11.1::0.9 
12.0:: 0.8 
12.l:: 0.8 
12.6 ± 0.7 
0.1 ::1:0.os· 

Values are means::t:SE texpiessedin µmol. hr-1 . mg·1 protein. Hom; homogenate. S1; 
supematallt from a:ntrifilgatioa l. Si; supematant from celdrifugation 2, ~; supema1am from 
c:entrifiagation 3, P6; pellets from centrifugation 6. • Significantly di&tent from other ftaction. 
(P<O.OS). 
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Figure 4.4. Citrate synthase activity in homogenate 
(Hom), SR enriched supernatant 1 (Si), 2 (S:z) and 3 
(S3), and vesicle fraction (P 6l- Values are mean± SE 
and are based on a:wrage of pooled Con and Run 
animals (n = 14).*Significantly different from Hom 
and SR enriched supematants. P < 0.05. 
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Table 4.4. P-nitrophenylphospbatase r-stinn,latfd and onabain 
suppressJole activity t and corresponding purification indexes in 
homogenate, SR. enriched supematants and vesicle sub-fractions. 

Fractions n 

Hom 8 3.1 :1: 0.3 
CON S1 7 S.S :1: 0.4 

Si 8 8.4 :I: 1.1 
P, 8 2.6 :1: 1.1 

Hom 8 3.7e0.6 
RUN S1 7 S.0 :1: 1.0 

Si 8 9.4 ::c 1.8 
P, 8 1.8 :1: 0.9 

NPP-IC -ouabain 
suppressi'ble 

activity 
4.8:1:0.7 
3.5 :I: 1.3 
s.2• 1.6 

4.1 :1:0.6 
3.S :1: 1.3 
S.9 ± 1.6 

Values are means :t: SE expressed inf l,IDIOl. hr"1 : mg·• protein .Hom; homogenate. S1; 

supernatant fiom centrifugation 1, Sz;snpematant from centrifugation 2, P6; pe11c:ts from 
c.atrifi.,;mcnt '-· 

1.53 
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Figure 4.S. IC.+•stimulated 
p-nitrophenolphosphatase (p-NPP) (A); and 
Ouabain-suppres11'ble (B); activity in 
homogenate (Hom), supernatant l(S,) and 
supernatant (S:J). Values are mean :J: SE and 
are based on average of pooled Con and Run 
animals. There were sipificant main etrects 
for fraction/Sr enriched supernatant for 
IC.+•pNPP (n = 12) (P6 < S1 <%Hom< Sv. 
P<0.0S. 
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and S2 which had similar protein concentration values, progressive reductions were 

observed for Hom, S1i, S2, $3 and P6 (P, < ~ < S2 = S1 < Hom) (Figure 4.6A). Similar 

• 
results were observed for the discarded sub-fractions and SC (P6 <SC< P3 <P2 <Pi< 

Hom) (Figure 4.68). Protein yield for the vesicle sub- fraction was very low (Table 

4.6), but again no differences were observed between the Con and Run group. 
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Figure 4.6. Comparison of protein concentration between 
homogenate (hom) and vesicle sub-fractions (P 6) with 
SR emiched supematants (S1,S:z,& S3) (A); and 
discarded sub-fractions (P1,P2 & P3) and discarded 
supematants combined (SC; S4, Ss & ~) (B). 
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Table 4.S. Protein concentration for bomopnate, discarded sub-fractions 
and supernatant combined, Sil enriched supematants and vesicle sub­
fractions for Con and nm animal~. 

Protein concentration. 

Fractions n Con Run 

Hom 8 13.7±0.9 13.4• 1.2 
P1 8 3.1 :i: o.s 2.8 ±0.S 
S1 7 S.3 ± 0.1 S.S :1:0.3 
P2 7 1.8 :1: 0.3 1.7 ± 0.3 
S2 8 4.9±0.2 S.4±0.4 
P3 8 0.7 :f: 0.1 0.8 :1: 0.2 
8J 8 4.2•0.2 4.2 :1: 0.3 
SC s 0.6:i:0.3 0.2•0.os 
p6 8 0.4:i: 0.1 0.6±0.1 

Valmls arc IIIC8IIS z SE expteSSCd in. mg pmtciD . mi-1. Hom, b.omogenatc,P, ; pellets fom 
ceatifilgatiou 1, S1; supemataDt flam c:eattifilplioa 1, P~ pellets ftom c:entrifagation 2, Si; 
supemalallt flom c:emifbga1ion 2. P3; pellels fiom centrifbgation 3, ~. supermtaDt ftom 
rmtrifilgation 3, SC; supemaaant combillecl fiam supematant 4, s. and 6, P6; pellets from 
cadrifiagatioa 6. 

Table 4.6. Protein yield for vesicle sub-fractions (Pf) for Con and Rull animals. 

Fractions n Muscle 
tissue 

(g) 

(wet weight) 

Volume of 
P, 

(mf) 

Protein 
concentration 

(mg. mfl) 

Protein yield 
pg. gl 

Con 8 7.94 • 0.2S 0.77S :1: 0.02S 0.370 :1: 0.01 0.38 ± 0.09 

Run 8 8.65 ± 0.40 0.631 :1: 0.0 67 0.580 • 0.0lS 0.39 ± 0.07 

Vahlcs arc means• SE. 
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4.4 DISCUSSION 

The results of this study demonstrated that Ca2
+ -Mg 2

• -ATPase activity of 

exercised and control animaht was similar not only in the homogenates and vesicle sub­

fractions, but also in the sub-fractions and supematants that are normally discarded 

during the isolation procedure. Therefore, assuming that the amount of 11 O kDa Ca2
+ -

Mg2+ -ATPase protein, relative to total protein content did not change for the discarded 

sub-fractions, SC and vesicle fractions, the hypothesis that exercise would aff'ect the 

distn'bution of active and inactive Ca2+-Mg2+-ATPases in the discarded sub-fractions 

and/or supematants during the fractionation procedure, must be rejected. 

The similar contamination by sarcolemma (pNPP activity) and mitochondria 

(citrate synthase activity) in Hom, SR enriched supematants (S1, S2,S1) and vesicle sub­

fractions in the Con and Run groups confirmed the results of Byrd et al. (I 989a) and 

Chin and Green (1996) reporting no effects of the running exercise on these parameters. 

Similar to the results of Chin and Green (1996), the fractionation procedure resulted in 

about a 12-fold increase in Ca2
+ -Mgl+ -ATPase activity in the vesicle sub-fractions over 

the Hom activity. Measurements of Ca2
+ -Mg2

+ -ATPase in the discarded sub-fractions 

and SC, suggest that a high proportion of SR membrane is loss during the 

centrifugation procedure. The activity in P3 and in SC was I 0- and 16-fold higher than 

the Hom activity. However, protein yields found in this study were about one third of 

what is normally (1 mg . g1 muscle wet weight) reported for this centrifugation 

procedure (Byrd et al., 1989a; Chin & Green, 1996). This is probably due to the 

collection of SR enriched supematants after centrifugation steps l (S1), 2 (S2) and 3 

($3) for the contamination assays. 
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Results from the present investigation confirmed previous published results 

(Dossett-Mercer et al., 1994; Chin & Green, 1996) from this laboratory that found no 

depression in Ca2
+ -Mg l+ -ATPase activity following running exercise. As with previous 

studies, these results contradict the findings of other studies (Belcastro et al., 1981; 

Byrd et al., 1989a; Byrd et al., 1989b, Belcastro et al., 1993) that demonstrate 

reductions in maximal Ca2+-Mg 2 
...... ATPase activity ranging from 18 to SO% with this 

type of exercise. Therefore the discrepancy in the literature concerning the effect of 

exercise on the activity of the Ca2+-Mg2+-ATPase in Hom (Dossett-Mercer et al., 1994) 

and vesicle sub-fractions (Byrd et al., 1989a) is not explained by the differences in 

yields in vesicle fractions isolated ftom the muscle of control and exercised animals, as 

suggested by Dossett-Mercer et al (1994). 

llesults from the present investigation also support the findings of Chin and 

Green (1996) that reported no change in the maximal Ca2 
... -Mg2+-ATPase activity in 

Hom, and different vesicle fractions obtained by two different protocols of isolation. It 

also suggests that the shorter time of 20 min, instead of 60 min, used by Chin and 

Green (1996) for the second centrifugation at 10,000 g.g bad minimal impact in the 

pelleting of the vesicle sub-fraction. 

In the present study, the original protocol of Byrd (1987) was duplicated as 

closely as possible. The time of each centrifugation were determined from the original 

times (Byrd, 1987; Byrd et al., 1989a), the k w:tors of the Sorval SS34 (personal 

communication with G. Klug) fixed angle rotor used by Byrd et al. ( 1989a) and the k 

factor of the Beckman fixed angle Type 70.1 Ti used for the present experiments .. Our 

results support the conclusions of Chin and Green (1996) and eliminate any suspicion 
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that the divergent results could be due to the difference in centrifuging time between 

the isolation protocols. 

Other posStbilities, to explain the conflicting results in addition to the analytical 

procedures have been suggested in studies (Dossett-Mercer et al., 1994; Chin & Green, 

1996) reporting no changes in Ca2
+ -Mg ?+ -ATPase activity with exercise to explain their 

divergent results. These possibilities include the species and gender of the animal, the 

exercise protoco~ the muscle fibre type composition and a reduction in basal (Mg2J­

stimulated activity. In the present study, as opposed to Chin & Green (1996), who used 

WtStar rats, Sprague-Dawley rats were used, to eliminate any differences due to species 

with the study of Byrd et al. (1989a). This left one or a combination of the three other 

factors to explain the large the discrepancy in results. 

The exercise protocol used in this study to produce muscular fatigue was 

similar to the one used by Chin and Green (1996). The running time to exhaustion in 

the present study was 162 ± 47 min (x ± SE) with many animals running close to or 

more than 3 h. In the study of Chin and Green (1996), only 3 animal~ out of 22 ran 

up to the imposed limit of 180 min before being sacrificed. Average time excluding 

these three animals was 115 ± 10 min. In the study of Byrd and colleagues (Byrd, 

1987; Byrd et al., 1989a), the speed was maintained at 21 m. mui1 with a 10 % grade, 

resulting in a running time to exhaustion that averaged 140 ± SS min (x ± SE). The 

longer running time of the animals in the present study compared to the running time of 

the animals in the study of Byrd et al. (1989a) and Chin and Green (1996) could be 

attnbutable to the lower treadmill slope of 4 %. However, when comparing the present 

study with Byrd et al., (1989a), the lower slope used in this study would be in part off'-
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set by the higher treadmill speed (21 m. mm·1 after 60 min to 25 m. mm·1 ftom 60-120 

mm and 28 m . mm·1 ftom 120-180+ min). In the study of Chin and Green (1996) since 

the same treadmill protocol was u~ the lower running time to exhaustion is likely to 

be due to the 4 % ditference in treadmill slope. 

One interesting qualitative observation that was made during the course of the 

present study was that the running patterns varied among the exercised animals. Certain 

animals preferred maintaining a steady pace throughout the run, whereas others had a 

tendency to sprint to the top of the treachm11 and then rest until they were brought back 

to the bottom again. Could this difference in running pattern be an overlooked variable 

that could help explain the wide variability in Ca2+-Mg 2+-ATPase activity observed in 

the present study ? For practical reasons it is difficult to examine the validity of this 

hypothesis in our study since the muscles of two animals were pooled together in order 

to secure the amount of tissue needed for the analytical procedures. 

The pattern of glycogen depletion in the working muscles is often used to 

categorize the intensity of the exercise protocol and provide an indication of the level 

of recruitment demanded by the activity. Glycogen was not measured in the present 

study, however, Chin and Green (1996) reported glycogen depletion amounting to 

approximately 65 % of initial levels. The standard error of the mean (SEM) of 

approximately IO % also suggest that variation in glycogen depletion from one animal 

to the next were minimal and therefore that probably similar recruitment of the working 

musculature took place independently of the running "strategy" adopted by the animals. 

In addition, fibre type differences among animals, an important filctor to consider when 

examining glycogen depletion pattern, would not have made an important contribution 

161 



in this case since the level of depletion was similar in both red and white gastrocnemius 

(Chin and Green, 1996). 

In the study of Byrd et al. (1989a), a slightly more pronounced depletion was 

observed in the deep red fibres of the combined vastus and gastrocnemius (80-900/o) 

than in the superficial white fibres of the same muscles, where the depletion ranged 

from 80 % in the vastus to S0-60 % in the gastrocnemius. Since a depressed Ca2•-Mg 

l+ -ATPase activity was only found in vesicle ftactions isolated from the deep muscles, it 

has been suggested by the authors (Byrd et al., 1989a) and by Chin and Green (1996) 

that the greater depletion in these muscle could be respoDStble for the decrease in 

enzymatic activity. However, caution should be exercised in the interpretation of this 

data. The lower depletion in the superficial gastrocnemius was significant after 20 min 

of exercise, but contrary to the other three muscles (red gastrocnemius and vastus and 

white vastus) it was similar to initial levels at exhaustion. The depletion was, however, 

greater at exhaustion than at 20 min and the lack of significance appears to be the 

result of the high variability of this specific value and the limited number of animals (n = 

4) (Byrd et al., 1989a). Therefore, the levels of exercise intensity based on glycogen 

utilimtion would appear to be similar between these two muscle fibre types. 

The diff'erential effect of exercise on Ca2+-Mg2+-ATPase of red and white 

muscles found by Byrd et aL (1989a) suggest that muscle fibre type composition, 

independent of glycogen depletion, could in part, explain the diiferences in results 

between studies. The large reduction (70 %) in Ca2+-Mg 2+-ATPase activity observed 

within the initial 2 min of running (2S m·mm·1, 10 % grade) provides another line of 

evidence suggesting that the reduced enzymatic activity is not dependent on glycogen 

162 



levels (Belcastro et al., 1993). This finding is corroborated by the results of another 

study reporting a decrease of SO % in Ca1
+ -Mg2+ -ATPase activity in horses after only 

4-S min of intense running at V(hmax (Byrd et al, 1989b ). The importance of muscle 

fibre type is also suggested by the lower depression (18 %) reported by Belcastro et al. 

(1993). The depression reponed by this group is well below the SO % reduction 

reported by Byrd et al. (1989a) and the 40 % reduction reported by Luckin et al. 

(1991). This diff'erence could be related to the fact that these investigators used the 

entire gastrocnemius muscle for the isolation of vesicle fractions of SR, instead of 

selectively excising the red and white portions. 

The difference in Ca1 
... -Mg2

+ -ATPase activity in these two studies (Byrd et al., 

1989a; Belcastro et al.~ 1993) suggest that muscle fibre type composition is an 

important factor that modulates the response of the enzyme to exhaustive running 

exercise. The metabolic potential of a muscle is largely dependent upon it's fibre 

composition (Meyer et al., 1980; Dudley & Terjung, 198Sa) and differences in levels of 

metabolic by-products could provide a reason for the differential effect of exhaustive 

exercise observed on Ca2
+ -Mg2+ -ATPase activity of red and white muscles. Reversal of 

Ca2 
... -Mg2+-ATPase bas been demonstrated with single cardiac muscle fibres immersed 

in a solution mimicking the intracellular milieu changes that occur during short-term 

hypoxia (Zhu & Nosek, 1991). Reversible, subtle alterations of the Ca2+-Mg2+-ATPase 

structure during acute exercise could provide the mechanism by which Ca2
+ -Mg2

+ -

ATPase activity is reduced (Byrd et al., 1989b, Luckin et al., 1991; Williams & Klug, 

199S). 
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In two studies were no alterations in Ca2
+ -Mg2

+ -ATPase activity were found, for 

either muscle fibre types, short intense (Dossett-Mercer et al., 1994) and prolonged 

exhaustive exercise (Chin & Green, 1996) resulted in only mild metabolic perturbations. 

It was only with short term high intensity running in horses that a documented 

reduction in Ca2•-Mg2+ -ATPase activity was concomitantly observed with a decrease in 

muscle pH and an increase in muscle temperature (Byrd et al., 1989b). PosStble 

differences in response due to differences in muscle fibre type composition were not 

examined in the study with horses (Byrd et al., 1989b) 

The results observed with short term high intensity running in horses (Byrd et 

al., 1989b) and rats (Belcastro et al., 1993) are not equivocal. In the study ofDossett­

Mercer et al. (1994) mentioned above, rats subjected to 15-20 min of interval running 

with bouts of 2.S min of sprint running intenpersed with 2 min pause, showed no 

change in Ca2+-Mg 2+-ATPase activity. In another study using rats and running 

exercise, treadmill speed was increased by 5.4 m·mm·1 every min from an initial speed 

of 21.5 m·nun·1 (grade of 0 %) (Bomer et al., 1976). After reaching a maximal speed 

53 .6 m·mm·1 (6 min), the grade was increased by 2.S % per min to a maximum of 10 %. 

Under such extreme conditions, Ca2
+ •Mg l+ -ATPase activity displayed a tendency to 

increase (Bonner et al. 1976). 

In a recent study, a progressive increase in Ca2+-Mg2+-ATPase activity ofup to 

30 % was observed after 2 h of running (19 m. mm·1; 75 min, 16 m. mm·1
; 45 min), 

followed by fast walking (42min:10 m. min-1
) until sacrifice of the animal (Ferrington et 

al., 1996). For animals sacrificed immediately, and after 18 min of fast walking, the 

increase in Ca2
+ -Mg2+ -ATPase activity was not significantly different than the activity 
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found for the control group. Some differences with other studies (Byrd et al, 1989a; 

Green & Chin, 1996) examining the effect of exercise on Ca2 
... -Mg2

+ -ATPase activity 

that could explain the divergent results include a lower exercise intensity and a low 

number of animals (n = 2) per exercise groups. Another important difference is that the 

increased activity was observed in animals that were not exhausted, since partial 

recovery was achieved during the 42 min of walking. A poSStble hypothesis suggested 

by the authors to explain these results was that the exercise activated a population of 

Ca2+-Mg2 ... -ATPase that was dormant. Recently, Ca2+-Mg2 ... -ATPase activity in both 

soleus and extensor digitorum longus muscles was shown to increase with ischemia and 

a similar hypothesis was advanced to explain the results. The existence of two different 

conformations of chemically equivalent Ca2 
... -Mg2

+ -ATPase molecules and their 

different sensitivity to pH and Ca2
+ binding (Nakamura & Furukohri, 1994) may 

provide clues regarding the underlying mechanisms that determine the activation or 

inactivation of a proportion of the enzyme's population. 

A factor that could contnl>ute to the difference in Ca2
+ -Mg2

+ -ATPase activity 

in the present study and Byrd et al. (1989a) is the increase in basal (Mg2+-stimulated 

activity) in the latter study. This reduction in basal activity has not been observed in any 

of the studies conducted in our laboratory (Dossett-Mercer et al., 1994; Chin & Green, 

1996). Byrd et al (1989a) have suggested that contamination by the t-tubular membrane 

which possesses a high Mg2
+ stimulated activity could be responstl>le for the higher 

basal activity observed with vesicle fractions isolated from exercised animals. However, 

this remains to be demonstrated, as discussed by Chin and Green (1996), since 
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contamination by other membranes sarcolemmal and mitochondrial appears not to be 

affected by exercise. 

A second important consideration relating to analytical procedure outside of the 

isolation protocol is the Ca2
+ -Mg i+ -ATPase assay. The spectrophotometric assay of 

Simonides and van Hardeveld (1990) was used to measure Ca1+-Mg 2+-ATPase 

activity in Hom. Despite differences in the buffer composition, this homogenate assay 

was validated against: another assay for vesicle fractions (Simonides and van Hardeveld, 

1990) and used in our laboratory previously (Dossett-Mercer et al, 1994). For the 

other fractions, including the final pellet (P,), the assay of Weidekamm and Brdiczka 

(197S) as modified by Byrd (1987) was used with one difference; the addition of 1 mM 

ofEGTA to effectively control the [Ca21r-

In the studies (Dossett-Mercer et al. 1994; Chin and Green, 1996) where no 

changes in Ca2
+ -Mg l+ -ATPase activity were observed, the [Ca11r has been suggested 

as a posSiole factor that could explain the discrepancy in results with other studies 

showing a reduction (Belcastro et al., 1981; Byrd et al., 1989a; Byrd et al., 1989b, 

Luckin et al., 1991; Belcastro et al., 1993). Chin and Green (1996) estimated the 

[Ca21r to be 2.5 pM. However, the [Ca11r was estimated with a Ca1
+ software 

program (Kurzmack) that is not designed to adjust Ca1
+ binding constants for changes 

in temperature. The program uses binding constants set for a 25° C temperature, while 

the assay used by Chin and Green (1996) was run at 3 7° C. 

Problems in estimation of [Ca21r also appeared to be present in the study of 

Byrd et al. (I 989a), where a range of [Ca21r between 0.6 and 2 µM was reported to 

be required to get maximal Ca2+•Mg 2 
... -ATPase activity. However, no Ca2

• cbelator 
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was added to the buffer, with the exception of EGTA at the end to measure basal 

activity. Therefore, it is unlikely that precise levels of [Ca21r were measured in the 

absence of EGTA or another Ca2
+ chelator. The Chelator software program 

(Schoenmakers, 1992) used in the present study does not provide calculations when ·no 

chelator is used to control free Ca2
+. However, if an EGTA concentration of 1 mM is 

used and the appropriate entries for ionic strength, pH and temperature are made, the 

total [Ca21r needed to obtain the reported [Ca21r values of 0.6 and 2 µMin the 

assay buffer (Byrd et al.,1989a) are 0.47 and 0.75 mM, respectively, instead of the l 

and 1.6 mM reported in the principal author's thesis (Byrd, 1987). If the [Ca21r are 

calculated from the total [Ca21 of 1 and 1.6 mM provided in the thesis (Byrd, 1987), 

then the [Ca11r become 20 and 370 µM, respectively, instead of 0.6 and 2 µM. These 

are important differences and they were obtained in the presence of 1 mM EGTA. Since 

no EGTA was used in the study of Byrd et al. (I 989a), the actual [Ca21r were probably 

much higher. Nevenheless, despite these problems in the estimation of [Ca21r, the 

reported values of Ca1
+ -Mg l+ -ATPase activity were mnirnal since a Ca2

+ titration was 

done for each trial to insure that maximal activity was reached. 

In the present investigation, the [Ca21r was pre-determined with pilot assays by 

adding Ca1
+ until rnaxirnal Ca2+ -Mg l+ -ATPase activity was reached. Maximal Ca2

+ -Mg 

z+_ATPase activity was reached at [Ca21r of 14 pM for the Hom assay (Simonides 

and van Hardeveld, 1990) and 6.4 µM for the modified assay of Byrd et al. (1989a) 

used for the other fractions. To insure that maximal activity had been reached, a second 

addition of Ca2
+ to a [Ca21r of 162 µM was made. 

167 



4.5 SUMMARY 

Results ftom this study demonstrate that exercise, as opposed to ischemia 

(Rapundalo et al., 1986) does not predispose the Hom to a differential effect by the 

fractionation procedure. Ca2•-Mg2•-ATPase activity of sub-fractions and supematants 

discarded during the isolation procedure were found to be similar in both control and 

exercised animals. The discrepancy on the eff'ect of prolonged exercise between Byrd 

et al. (I 989a) and studies ftom our laboratory cannot be explained on the basis of 

duferences in species of rats, exercise protocol or isolation procedure, since these 

variables were similar in the two studies. 
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CHAPTERV 

CONCLUSION 

1.0 CONCLUSION 

Many years have passed since the first study of this thesis, using the in vitro 

diaphragm preparation, was completed. Considerable knowledge has been accumulated 

on the ceDular aspects of muscular fatigue through experiments using the single intact 

fibre preparation. In studying the involvement of specific sites in fatigue, the single fibre 

preparation offers many advantages over a whole muscle preparation. Perhaps, the 

greatest advantage of this preparation is that it allows the measurement of [Ca21i in 

conjunction with tension, through the use of Ca2+ fluorescent dyes. Assessing the 

fluctuations of [Ca21i that occur during and following repetitive activity bas become 

an essential measurement in our search for the mechanism(s) underlying muscular 

fatigue. Wrth this measurement not only can [Ca21a be directly linked to fatigue but the 

role of the SR, both Ca2
• release and Ca2

• uptake, in contnbuting to the depression in 

[Ca21i can be assessed. 

In the series of studies reported in this thesis we did not have access to the 

technology needed to measure [Ca21a- As a consequence, we have attempted to rely on 

pharmacologic agents, such as cafteine and direct measurement of Ca2
• -Mg2• -ATPase 

activity in order to determine the role of [Ca21i and the SR in the fatigue process. 

In the first study, the objective:~ was to create fatigue and an altered metabolic 

environment (lower phosphorylation potential and increases in metabolic by-products 
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such as ADP, Pi and It') by using short term repetitive stimulation and then to examine 

the role of Ca2
• release in fatigue by manipulating selected aspects of the intracellular 

environment. The strategy consisted in manipulating the experimental conditions during 

the recovery period, in an attempt to determine the role of the phosphorylation potential 

(ATP, PCr) and the metabolic by-products (Pi, ADP, Er). 

In the first condition, stimulation was resumed for a brief period to maintain the 

metabolic environment created by the electrical stimulation and the role of Ca2
+ release 

examined by adding catfeine, an agent known to stimulate Ca2
• release from the Ca1

+ 

channels of the SR. 

In the second condition, 5 min of passive recovery was introduced after the 

initial 3 min of stimulation which would allow the recovery of the high energy 

phosphate systyem but not pH. Since normalintion of pH is a relatively slow process, 

the condition allowed for independent examination of acidosis on Ca1
• release and 

fatigue. 

In the final condition, the 20 min anoxic period was designed to allow for the 

normalisation of pH but to inlu"bit recovery of the phosphorylation potential. This 

manipulation allowed for the study of the role of a depressed phosphorylation potential 

and elevated levels metabolic by-products such as Pi and ADP on Ca2
• release and 

fatigue. 

In this first study, direct measurements of the cellular metabolites were not 

made. Despite, the fact that measurements of muscle metabolite concentrations 

following repetitive activity in whole muscle is of limited value, because of fibre 
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heterogeneity, the information remains pertinent if we are to understand how muscle 

fatigue modulates [Ca2Ji- Unfonunately, the loss of frozen tissue prevented 

measurements of the metabolic profile in the diff'erent states. Evidence from 

experiments using induced stimulation conducted in this laboratory and by other 

investigators allow a fairly accurate picture of the metabolic environment that would be 

expected for the specific fatigue protocol used. However, the omission of these 

measurements must be recogniSNI as a serious limitations in the first study. Therefore it 

is recommended that such measurements be made to confirm that the experimental 

manipulations created the intracellular environment that was intended during each of 

the three conditions. 

A third factor that can be used to determine how metabolic perturbations 

modulate [Ca21i is the use of pharmacological agents that act upon the structures that 

regulate [Ca21i- By comparing tension and [Ca21i with and without the presence of 

these drugs, conclusions can be derived on the involvement of specific structures in the 

fatigue process. In this first study, caffeine, a known potentiator of Ca2
+ release, was 

used to determine the effect of selected metabolic perturbations on the Ca2
+ release 

channels of the SR. Ca2
+ channel blockers or other drugs acting on the other important 

structure regulating [Ca21i; the Ca1+-Mg2 ... -ATPase, can also be used to determine the 

etfect of metabolic perturbations on the Ca2
+ regulating structures. However, the 

diaphragm, because of its mixed fibre composition, may not be the most appropriate 

muscle to use. Other muscles that have a more homogeneous fibre type composition 

may be more appropriate for eumining the interactions of drugs and metabolic 

171 



perturbations. In vivo or in situ preparations may have to be used for these other 

muscles to insure their viability over the length of the experiment. 

The two additional studies completed for this thesis have attempted to 

understand the role of Ca2
+ -sequestration in fatigue by • • the Ca2

+ -Mg2+ -

ATPase. In one study, the measurements were conducted in vitro using different 

concentrations of Ca2
+, Ir and ATP. In a second study, the effect of prolonged 

voluntary activity on the Ca2
+ -Mg2

+ -ATPase activity was examined. 

The rational behind the one study was to examine if the expression of different 

SERCA isoforms of the Ca2
+ -Mg2

+ -ATPase play a role in modulating Ca2
+ uptake in 

tissues by displaying differences in sensitivity to the metabolic by-products generated 

during muscle contraction. The finding that Ca2+ -Mg2
+ -ATPase activity in homogenates 

of WGM and ROM is more sensitive than in S homogenates to Er concentration 

suggests that the two SER.CA isoforms display a different sensitivity to metabolic 

acidosis. In co~ the SER.CA isoforms in COS expression system do not show this 

difference in sensitivity. Although, findings obtained during this study will have to be 

reproduced before a definite conclusion can be reached, the results suggest that the 

native environment of the Ca2
+ -Mg2+ -ATPase may be important in modulating the 

response of the enzyme to the metabolic environment. 

Organic phosphate (Pt) would certainly be the candidate of choice to further 

examine the difference in dependency by the SERCA isoforms, since it is considered to 

be a major metabolite involved in the regulation of [Ca21i. However, the measurement 

of Ca2
+ -Mg2

+ -ATPase activity under different concentrations of Pi is complicated by 
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the direct effect of Pi on the assay used to measure the Ca2+-Mg2+-ATPase. In the 

coupled assay system of pyruvate kioase and lactate dehydrogenase, Pi is a substrate of 

the pyruvate kinase reaction, and therefore increasing the background concentration of 

Pi accelerates the kinetics of this reactio~ independently of the amount of Pi produced 

by the Ca2
+ -Mg2+ -ATPase reaction. The use of an end-point assay (Parkhouse, 1992) 

for measuring Cai:+--Mg2+-ATPase activity through the hberation of Pi in the protein­

ftee supernatant is also problematic because of the interference of the background Pi 

with the colorimetric nature of the reaction. 

The major obstacle in the dependency studies resides in obtaining accurate 

[Ca21r so that the activity of the Ca2
+ -Mg2+ -ATPase under various conditions can be 

compared on the same basis and the specific effect of a metabolite isolated. 

Determination of [Ca21r in buffers is difficult because of contamination and other 

facton (please see Appendix IIA). A recommendation is to avoid measurements of the 

Ca2
+ -Mg2+ -ATPase where accurate [Ca21r are required. A compromise may be to assess 

the effect of metabolites on Ca2
+ -Mg2

+ -ATPase activity under saturating level of [Ca21r 

where maximal activation of the enzyme is obtained (Parkhouse, 1992). If measurement 

of Ca2
+ -Mg2+ -ATPase activity under various accurate [Ca21r is desired, the [Ca21r must 

be determined with a Ca2
• software program that takes in consideration the chemical 

composition of the buffer as well as the specific coneeubatil>n of Pi or other 

metabolites used to inhibit Ca2
+ -Mg2

+ -ATPase activity. 

For the final study, the effect of prolonged exercise on the activity of the Ca2
+ -

Mg2+-ATPase was examined. In this type of experiment, animals are subjected to an 
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exhaustive bout of running-exercise and the Ca2
+ --Mg2+ -ATPase activity is measured in 

vitro, using homogenate or vesicle fraction preparations, under optimal environmental 

conditions. This study was conducted with the specific objective of ro,mining if the 

difterential effect of exercise on the fractionation procedure is respoDS1ole for the 

discrepancy observed in the literature for the effect of prolonged exercise on Ca2
+ -Mg2+ -

ATPase activity . (Byrd et al., 1989a; Chin & Green, 1996). 

Results showed no differences in Ca2
+ -Mg2+ -ATPase activities between control 

and exercised animals for any of the fractions assayed. In addition, the similar activities 

of marker enzymes and similar protein concentrations suggested that the purity of the 

fractions was not altered by the exercise. However, additional information on Ca2
+ -

Mg2+-ATPase activity was obtained in the third study and not presented in this thesis. 

This data contained Ca2
+ -Mg2

+ -ATPase activities measured from tissues subjected to a 

different homogenisation procedure, namely glass to glass band homogenisation, 

instead of mechanical homogenisation. It is poSSJole that the method of homogenisation 

could affect the changes in Ca2
+ -Mg2

+ -ATPase activity observed with exercise. If a 

decrease in activity is observed for the exercised group, this would suggest that the 

more violent mechanical homogenisation may actually mask the effects of exercise on 

Ca2+-Mg2•-ATPase activity. The assay may proved to be sensitive to the 

homogenisation technique. Byrd et al. (1989a) showed a SO% decrease in Ca2+-Mg2
+­

ATPase activity, measured in vesicle fractions, under optimal conditions, despite using a 

mechanical device to homogenise the muscle tissue. However, perhaps the blender used 
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by Byrd et al., (1989a) does not inflict the same damage to the muscle tissue than the 

damage produced by the polytron, the apparatus used so far in our laboratory. 

Facton such as the species and gender of the rat, muscle fibre type composition 

and isolation procedure, given the similarity between the experimental procedures 

followed by Byrd et al. (I 989a) and the present investigation, do not appear to explain 

the contradictory results. The recent study of Ferrington et al. (1996), showing an 

increase in Ca2+-Mg2+-ATPase activity in two rats, suggest that some forms of active 

recovery (fast-walking) following the exhaustive exercise could influence the outcome 

of the results. A poSStble hypothesis suggested by the authors to explain these results 

was that the exercise activated a population of Ca2+-Mg2+-ATPases that were dormant. 

It is posstble that the existence of a mechanism where a large population of enzymes 

could be turned on or turned ofl: depending on certain specific conditions, could explain 

the divergence of results on the effect of exercise on Ca2
• -Mg2

+ -ATPase activity 

observed in the literature. 
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APPENDIX I 

APPENDIX IA: DEFINITION OF ISOMETRIC CONTRACTILE PROPERTIES 

1) Twitch peak tension <Pt) 

Definition : the maximal tension developed by a muscle in response to a single 
supramaximal stimulus. 

Units: mg, g, mN, N or if tension is nonnaliseci to cross-sectional area: mg . cm-2, 
-2 mN -2 N -2 g.cm, .cm, .cm. 

Physiological basis: the twitch is dependent upon events of Excitation-Contraction 
Coupling {ECC) as well as shortening of the series elastic elements 
(SEE). Factors from ECC that could affect the twitch include: 
quantity of Ca2

+ release from the sarcoplasmic reticulum, the cycling 
of the actin-myosin cross-bridges, the affinity of Ca2

+ for troponin 
and its binding to other cytosolic Ca2

+ binding proteins. Factors that 
will afrect the twitch by altering both processes of ECC and the 
SEE: length of the muscle. 

2) Contnction time (CT) 

Definition : the time from the onset of tension needed to reach peak tension and for that 
matter it is also called time to peak tension. It represents the first half of the 
Ca2

+ transient. 

Units: ms 

Physiological basis: it is affected by the active processes involve in tension 
development, chiefly the release of Ca2

+ by the sarcoplasmic 
reticulum and the cycling of the actin-myosin cross-bridges. 

3) llalf'-reluation time (RT112) 

Definition : the time needed for twitch tension to decline by one bait: representing the 
second half of the Ca2

• transient. 

Units: ms 

Physiological basis: it affected by the active process involved in tension decay, chiefly 
the re-uptake of Ca2

+ by the sarcopiasmic reticulum and the 
myopiasmic Ca2

+ buffers, the dissociation of Ca2
+ from troponin and 

the detachment of the actin-myosin cross-bridges. 
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4) • um. rate or tension development (+dP/d t..J 

Definition : the maximum of the first derivative of tension development 

U • •1 -t mN •1 N •l if rmalised • nal •2 mts: g . s , mg . s , . s , . s or no to cross-sectlo area: g . cm . 
·2 -1 mN -2 -1 N -2 •I mg.cm s, .cm .s, .cm .s. 

Physiological basis: the rate limiting step in +dP/d '-- appears to be the transition 
between the weakly bo~ low tension state to the strongly bound, 
high tension state cross-bridges. In the fatigued state, +dP/d '-­
could be limited by the rate of Ca1

+ release (Thompson et al., 
1992a). 

5) Muitnum nte of teasioa dediae (-clP/d t .. ) 

Definition : the maximum of the first derivative of tension decline 

U • ·• •1 mN •1 N •1 if rmarsed • nal •2 mts: g . s , mg . s , . s , . s or no• to cross-sectto area: g . cm . 
-2 •l mN -2 -1 N ·2 -1 mg.ems, .cm.s, .cm.s. 

Physiological basis: several processes are suggested as poSS1ble limiting factor for the 
depression in -dP/d t : (1) the off-rate of actin and myosin binding 
(2) the dissociation of Ca2

+ from troponin C, (3) Ca2
+ binding to 

parvalbumin and ( 4) the Ca2+-Mg2
+ -ATPase (Thompson et al., 

1992b) 



APPENDIXm: ESTIMATED DIAPHRAGM MUSCLE CllOSS-SECTIONAL 
AREA AND ITSTENSION EXPRESSED IN NEWTON 
CENTIMETER.SQUARE 

Sample calculation 

Given: Muscle density : 1.0S6 g . m1"1 (g . cm°i 
Given: Acceleration due to gravity: 9.81 m. s2 

Measured: Diaphragm muscle length : 1.37 cm 
Diaphragm muscle weight: 0.01796 g 
Diaphragm muscle force: 3.891 g 

1. Estimated diaphragm muscle cross-sectional area (CSA) 

CSA = Diaphragm muscle weight (g) / (diaphragm muscle density (g . cm."3) 
• diaphragm muscle length ( cm)) 

= 0.01796 g / (1.0S6 g. cm_, • 1.37 cm) 

= 0.01241 cm."2 

2. Tension per cross.sectional area (TCSA) 

TCSA = (tension (g) / CSA(cnf2)) • (1 (kg) / 1000 (g)) • 9.81 m. s2 

= (3.891 g / 0.01241 cm·2 ) • (1 (kg) / 1000 (g)) • 9.81 m. s2 

= 3.07S N (kg. m. s"i. cm·2 
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APPENDIX IC: SUPPLEMENTARY TENSION-FREQUENCY DATA FOR RAT IN 
VITRO DIAPHRAGM STUDY AT 10 HZ, 20 HZ AND SO HZ 

The remaining tension-frequency data from the study presented in chapter II 

at 10, 20 and SO Hz are presented in this appendix_ The statistical procedures used to 

analyze these data was similar to the analysis used in chapter Il (see section 2.2.5). The 

use of "difFerent" in the result section means that a significant difference was found. 

Significance was accepted at P < 0.0S. 

A.1.C.l Resting coatnctile aasurements 

No differences were observed· for resting tension, maximum rate of tension 

development (+dPJdt .. ) or rate of tension relaxation (-dPJdt .. ) with a few exceptions 

at the SO Hz stimulation frequency (Table AlC.1, AIC.2 & AIC.3). At SO Hz, the 

-dPJdt.. for the caffeine-2 min stunulation group was difFerent than the values for the 

no caff'eine-2 min stimulation and the caffeine-5 min recovay groups. 

A.1.C.2 Effect of 3 min stimalatio■ protocol 

The 3 min stimulation protocol produced a reduction in tension for all the 

groups and at all three frequencies of "1imulation (Table AIC.l, AlC.2 & AIC.3). The 

magnitude of the reduction was inversely related to the frequency of stimulation: 40 % 

at P1oaz (Table AIC. l), 36 % at P20az (Table AlC.2) and 27 % at P,oHz (Table AIC.3). 

For the dynamic related tetanic contractile properties, the +dPJdt.a was reduced at all 

frequencies of stimulation (Table AIC.1, AlC.2 & AlC.3). The -dPJdtm. was also 



Table AlC.l. Resting isometric tetanic contractile data at 10 Hz stimulation 
frequency for the six experimental groups. 

Gmup 
Pio, N. cm •2 

Nocaf-2MS 
No cat:-SMR. 
No caf-20MR. 

Cat:-2MS 
Cat:-SMR. 
Caf-20MR. 

+dPJd t.., mN. cm·2 . s·1 

Nocat:-2MS 
Nocat:-SMR 

No cat:-20MR 
Caf.-2MS 
Cat:-SMR. 

Caf-20MR 
..in ,,.. t mN -i -i ~.--1,11. IDllllt • cm . s 

Nocat:-2MS 
Nocat:-SMR. 

No cat:-20MR 
Caf.-2MS 
Cat:-SMR. 

cat:-20MR 

0min 

3.02 :1: 0.38 
4.25:: 0.56 
3.12 :: 0.73 
4.23 :: 0.76 
2.83 :: 0.36 
2.63 :: 0.54 

165 :t: 26 
229 :t: 34 
181 :l: 35 
232± 41 
138 ± 24 
171 :t: 32 

67 ::1:9 
118 :I: 16 
78 :l: 14 
97 :1: 21 
68 :t: 9 

69 :l: 13 

3min 

l. 15 :: 0.25 • 
2.63:: 0.46b 
l. 72 :: 0.42 b 

2.25:: 0.32 a 

1.84 :: 0.27* 
1.79 = 0.21• 

78 :: 14• 
112 :l: lJb 
75 ± 12• 
110 :t: 22· 
85 :t: 10 a 

97::11• 

39 ::l: 11 a 

38 :t: 4• 
26± 4• 
32 :!: 5 b 

29 * 2 • 
33 :t: 4• 

Values represent means * SE. No cal.; no caffeine. cat:; cafl'cine, 2MS; 2 mm stimubrtion, SMR; S 
minute recovery, 20MR; 20 minute recovery. P0 ; peak tetanic tension, +dPJdt; peak rate of tension 
dewlopment, 4P✓dt-, peak rate or tension decline, • Signifigantly diffi:reut from Caf.-2MS (P < 
0.0S). • Significantly different from control (P < 0.01), b Significantly diff'aent from control (P < 
O.OS). 
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Table A l.C.2. Resting isometric tetanic contractile data at 20 Hz stimulation 
frequency for the six: experimental groups. 

Group Omin 3min 
P:zo , N. cm •2 

Nocaf.-2MS 4.92 ± 0.63 3.14 ± o.so• 
Nocaf.-SMR 7.2.S ± 0.85 4.61 ± 0.56 b 

No caf.-20MR. S.S9 ± l.38 3.22 ± 0.68 • 
eat:-2MS 6.36 ± 0.96 3.93 ± 0.51 • 
eat:-SMR. 4.57 ± 0.31 3.43 ± o.2s• 

Cat:-20MR S.16 ± 0.92 3.31 ± 0.38 • 
+dP✓d t_, mN . cm· . s· 

Nocaf.-2MS ISO ± 21 77•11• 
Nocaf.-SMR. 204. ± 30 111 ± 13 • 
No caf.-20MR 175 ± 34 81 • 14• 

Caf.-2MS 207± 33 111 • 22 • 
Caf.-SMR. 129± 19 81 ± 10• 
Caf.-20MR 169±34 92± 11 • 

4>/d t_, mN. cm· . s· 
Nocaf.-2MS 89 ± 11 60±11• 
Nocaf.-SMR 140 ± 20 S4 ± 9b 

No caf.-20MR. 114 ± 26 4S ± 7• 
Caf.-2MS 129 ± 33 54 ± 10 
cat:-SMR. 86 ± 7 so± s· 

Cat:-20MR 101 ± 17 S2 ± s• 

Values it'piesent dlC3IIS ± SE. No ca£; no caflcine, cat:; c:affane. 2MS; 2 min sdandamn. SMR; 5 
1DU111tc n:covery, 20MR; 20 minute iec:ovcry. P0 ; pcakteranic tension. +dP/dt, peak rate of tension 
d!Mlopmem. -dP✓dt, peak rate of tension declis • Sjgnificantl) differm1 mm cat.-2MS (P < 
0.05). • Stgnfficantly difl'ereDt from control (P < 0.01), b Stgafflcantly dift"eteut Jiom CODllOl (P < 
0.05). 



Table A.l.C.3. Resting isometric tetanic contractile data at 50 Hz stimulation 
frequency for the six experimental groups. 

Pso, N. cm •2 

Nocaf.-2MS 
No caf. .. 5MR 
No c:at:-lOMR. 

cat:-2MS 
cat:-5MR 

cat:-lOMR. 
+dP✓d t_, mN. cm·2 . s·1 

Noc:af-2MS 
Noc:at:-5MR 
No caf.-lOMR. 

cat:-2MS 
cat:-5MR. 
Cat-20MR. 

~Jd ,_ mN. cm·1 . s·1 

Omin 

8.49 :f: 0.64 
ll.20 a 1.21 
8.88 :t: l.63 
ll.62 ± l.S0 
7.33 • 0.73 
8.46 :t: 1.36 

159 • 2S 
208 • 31 
173 = 42 
220• JS 
132 • 20 
171 a 32 

3min 

6.41 • 0.91 • 
8.34. 0.96 b 

6.32 = 1.21 • 
7.S0 a 0.97• 
S.93 • 0.4S• 
6.S6 • o.1s• 

87 • 14• 
113 :t: 13 • 
79 • 16• 
111 • 11• 
81 • 9• 

100 • 11• 

No caf.-2MS 198 :t: 14 • 105 • 23 • 
No caf.-SMR. 279 • 33 111 :t: 16 • 
No caf.-20MR. 246 • 44 93 • 13 • 

cat:- 2MS 369 • 62 no • 1s • 
Cst:•SMR. 188 • 29 • 87 :i: 10 • 
Caf-20MR 214 • 35 103 • 7 • 

Values 1epracat means = SE. No cat:; no caffeine. cat:; c:afl'eine. 2MS; 2 min stimulation. SMR; S 
IIIDl1lle mccmny, 20MR; 20 minute recovay. P0 ; peak tetanic tension, +dPJdt; peak rate of tension 
development. ..JPJdt; peak rate of tension decline. • Signific:andy ditJ'en:nt from Caf.-2MS (P < 
0.0S). • S{gnfflrantly different from conuol (P < 0.01), b Significantly diffaeut fmlll conttol (P < 
0.0S). 
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reduced with the exception of one group at the 20 Hz stimulation &equency (Table 

AlC.2). 

A.1.C.3 Etreet of aperinaeatal co■ditiau oa caffeine induced contnctile 
rapoase 

A.I.C.3.1 Additioul 2 mill or stilaulatiea (2MS) 

Tension at 10 Hz (P10B&), 20 Hz (P2Gllz) and SO Hz (P50lfz) was not affected by 

the additional 2 min of stimulation at lS Hz (Figure AIC.IA, A1C.2A & AlC.3A). 

The addition of caffeine before the supplementary stimulation produced increases of 64 

% for P1olk and 29 % for P20a representing 88 %, and 80 % or the initial resting 

tension, respectively. At the SO Hz stimulation &equency, caffeine produced the 

opposite effect causing a reduction or 13 % in Psca. 

Maximum rate of tension development (+dPJdt..) was increased at 20 Hz (39 

%) and SO Hz (37 %) (Figure AIC.2B & AIC.3B). A strong tendency towards an 

increase was observed at 10 Hz (39 %) but significance was not obtained because of the 

high variability associated with the data (Figure AlC.1B). Rate of tension decline was 

decreased by 3S % for -dPJdt.. at SO Hz (Figure AIC.3C). 

A.1.C.3.2 Five min of passive recovery (SIIR) 

Tensions at 10 Hz (P1oeJ and 20 Hz (P20Jk) did not recover from the 3 min 

stimulation with the S min recovery period (Figure AlC.4A & AlC.SA). At SO Hz, 

Pso11z had recovered by 26 % from its post-fatigue value (Fipre AlC.6A), translating 

into a value equivalent to 94 % of its pre-fatigue value. The addition or caffeine 

210 



(A) 

ol 
(B) 

(C) 

I 
PRE 

ClNO CAFFEINE 

ECAFFEINE 

0 

POST 

Figure A.1.C.1. Eff'ect of caff'eine after two min of 
additional stimulation (2MS) on 10 Hz tension (A); 
rate of tension development (B); rate of tension 
decline (C). PRE & POST, before and after addition 
of catreine and stimulation. Data are means :t: SE. 
•• Significantly different from PRE (P < 0.0 l ). l 
Significantly different from no-caff'eine (P < 0.01). 
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Figure A l.C.2 Effect of cat'reine after two min of 
additional stimulation (2MS) on 20 Hz tension (A); 
rate of tension development (B); rate of tension 
decline (C). PRE & POST, before and after addition 
of caffeine and stimulation. Data are means = SE. 
•• Significandy difrerent from PRE (P < 0.01) : 
Significantly ditferent from no-cafFeine (P < 0.01). 
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Figure A l.C.3 Effect of caff'eine after two min of 
additional stimulation (2MS) on SO Hz tension (A); 
rate of tension development (B); rate of tension 
decline (C). PRE & POST, before and after addition 
of caffeine and stimulation. Data are means ::1:: SE. 
•• Significantly diff'erent fi:om PRE (P < 0.01), ~(P 
< 0.05). ; Significantly different from no-caffeine (P 
< 0.01).t (P< 0.05). 
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Fisure Al.C.4. Effect of caffeine after S min of 
recovery (SMll) on 10 Hz tension (A); rate of 
tension development (B); rate of tension dec&ne 
(C). PRE & POST, before and after addition of • 
caff'eine and stimulation. Data are means :1: SE. • • 
Significantly cliff'erent from PRE (P < 0.01). i 
Significantly different &om no-caffeine (P < 
0.01).t (P<0.05). 
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Figure Al.C.S. Effect ofcatreine after S min of 
recovery (SMll) on 20 Hz tension (A); rate of 
tension development (B); rate of tension decline 
(C). PRE & POST, bef'ore and after addition of 
catfeine and stimulation. Data are JDNDS z SE. N 
Significantlyditferent from PRE (P<0.01), ~(P 
< 0.05) i Significantly different from no-caffeine 
(P< 0.01), t (P< 0.05). 
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Figure A l.C.6. Etl'ect of caJreine after S min of 
recovery (SMll) on SO Hz tension (A); rate of 
tension development (B); rate of tension decline 
(C). PRE It POST, before and after addition of 
catleine and stimulation. Data a. means :1: SE. A 
Significantly dift"erent &om PRE (P < 0.01), '(P < 
0.05). i Significantly diff'erent &om no-caffeine (P 
< 0.01). 

21' 



produced increases of 148 % for P10Rb 131 % for P21Hk and 32 % for P50Hz, 

representing 160 %, 140 % and 107 % of initial resting values, respectively. 

Caffeine produced very high increases in +dP/dt..c independent of the 

,timnlatinn frequency: 13S % at 10 Hz, 143 % at 20 Hz and 133 % at SO Hz {Figure 

AIC.4B, AlC.SB & A1C.6B). Increases were also observed for the control strip at 20 

Hz (Figure AlC.SB). At 20 Hz, the +dP✓dt.. of the ca1feine group after administration 

of the drug was higher than for the control group, whereas before the administration 

both groups displayed no diff'erences. 

A.l.c.3.3 Twenty min or ano:dc recovery (20MR) 

As for the twitch results presented in the first chapter. the 20MR condition 

produced no increase in tension for either the control or caffeine diaphragm at the lower 

stimulation frequencies of 10 Hz and 20 Hz (Figure AIC.7A & AIC.8A). For the 

tension produced at the SO Hz stimulation frequency, a reduction of 27 %, similar to 

the one recorded at 100 Hz (see chapter ll) was observed (Figure AlC.9A). 

Maximum rate of tension development ( +dP✓dt-) displayed an increase (127 

%) for the caffeine diaphragm at 10 Hz, but no change for the control diaphragm 

(Figure AlC.7B). At 20 Hz, +dPJdt..increased in both control and cafreine stimulated 

diaphragms by 36 % and 27 %, respectively. A similar oc:c:urrence took place at SO Hz 

with the control diaphragm displaying a 46 % inaease and the treatment diaphragm a 

32 % increase (Figure AlC.9B). The maximum rate of tension decline (-dPJdt..) was 

increased at 10 Hz (63 %) and SO Hz (6Q0/4) in the control diaphragm (Figure AlC.7C 

& A1C.9C) but unaft"ected by catleine at 10 Hz, 20 Hz and SO Hz (Figure A1C.7C, 

AlC.8C & A1C.9C). 
217 



(A) 

(B) 

o ■ 
(C) 

PRE 

□NO CAl'RINE 
~CAFFEINE 

•• 

POST 

Figure A. l.C. 7. Effect of caft"eine after 20 min 
anoxic recovery (20Mll) on 10 Hz tension (A); rate 
of tension development (B); rate of tension decline 
(C). PllE & POST, before and after addition of I• 
caffeine and stimulation. Data are means :1:•SE. • 
Sipificantly different ftom PRE (P < 0.01) t 
Significantly different ftom no-cafreine (P < 0.05). 
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Figure A 1.C.8. Effect of caffeine after 20 min 
anoxic recovery (20Mll) on 20 Hz tension (A); rate 
of tension development (B); rate of tension decline 
(C). PRE & POST9 before and after addition of 
caff'eine and stimulation. Data are means :c SE. • • 
Significantly different from PRE (P < 0.01), • (P < 
0.0S). 
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Figure A.l.C. 9. Eft'ect of catreine after 20 min 
anoxic recovery (20Mll) on SO Hz tension (A); rate 
of tension development (B); rate of tension decline 
(C). PRE & POST, ~re and after addition of • 
caft'eine and stimulation. Data m'! means :l: SE. • • 
Significantly different from PRE (P < 0.01). : 
Significantly different from no-caffeine (P < 0.01). 
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Appendixll 

APPENDIX IlA: DETERMINATION OF FREE Ca2
+ IN BUFFERS 

The second study of this thesis was designed to examine the effect of Ca2
+. H\ 

and ATP on the activity of the Ca2+-Mg2
+ -ATPase of different muscle fibre types using 

an hom preparation (Simonides & van Hardevelt, 1990). The in vitro assay with hom 

was used to control experimental conditions and therefore, isolate the specific action of 

Ca2
+. lt", and ATP enzymatic activity. However, to precisely isolate the specific action 

of a metabolite, control of the other variables of the assay medium is critical, but not 

easily achieved. 

For example, it is not adequate to examine the effect of Fr on the kinetics of 

the enzyme, by simply comparing the activity of the enzyme before and after the 

additions of small volumes of a weak acid or base to the assay medium. Although, 

enzymatic activity may be altered if the change in pH is significant, it may be difficult to 

precisely determine the mechanism by which the Er affected this activity. The 

mechanism underlying the decrease in activity could be through a competitive inlubition 

between Ir and ionizable groups of the high affinity Ca2
+ binding sites or of the 

Mg2+ binding sites or of the nucleotide binding domain. However, a modification of the 

various association constants, mainly the Ca1
• - Ca1

+ -ligand association constant, will 

also play a role by altering levels of [Ca21r that is available for binding to the high 

affinity sites. This in tum will affect the affinity of the Ca2
+ -Mg2+ -ATPase for Ca2

+ 

and the cooperativity of Ca2
+ binding. A Ca1

• .. figand system, as was learned through 

trials and errors during the course of this thesis (see below), is essential in achieving 
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some son of control on the level of [Ca21r in the assay buffer. However, choosing the 

proper Ca2
+ buffer for a given set of conditions and attempting to control 

contamination by exogeneous Ca2
+ sources are two parameters that must be given 

serious considerations in experiments where the control of [Ca21r is an important 

factor. 

Controlling the level of [Ca21r is also critical if comparisons are to be made 

between the different conditions to which the assay medium is subjected to. The [Ca21r 

resulting ftom a set total [Ca21 is different at pH 6.4 and 7.6 and if no adjustments 

are made it is impoSStl>le to know for certain if the change in enzymatic activity 

observed with the variation in Ir, is due to the Ir or to the change in [Ca21r This 

appendix outlines some of the procedures that were attempted to control [Ca21r­

Although, suggestions are made, the goal of this appendix is not to serve as a 

troubleshooting guide, but to make the experimenter aware of 

problems that may be encountered when making Ca2+ buffers. 

A.2.A.1 Determination or free Ca1
+ ([Ca21,) in buffer solutions. 

McOuigan et al. (1991) defined Ca2
+ buffer solution, as a solution that resists 

changes in [Ca21r on the addition of small amount of Ca2 
.... The use of buffers of 

precise low [Ca21r is imponant to study intracellular reactions where [Ca21c are 

typically in the 100 nm range (Bers et al., 1994). It also essential in the caboration of 

Ca2
+ -indicators used in tluorometry. Although, some excellent papers have provided 

detailed methods for the preparation of Ca2
+ buffers (Tsien & Pou.an, 1989; 

McGuigan et al., 1991; Bers et al., 1994), it remains a tedious and sensitive task for a 

number of factors. Contamination, purity and specificity of the chelating agent, and 
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temperature, pH and ionic strength of the buffer are some of the factors that may posed 

potential problems when dealing with buffers of low [Ca21r. 

A.2.A.1.1 Contamination 

Cootaurination remains a major problem.. The first source of contamination is the 

water used to make the buffers and rinsed the glassware. Laboratory distilled water 

could have trace contamination ranging from S00 nM to 3 µM (Bers et al, 1994). Figure 

A2.A. l shows the Ca2
• -activated ATPase activities in the absence of a Ca2

• chelator 

measured in vesicle fractions, isolated by a discontinuous sucrose gradient procedure 

(Rousseau et al., 1992). Despite the use of a Ca2
• software program to take in account 

the chemical environment (Kurzmack, unpublished) and the fact that the water was 

distilled, deionized and filtered through a water purification system (Barnstead I 

Thermolyne Corp., Iowa) and displayed the low resistivity of 18 M ohm . cm·1, the 

activity was similar at the five different [Ca21r, suggesting that the level of [Ca21r 

contamination was too elevated to obtain the desired le\·els of free Ca2
+. 

Levels of 1-3 µM are typically found in 'CCa2
+ free solutions" (Bers et al, 

1994) although certain investigators report levels of up to 15 µM (Forge et al., 1993a). 

Concentrations of up to 10 µM have been suggested to have no etfect on calculated 

values of [Ca21r (McOuigan et al., 1991 ). The cormunioation can be measured with a 

Ca1
• micro-electrode (Bers, 1982) or through the use of atomic absorption 

spectrometry (Bers et al., 1994). Using a commercial Ca1
+ micro-electrode 

(Microelectrodes, Inc., Bedford, NH) a low corttanrination of approximately 0.9 µM 

was obtained in a solution made with water filtered through a Milli-Q Water 

Purification System (Millipore) (Figure A2.A2). 
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Figure Al.A 1. ea2+ dependency of 
ea2+-Mg2+-An>ase activity in vesicle fractions 
of red muscles (rat gastrocnemius and vastus, n 
= 4) isolated on a discontinuous sucrose 
gradient. Ca2+-Mg2+-An>ase assay contained 
no Ca2+ buffer. 
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This type of commercial micro-electrode is robust and give similar results to commercial 

macro-electrode. However, its sensitivity is down to approximately [Ca21r of 700 nM .. 

Atomic absorption spectroscopy uses extremely high temperatures (3600°C) to 

ionize the compound of interest and make it sensitive to spectrometry. However, 

problems with corttamination appeared to be present during this procedure since it was 

imposSible to obtain baseline values, even if a new graphite chamber was used .. Rinsing 

the graphite chamber with a solution containing a Ca2
+ chelator and burning the 

chamber many times helped in achieving a somewhat reproducible baseline. Because of 

the high fluctuations observed between the trials, the data were of limited value. 

Co1'tlrnination can also occur through Ca1
+ leaching from the glassware, 

especially if the containers are use for long term storage of the buffer solutions and to 

reduce this leaching it is recommended to use plasticware (Bers et al., 1994). It is 

recommended to soak glassware for 24 h in commercial detergent (see McGuigan et 

al., 1991) or laboratory-made solutions containing Ca1
+ chelators. The solution that was 

used with plasticware was composed of a mixture ofEGTA (lmM) and EDTA (3mM) 

(Meissner et al., 1973). The plasticware was rinsed at least S times with volume of 

ultra-pure water to eliminate the chelator or soap. 

A.2.A.1.2 Choice of tile Ca2
• chelator to aake butfer 

Two issues are of critical importance in the choice of the chelator used to make 

the buffer solution. First, choosing the appropriate cbelator based on the level of [Ca21r 

desired and the pH of the buffer. Second, and this according to some investigators 

(Miller & Smith, 1984; Scboenrnakm, personal communication) may represent the 

single most important factor: the purity of the specific stock of chelator used to make 
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the buffer solution. A third issue should also be given some considerations, the 

posmbility that the chelator will have a direct effect on one of the processes that is 

being studied (Bers et al., 1994). 

Similar to pH, where the choice of an appropriate buffer is important, the choice 

of an appropriate Ca2
+ chelator to buffer Ca2

-+- is critical. For pH buffering, the pK. of 

the buffer should be closed to the desired working pH. For a Ca2
+ buffer, the 

dissociation constant (I(.) should be closed to the desired level of [Ca21r since the 

buffer will be more effective in absorbing and releasing ions and therefore maintaining 

the desired concentration (Bers et al., 1994). 

Bers et al. (1994) suggest that the 1'cJ should not differ from the desired [Ca21 

by more than a factor of 10. The second criteria is the selectivity of the chelator for the 

specific ion over other ions present in the medium. Ethylene glycol bis(O­

aminoethylether)-N,N,N' ,N' -tetraacetic acid (EGTA) is one of the most commonly 

used chelator to buffer Ca2
+ . It fulfills the above criteria by displaying at pH 7, an 

apparent dissociation constant that is closed to the [Ca21i (0.4pM) and a selectivity 

for Ca1
+ over Mg2+ that is 105 higher (Bers et al., 1994). This is especially important for 

work in cells where Mg2 ... is 10,000 times more abundant than Ca1
-+- (Bers et al., 1994). 

For these reasons and because the effects of other chelators on the Ca1 
... -Mg2+ -

ATPase activity are not well documented, EGTA was the chelator chosen to buffer 

solutions used in the experiments presented in this thesis. At a pH of 7.0, EGTA 

proved to be a good buffer over pCa values ranging from S .9 to 6.9, but outside of 

that range the bu1Fering is poor (Blinks et al., 1982). 
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The loops on the cab'bration curves demonstrate the poor capacity of EGTA 

between pCa values between 4 to 6 at pH 7 (See Figure A2.A.2) The [Ca21r in the 

area of the loop are very different than the initial chosen [Ca21r levels. For example, 

the electrode potential recorded for 10·5 M (10000 nM) suggest that the concentration 

of [Ca21ris actually 29700 nM. If we look at 2 x IO~ M (2000 nM) a value outside the 

loop and in the range measured by the electrode, the [Ca21r based on the electrode 

reading is similar to the actual value. 

A solution to prevent this loop is to mix chelators that have buffering capacity 

over a wide range of [Ca21r (Schoenmakers et al., 1992). This was attempted on two 

occasions by adding O.S mM of NTA to O.S mM of EGTA and in this particular case 

an even bigger loop was obtained. Although, this approach was unsuccessful, it 

warrants to be attempted again in the future. Scboenmakers et al. (1992) obtained 

accurate [ca21i with a buffer containing O.S mM ofEGTA, HEDTA and NTA, and 3 

mM of ATP and a high correlation with values measured by a commercial Ca2
+ selective 

electrode (RH 44/2-SD/1; Philips) and with values obtained ftuorometrically with Fura-

2. The drawback, as mentioned above, is that these others Ca2
+ chelators could have a 

direct effect on the Ca2
+ -Mg2

+ -ATPase. 

The choice of a chelator must also take in considerations other characteristics of 

the medium. At allcalioe pH, EGTA gives erratic measurements, because its affinity for 

Ca2
+ is too high, even higher than that of the Ca2+ -Mg2+ -ATPase (Forge et al., 1993a). 

As was mentioned above for the micro-electrode measurement of [Ca21r , a slight 

error in total Ca2
+ or EGTA will alter the binding curve. Underestimating total Ca2

+ 

leads to an underestimation of [Ca21r which in tum will increase the apparent affinity of 
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the Ca2+-Mg2+-ATPase and the cooperativity of Ca2+ binding (Forge et al., 1993a). The 

following example provided by Forge et al. (1993a) illustrates the importance of this 

effect: 

"For iDS1a11Cey say that at pH 8~ ATPase display a half-saturation eunceutlation 
of 0.1 pM wl a bincting c:oopeiativity of 1.3, an undereslimation of tola1 ea2+ 

of 100 pM inslead of 110 pM will lead to a binding curve displaying a balf­
satmatiun concentration. of 0.3 pM and a binding cooperativity as high as 3.57' 

One can see that under such circumstances. comarnioating amount of Ca2
+ 

could have catastrophic effects on the [Ca21r . The situation has now been resolved by 

using another cbelator, derived from EGT A, called l,2-bis(2-aminophenoxy)ethane­

N,N~ ,N'-tetraacetic acid (BAPTA) (Forge et al., 1993a). BAPTA's affinity for Ca2
+ 

is lower than the affinity for the Ca2+-Mg2+-ATPase and its affinity is constant for pH 

values over 7 (Tsien, 1980). (Note: BAPTA is approximately 40 times more expensive 

thanEGTA). 

The second issue of major importance is the determination of the purity of the 

specific stock of chelator used to make the buffer solution. Although, a value of purity 

is provided by the manufacturer, this value tends to be diiferent than the actual purity. 

In the above situation where the concentrations of EGTA and total Ca2
+ are similar, a 

lower purity will have important consequences on the resulting levels of [Ca21r-

Bers (1982) proposed a way to determine [Ca21r in solutions using the Ca2
+ 

mini- electrode. The method is used to precisely cah"brate the Ca2
+ electrode beyond the 

Nerstian range. The method determines the purity of the EGTA and the precise value of 

the Ca-EGTA binding constant and uses those values to obtain more accurate [Ca21r . 
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Free ea2+ is first measured in a solution simtlar to the artnal buffer (BEPES, Ka and 

NaN1) but without EGTA to check if the electrode is responding according to the 

Nerstian slope (29.S mV at 25° C and 30.7 mV at 37° C /pCa unit. The average slope 

of the curve in Figure A.2.A2. is -26.S mV but the slope (-28.6) between the two 

hipest cooceutrati11ns (10 mM and 1 mM) was used instead of the average. The 

measurements are made at 37° C, pH 7 and at a ionic strength of 0.210, representing 

the ionic strength of the monovalent ions only (Scboenmakers, 1992) which in the 

specific buffer used during the experiments of this thesis included KCI and NaN3. 

A second calibration, is done under the same conditions but in the presence of 

EGTA (1 mM) (Figure A2.A2). The conceabation of 1 mM is based on the 

assumption that EGTA is 100 % pure. The software spreadsheet program of Ben uses 

an association constant for Ca2+-EGTA of log K = 6.4634. Corrections to this 

association constant are made for temperature, ionic strength and pH (Harrison & 

Bers, 1989) 

The software spreadsheet program (A2.A3) provided by Bers (Bers et al., 

1994) uses the potential values measured by the electrode (as••rning that the electrode 

is behaving ideally: 30. 7 m V per pCa unit at 37° C) at the various [Ca21r and the slope 

of the curve obtained from the calibration in non-EGTA solutions to recalculate 

the[Ca21r. For example at 7 x 10·1 M, the voltage is 27.9 mV. At 10.J M the potential 

is 110.8 mV. So - 83.3 (-111.2 mV-(-27.9 mV) is divided by -28.6 mV giving 2.912 

pCa units. This means that the concentration at this voltage is 3 + 2.912 = S.912 pCa 

units. This represents a concentration of 1224 x 10·7 M instead of the initial 
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Figure A2.A .2. Semi-logarithmic plot of 
Ca2+ electrode calibration without and with 
EGTA (lmM). 
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Figure A.2.A.3. Spreadsheet for calibration calculations (Bers et. 1994) 

Ca Calibration For Hnb'y of Free [Cal 
31J2/93 Solution Conditions lC'Ca Caloulatioa (sec A32 .. O47) R~on Aaal_ysjs (ICC l32 .. M40) 

7 p~ B• S.76!1515 Intenncd 0:960126~OTA]tot (mM) 
0.21 M Ionic !!quiv (0.S•sum ,zi,Ci) Gamma H• 0.738823 H activil! coefficient 0.983951'\2 

37 •~ C L~ p.g • -6.86854 Range for Linear Repmioo for 
I mM EOTA ~- I .3SB-07 "Scatchud Must be selected •JDR" 

40 ml bottle ~ a Assn• 2907311 Loa K'Ca• 6,463492 6.299464•L91 K'Ca ftom Sclfdlard 
Kd• 3.44B..07 M or 0.3440 uM K'Ca DilOll-8.448-07 S,02E-07 -K'Ca Diuociation from Scatchard 

Initial 

I r-2 6,6990 
3 6.3979 
4 6.1549 
S 6.0000 
6 5.6990 
7 S.3979 
8 S.1549 
9 S.0000 

10 4.3979 
II 4.0000 
12 3.0000 

Ca-f.- Ca-total ml 100 mM 

<DM/oo o~ o~~,01 
200 0.367747 0.147099 
400 0.537878 0.21S1S1 
700 0.67099] 0.268397 

1000 0.744814 0.297915 
2000 0.854963 0.341985 
4000 0.924502 0,369801 
7000 0.959836 0,383935 

10000 0.97641S 0.390566 
40000 1.031133 0.412453 

100000 1.096229 0,438492 
1000000 1.999312 0.799725 

lOmM lOmM 
lmM lmM 

lOOuM lOOuM 

~~~ 
m V oftict at I mM Ca-

Tanl)el'lt1.lle and Ionic Slrenllh Conection 
Stcf'Cond Ionic Str F'mal Final 

Tanp 2.0 incl T ctr 37 ~ C 
1-~ 0.100 0,210 0.210 M 
Stoicla Log K Loa K· Loa K' K' (M) 
Const 
Kl 9.47 9.247445 9.01024S l.02B-t<J9 
K2 8.85 8.683084 8.445884 2.79Bt08 
K3 2.66 2.548722 2.548722 353. 7712 
K4 2 1.944361 1.944361 87.97539 
KCa 10.97 10.52489 10.19363 I.S6B+10 
KCa2 5.3 4.966167 4.966167 92505.4S 
Loaf 0.109225 0.137044 
Tanp 293 310 
A 0.507424 0.S23S68 
cpsil 80.1057 74.14832 

V-Ca Ca-free 
(m'G.1 3 .• -07 

18.1 S.S6B-07 
23.7 8.72B-07 
27.9 1.22E-06 
31.7 l.66B-06 
39.6 3. I 4B-06 
52.7 9.0JB-06 
64. 7 2.378-05 
70,3 3.71B-OS 
80.6 8.S IB-0S 
87.2 1.458-04 

110.9 9.768-04 

139.8 
111.2 
86.8 
26.S 
28.6 

111.2 

Delta H valence 
kcal/mol 2~ty 

-S,8 8 
-S.8 6 

0 4 
0 2 

-8.1 16 
0 12 

Ca-free Ca-Bound 8/P Rcll!ID inter Rooalc ulated 

:1&;L 0.,8 576.8167 \1.s':I, ., 1!~96 f.9'34 
SSS,5911 0.367192 660.9029 1181.6 -0,000S93 311.0932 6.5071 
872,0863 0.537006 615.7716 843.1945 -0.000423 637.5025 6,19S5 
1222,961 0.66977 547,6625 578.6225 -(Ul0029 11S7.897 5.9363 
l6<,0.656 0,743153 447.5056 432.3848 -0.000216 1718,142 S.7649 
3136.92 0,851826 271.5486 215,8205 -0,000106 3915.179 5,4072 
9006.28 0.915496 101.65<11 88.94018 -3.61E-05 10047.32 4.9979 

23666.06 0.93617 39,55751 47.73989 •7,92£.07 21554.18 4.6665 
37147.54 0.939268 25.28479 41.56745 I.SIB-OS 31394,06 4.5032 
85127.SI 0.946006 11.11281 28.13971 7.0SE-05 77206.87 4.1123 
144823.S 0.951406 6.569414 17.37839 0.000136 139543.3 3.8553 
976136.4 1.023176 1.04819 -125.645 0,001039 1039649 2.9831 

Fn,m Jlcarcaion 
IBOTAltat K-Ca-BOTA 
1>.960126mM 1.9928x 10"6/M 

96.01"" pure 6.299464• log K 

Cmstant 
Rcpasion Output: 

1913,34 Y intcracpt 
90.91 Std Bir of Y Est 

R~ 
No. of Observations 
Depees of Freedom 

X Coofficient(s) 
Std BIi' of eoer. 

0.98395 
8 
6 

-19'2.8/mM--X'Ca (slope) 
103.9 



Next, Bers estimates the apparent associuilln constant (It,•) and the purity of 

the EGTA. From the total eai+ added to the solution and these recalculated [Ca2Jg the 

bound ea2+ is determined. A Sc:atcbarcl plot which exaariMs the relationship between 

bound and the ratio of bound to [Ca21r is made ( Figure A2.A4) The slope (-1993. 

mM1) of this plot yields the apparent binding constant whereas the intercept af the x 

axis divided by the slope provides the purity of the EGTA (96 %). Using the new 

association constant and purity, the [Ca21r concentrations are readjusted. For example, 

the initial concentration of 7 x 10(-7) M (700 nM) was estimated at 1223 nM from 

the electrode reading. The [Ca21& recalculated using the new association constant and 

purity, becomes 11S8 nM 

Although simple to apply, the method of Bers is not without problems. First, 

other than the known problems associated with Scatchard plots (violation of the 

assumptions of linear regression) only the linear portion of the curve must be used to 

determine the regression equation. In practice, choosing the linear portion of the curve 

is difficult, especially in the presence of the loop descnoed above. In the above 

example, the loop was not too pronounced, probably because of the low Ca2+ 

CC'ntamituation contained in the water, and 8 values of the Scatcbard plot (r = 0.99) 

were chosen for the regression analysis. If the values of bound/tree and bound eai+ at 

7 x 10·7 M were ipored for the regression analysis, the slope becaw, -2196. mM1 and 

the purity (9S.6 %). If instead, the values at 10-' were ignored than the slope was -1978 

and the purity 96.2 %. Although, both estimates of purity determined with 7 values are 

closed to the purity determined with 8 values, this is not always the case. 
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Figure A.2.A.4 Scatchard Plot Ca-EGTA 
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Perhaps the most important limitation of Ben's method and the software 

spreadsheet prosram is that it does not allow the determination of the purity of the 

chelator in a solution that mimics dosely the actual buffer used to run the assay. 

Magnesium, for example, is not considered by Ben in the determination of the total 

Ca2+ in the presence of EGTA The IS mM of ~ used in the assay of Simonides 

and van Harveveld (1990) is likely to atrect the [Ca21rofthe medium by binding EGTA 

and therefore leaving less EGTA available for binding Cai+. It is suggested that the 

cahbration curve determined from the recalculated value of [Ca21r be used to determine 

the potential values of the desired [Ca1j,. The pot~ obtained &-om the buffers with 

ATP and PEP can then be readjusted by adding either ATP or EGTA to match the 

potentials derived &-om the calibration curve. 

Although this appears as a good idea in theory, it does not work very well in 

practice. The presence of other chemicals than EGTA in the butler reduces the 

sensitivity and response time of the micro-electrode to (Ca1,r, making it difficult if not 

impoSS11>le to accurately titrate the buffer and reach the potential value established 

previously in the butrer containing only EGTA 

A.2.A.2 Recommendations for the detennination of [Ca21r in buffer solutions 

In addition to the to the precautions mentioned above, the following 

recommendations are suggested. 

I. The use of a more sensitive electrode to measure lower [Ca21r would be 

helptbl in cahl>rating the ea2+ butrer solutions and determining levels of 

co • • n. In an EGTA buffer, the portion of the curve above the loop 
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(lower [Ca21r) could possibly be avoided, increasing the accuracy of the 

method ofBen (1982) .. 

2 .. Micro-electrodes made fi'om polyethylene tubes (Hove-Madsm & Ben, 1992; 

1993; Ben et al, 1994) in the absence of proteins demonstrate a Nerstian 

response (28.S ~ 0.3 mV/decade) down to a [Ca21, of 30 nM for more than 

two weeks (Hove-Madsen & Bers, 1992) .. The electrode also drift less than 

0.1 mV/h and the response is 95 % complete in less than l min above [Ca21r 

of 30nM. 

3 .. A second recommendation that was already discussed above is to use more 

than one chelator in the buffer to avoid change in [Ca21r at concentrations 

that are close to saturation. Blink et al. (1982) suggest not to use a single 

ea2+ -buffer system over more than one log unit of [Ca21. The pnsellce of 

more than one chelator should also reduce the effect of slight day to day 

variations in total Ca2+ ( colfflllllination) and pH, and prevent, or at least 

reduce the kink found in Ca.2+ solutions butrered with only EGTA (Bers, 

personal communication). 

4 .. The purity of commercial EGTA could also be increased by solvent extraction 

and recrystalm.ation (Randhawa, personal communication). 

S. A good pH electrode is essenritl since small variations in pH will have 

enormous effect on the IC.* of the cheJator for ea2+_ In buffers using EGTA 

the pH must be controlled very carefblly,. since EGTA is especially 
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depemlent upon pH (Tsien & Po~ 1989; Ben et al, 1994). This is why 

the pH was readjusted immr,cJiately after the addition of Ca2+ during the 

dependency experiments (see Chapter Ill). It is advisable that a pH electrode 

be set-up exclusively for the purpose of making the ea,2+ bu&rs. The pH is 

temperature dependent and the solution must be calibrated at the 

temperature at which the experiment is conducted (Tsim & Pozzan, 1989). 

6. The measurement of the IC,• of EGTA for Ca2+ in the actual ea2+ butler used 

for the Ca2+-Mg2+-ATPase assay with the method of Bers may be too 

complicated and impractical because of the high number of variables (Bers, 

personal communication) and the loss of sensitivity in the presence of other 

chemicals or organic material. Proteins, for example has been showed to 

affect the~• of indo-1 for Ca2+-, by binding to the Ca2+ tluorometric dye 

(Hove-Madsen & Bers, 1992). The shift in JC.* becomes more pronounced at 

high [Ca21r-

7. Ca2+ software programs correct published stability constants to reflect 

specific experimental conditions (pH, temperature and ionic strength). The 

use of ea2+ software programs • a "black box" approach, but with 

increasing numbers of cbelators, the equilibrium calculations are very 

complex. Although, ea2+ software programs provide ff" and Ca2+ binding 

constants for most of the commonly used Ca2+- chelaton, some software 

programs (Chelator, Schoemnakers et al., 1992; MaxC, Bers et al, 1994) 

allow the poSSlbility of entering new lipnds. These lipnds may not bind 
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ea2+ directly but may atlcct the composition of the buffers, by modifying pH 

or the ionic strensth of the medium. 
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APPENDIX IIB: Macro in Visual Basic for analysis of Ca2
+ -Mg2

+ -ATPase data 

Macro (JRmacro) written by Paul Guy in VISU81 Basic on Micro-soft Excell to 
analyse through linear regression Ca2+-Mg2+ -ATPase data obtained from UVPC 
Kinetics Personal Software version 2.S (Shimadzu, Scientific Instruments, Inc., 1994). 

Option Explicit 
Subtry30 

Dimcammcell As Q,ject 
Dim exp:ol As Integer, expiUW As Integer, dacasbeet As v~ ICSUltsbcet As Variant, 

yoarbook.AsValiant 
Dim tepbcet As V~ resultstitle As Variant, mowover As Integer, dalaendruw As Integer 
Dim timaange As CJ,ject, absrange As Cl,ject, timeaddless As Variant. abladdreu As Variant. 
rau1tsrow As Integer 

Dim macrosbing As v~ resultscolUDlll As Integer 

'set evaytbiDg ~ initialize 
mowover = o 'use this to move to right# of columns to next set of data 

'get a title 
n:sultslitle = InpulBox("Enter title for this set of data", "aubMbing', •junk") 

'pidt up trial number on data sheet (you select this point to start) 
'let's use this as the start point, and determiJle tbinp using this point as a iefeience 
Set cmremcell = ActiveCell 'save scart position 
exp:ol = ActiveCellColumn 'position of exp# 
expow= ActiveCell..Row 
de!asbeet - ActiveSheet.Namc 
yourbook = ActiwWotkbook.Name 

'define a new sheet for results, and define place for results. Place tide and date on this result 
sheet 

iaultslOw= 1 
resultsheet = "Sbeetl" 
Sheets(resultsbeet).Select 

temltscolumn = l 'stall results in column 1 
While Not (lsEmpty(Cells(multsrow, n:sultscolamn)) And (lsEmpty(Cells(resultsmw + 1, 
resultscolumn)})) 'if there's already something there, shift over 
raaltslOw = resullSIUW + 1 

Wead 

n:sullstow = n:sultslOW + 1 
Cells(rcsultsrow, resultscolumn). Value = resultstide 
Cells(resultsmw, resultscoluma + 1). Value= yourbook 
Cells(resultsmw, resultsco•umn + 2). Value = Time 
Cells(rcsultsrow, te111bscohmm + 3). Value= Date 
raultsmw = resultsrow + 1 
Cells(rcsultsrow, te1111fscolumn). Value= "exp. #• 
Cells(rcsultsrow, resubscolumn + l).Value = "intrcpt" 
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Cells(resubsmw, resulcscolumn + 2). Value= "slope" 
Cells(RSUbsmw, resultscohmm + 3). Value= "slope ea" 
resubslOw = resultsmw + 1 

'copj CUD'Clll exp# to result sheet 
n:peat: Sbeets(datasbcct).Select 

Cells(expmw, expcol + mom,vcr).Select 
If IsEnqty(Cells(expmw, exp:ol + IIICJ\'CCJ\U)) Tben GoTo finished 
Selection..Copy 
Sbeets{resuhsbeet).Select 
Cells(resubsrow, resultscolumn).Select 
AaiveSheet.Paslc 

'select time and ABS data 
Sheels(cfatasbeet).Select 
Cclls(exprow + 2, expcol • 2).Sclect 
Sclection.End(xlDown).Select 

dalaendmw = Activceell.Row 

'drop to boaom of data (same• cntrl dawn 
anow) 

Set timerange = Range(Cells(expmw + 2, expcol - 2), Cells(dal-.druw, expcol - 2)) 'excel 
raagecqect 

Set absrange = Range(Cells(expmw + 2, cxp:ol - l), Cells(dataeadrow, expcol - 1)) 'excel 
rangecqect 

timeaddJw:ss timermge.Addn:ss(Rcferetyle:=xlRICl) 'get string of range in RICI 
format 

absaddress absrange.Address(Ref'eretyle:=xlRlCl) 'get string of range in RI Cl format 

'nmrepeaion 
Sbeets(da!asbeetl Select 
'make up macro Siring 
macrostring = "REGRESS([" + yombook + "]" + dataslwt + 11!• + abladdress + ", [" + 
yowbook + "]" + dalasbeet + "!" + timeaddrea 

macrostriug = maaostting + ", FALSE, FALSE, ,. """", F Al.SE, F Al.SE, FALSE, FALSE, 
, FALSE, )" 

'doit 
Application.ExecuteExcel4Marm Stting:=macroslring 

'Appliadion.ExecuteExc:e14Marm String:= _ 
' "REGRESS([RJ 1406.xLS]Sheetl !RSC3 :R24C3, [R31406.xLS]Sbcetl!R5C2:R24C2, 
FALSE, FALSE, , """", FALSE, FALSE, FALSE, FALSE, , FALSE, )" 

negsbret = AcliveSheet.Name 

'pick out y intercept 
Rangc("B 17").Select 
Selection.Copy 
Application.CutCopyMode = False 
Selection.Copy 

'copy it to sheet 2 
Sbeets("Sbeel2").Select 
Cells(RSUbsrow, n:sultscolumn + l).Select 
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AdiveSbeet.Paste 

'pick out slope 
Sheels(regsbeet).Sdcct 
Ranp("BlB").Seled. 
Apptication.CutCopyMode = False 
Selection.Copy 

'copy it to sheet 2 
Sheels(•sheetl,.Selcct 
Cells(resultsrow~ raullsc:olumn. + 2).Select 
~ 

'pick out slope error 
Sheets(regsbeet).Select 
Range(•CI8").Select 
Appliadion.CutCopyMode = False 
Selection.Copy 

'copy it to sheet 2 
Sheets("Sheet2").Select 
Cells(resultsrow, resukscollllllll + 3).Select 
ActiveSheetPa.ue 

'clean out regression sheet 
Application.DisplayAiens = False 
Sheets(repbeet).Delete 
Application.DisplayAiens = True 

'do next set of data (loop back to repeat line) 
resullslOW = n:sultsrow + 1 'new row for results 
expcol = expcol + 3 'move over to the next set of inplt data 
CioTo repeat 

fini • 'this is the end 
tceU Select 'go back to original start cell 

End Sub 
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