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ABSTRACT 
The purpose of this thesis was to characterize the Na'-K'-~Tpase (Na.K-pump) 

in skeletal muscle and to measure pump activity in response to exercise. To address these 

objectives, Na%'- ATPase activity . content and isoforrn distribution were measured in 

muscles of various fibre types. Subsequently, Na'-K'-~Tpase was measured following 

acute exercise in both rat and humnn. The hypothesis was that muscles of varying fibre 

type composition would exhibit differences in Na'-K'-ATPase content and isofonn 

distribution. and these factors would indicate muscle specific di fferences in Na'-K'- 

ATPase activity when measured in vitro. An additional hypothesis was that the Na'-K'- 

ATPase would be altered by exercise; to result in reduced Na'-K'-ATPase activity 

measured irr vivo and in vitro. 

In the first srudy, a comparative approach assessed pump characteristics between 

soleus (SOL), red gastrocnemius (RG). white gastrocnemius (WG). and extensor 

digitonim longus (EDL) skeletal muscles of the rai. These muscles are representative of 

primarily slow-oxidative type 1 fibres (SOL), fisi oxidative-glyçolytic type IIA fibres 

(RG), fast glycolytic type IIB fibres (WG), and muscle having a mixed complement of 

fast fibre types (EDL). Tissue was sampled at rest under anaesthetic, from a total of 38 

male, 16 week old Wistar rats weighing 41 3 + 6.0 g (mean 2 SE). Na'-K*-~Tpase 

activity was determined in homogenates (HOM) and isolated crude membranes (CM) for 

the regenerating ouabain-inhibitable hydrolytic activity assay (ATPase) and the 3-0- 

methylfluorescein K'-stimulated phosphatase (3-O-MFPase) assays in vitro. In addition. 

pump content was determined by  lo loua bain binding, and the distribution of al, a 2, a3, 

and p l ,  and 82 isoforms was determined by Western blot. Difierences (P<0.05) in 

enzyme activity between muscles were observed in HOM (EDL>WG) and in CM 

(SOL>EDL=RG=WG) for the ATPase assay. For the 3-O-MFPse assay, differences 

(P<0.05) were also found for HOM (SOL>EDL=RG>WG) and CM (SOL=WG>RG). To 

determine if activity was related to pump content. differences in [3~louabain maximum 

binding (Bmax) were observed in the order of EDL = RG > SOL = WG (Pc0.05). 

Western blot results were similar between HOM and CM. In CM, a there was greater 

distribution of al in SOL than WG and EDL (P<0.05) with a similar relation observed 

for a2. The p l  was greater (P4.05) in EDL and WG, and the p2 was greater in SOL and 



RG (P<0.05). The presence of the a3 isofom, not previously observed in skeletal muscle, 

was identified in greater proportion in WG and EDL than SOL and RG (Pc0.05). The ul 

distribution correlated to HOM 3-O-MFPase (r=0.79, P<0.05) CM ATPase (r=0.59. 

Pc0.005) and CM 3-O-MFPase activity (r=0.33, Pc0.05). p l  distribution was related to 

HOM 3-O-MFPase (r=0.61. Pe0.005) and CM ATPase (r=O.42. P<0.05) activity. HOM 

a2 distribution correlated to ouabain binding Bmax (r=0.64, PcO.005). 

The purpose of the second study was to determine if Nat-K'-~Thse activity is 

altered following a single bout of aerobic exercise in rats. Female Sprague Dawley rats 

(age 14.7 + 0.4 weeks, wt 275 I 6.4g; mean + SE) were run (RUN) on a treadmill ai 

21mls and 8% grade (-65% V02max) until fatigue. or to a maximum of Ih. A second 

group of rats were kept on the treadmill for an additional 45 min of low-intensity cxercise 

(lOrn/min and 8% grade) (RUN+). Directly following exercise. rats were anarstheiized. 

and soleus (SOL), red vastus lateralis (RV), white vastus lateralis (WV), and extensor 

digitomm longus (EDL) tissue was extracted and frozen for later analysis. K'-stirnulated 

3-O-methylfluorescein phosphatase activity (3-O-MFPase) was determined ris an 

indicator of Na'-K'-ATPase activity and glycogen depletion was used to identify use of 

each muscle during exercise. 3-O-MFPase was significantly decreased rit RUN+ by 12% 

from CON when avenged over al1 muscles (Pe0.05). No difference was found between 

CON and RUN. Glycogen was lower (Pcû.05) by 65%, 57%, 44%. and 33% (SOL, EDL. 

RV, WV, respectively) at RIM, and there was no funher depletion during continued 

exercise. 

The purpose of the third study was to determine if exercise-induced depressions in 

Na+-K'-ATPase activity are associated with neuromuscular fatigue following isometric 

exercise in humans. To examine this hypothesis, force and EMG were measured in 14 

volunteers (age, 23.4 t 0.7 yrs, mean t SE) in control (CON) and exercised (EX) legs. 

prior to (PM) and immediately following (PSTO), 1 hour p s t  (PSTI), and 4 hours post 

(PST4) isometric single leg extension exercise ai -60% of maximum voluntary 

contraction for 30 min using a 0.5 duty cycle (5s contraction. 5s rest). Tissue was 

obtained from vastus laterdis muscle prior to exercise (PRE) in CON. and following 

exercise in both the CON (PSTO) and EX legs (PSTO, PSTI, PST4), for the measurement 

of Na*-K'-~Tpase activity as determined by the 3-O-methylfluorescein phosphatase 



assay (3-O-MFPase). Voluntary (MVC) and elicited (10. 20. 50. 100 Hz) muscle force 

were reduced 3045% (Pc0.05) at PSTO, and did not recover (Pc0.05) by PST4 in  EX. 

Muscle action potential (M-wave) amplitude and area, md 3-O-MFPase activity at PSTO- 

EX were less than PSTO-CON (P<0.05) by 371. 25%. and 38% respectively. M-wave 

area at PSTl-EX was also less than PSTl-CON (P~0.05). Changes in 3-O-MFPase 

activity correlated to changes in M-wave area across ail tirnepoints (r = 0.38: Pe0.05. 

n=45). 

It is concluded from the results presented in this thesis that a number of factors 

can influence the measured activi ty of the Na'-K'-ATPase in skeletal muscle. Differen t 

activities may be observed between techniques. which highlights that the assay, isolation 

procedure. and muscle used. are important factors when interpreting measures of Na'-K'- 

ATPase activity. Na+-K'-ATPase activity is different between muscles of varying fibre 

composition, and a higher distribution of al and B I  subunits. as found in SOL. confers 

the greatest Na'-K'-ATPase activity when measured on skeletal muscle preparations in 

vitro. This thesis also indicates thal the in vitro activity of the skeletal muscle Na'-K'- 

ATPase is affected by a single session of exercise. This was demonstrsted following 

prolonged aerobic exercise in rats. and following sustained isometric exercise in humans. 

The reduction in Na'-K*-~Tpase activity was related to a loss of excitability and was 

associated with neuromuscular fatigue early in the recovery penod from exercise. There 

are a number of possible mechanisms which may reduce intnnsic activity of the skeletal 

muscle Na+-K'-ATPase with exercise, and these possibilities remain a source of future 

investigation. 
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INTRODUCTION 

The Na'-K'-ATPase. is an integral membrane protein located in highest 

concentration at the sarcolemma and to a lesser extent in the t-tubules of skeletal muscle 

(Clausen. 1986). The Na'-K'-~TPase, also referred to as the Na,K-pump, couples the 

chernical hydrolysis of ATP to the vectoral transport of Na' out of, and K' into the muscle 

crll. This active transport mechanism restores ionic gradients prirnarily for the maintenance 

of membrane potential and 'excitability' of the cell at rest (Clausen et al.. 1998). 

Maintenance of ion gradients also contribute to the control of ce11 volume and facilitated 

transport of othrr ions and nutrients (Lang et al.. 1998). With hewy contractile demands that 

require a hieh frequency neuromuscular activation. the capacity of the Na.K-pump to restore 

ion gradients can be challenged by the rapid flux of Na' entering, and K' leoving the cell. 

during repetitive action potentials. Additionally. the build-up of metabolic by-products cm 

alter the local environment surrounding the enzyme and further challenge pump function. 

Therefore. appropriate replation of Na%'-~TPase activity is essential for maintaining ion 

gradients and muscle excitability. Despite a number of reviews published recently on the 

role of the Na.K-pump in muscle excitability and fatigue (Balog and Fitts, 1996; Clausen. 

1996a; Clausen, 1996b; Clausen et al., 1998; Green, 1998; Green, 2000; McComas et al., 

1994; Nielsen and Clausen, 2000; Nieisen and Harrison. 1998; Nielsen and Overgaard, 

1996; Sejersted and Sj~gaard, 2000; Semb and Sejersted, 1996) the factors determining 

specific Na%'-~TPase protein expression and consequently, enzyme capacity in vivo are 

not defined. The enzyrnatic capability of the pump during exercise is also undetemùned. The 

purpose for this thesis is to characterize the Na*-K+-~Tpase in skeletal muscle and rneasure 

Na'-K+-ATPase activity in response to exercise. 



Na,K-pump structure and function 

The Na'.K'-ATPase has one catalytic (a) subunit with four known isoforms. one 

structural gl ycoprotcin (P) subunit with three isoforms, and an additional regulatory y 

subunit (Blanco and Mercer, 1998). The small y subunit is not essential for enzyme activity 

and its role in skelrtal muscle is minor (Therien and Blostein. 2000). The a çaialytic subunit 

of the Na.K-pump traverses the membrane and hris binding sites for Na'. K'. M~''  . ATP. P,, 

and for the specific glycoside inhibitor. ouabain (Hundal et al., 1993). The P-subunit is 

responsible for the correct insertion and stabilization of an active a-B complex in the plasma 

membrane (DeTomaso et al.. 1994: Fambrough et cil.. 1994: Skou. 1992). 

The isoforms of the a subunit have varying affinities for rach substratr which confer 

kineiic specificity in a tissue specific rnanner. The al isoform is thought to bc responsible 

for 'basal' activity in skeletal muscle because of its primary location at the membrane 

(Hundal et al.. 1994) and lower rnolecular activity when expressed in cultured cells (Jrwell 

and Lingrel. 199 1 ; Zahler et al.. 1997). The a2 is thought to be the major catalytic isoform 

(Hundal et al., 1994) because of its greater specific activity than the a l  isoform (Zahler et al. 

1997). greater content in both surface and intemal membranes (Lavoie et al.. 1997). and 

greater translocation response to hormones (Hundal et al.. 1992; Lavoie et al.. 1996; Marette 

et al.. 1993) and exercise (Juel et al., 2000: Tsakiridis et al., 1996). The expression of a2 is 

also dynamically dtered in response to chronic extemal stress (Azuma et al., 199 1 ; Azuma 

et al., 1993; Thompson et aL., 1999; Thompson et al-, 2001 ; Thompson and McDonough. 

1 996). 



Similar to the a2 subunits, p i  subunits also translocate from intemal to external 

membranes in the acute response to insulin (Hundal et al.. 1992: Muette et ni., 1993) and 

excrcisr (Juel et al.. 2000). Chronic changes in the expression of P subunits are tissue and 

isoform specific (Azurna et al.. 1993; Gao et al.. 1999; Thompson et al.. 2001 : Thompson 

and McDonough. 1 996). P subunits influence extracellular Kt acii vat ion and interaction w ith 

Na'. and may take pan in forming the phosphoenzyme cornplex from ATP (Blanco et al.. 

1 995 ). This function contributes to overall enzymatic activi ty with possibly a greater 

influence on K'-stimulated phosphatase activity (Gick et al.. 1993: Lavoie et ai.. 1997; Ng er 

d.. 19-13). PI  subunits confer greater kinetic activity than P? subunits (Blanco et ni.. 1995: 

Cranibrrt t.1 c r i . .  2000; Hundni et (il.. 1993). although activity of the enzyme in vivo. as 

inferreci by measiirement in vitro. is varied more by the interaction of a and protein 

composition (Blanco and Mercer. 1998). Therefore. the Na'-Kt-ATPase isofom 

complcment panicular io a given muscle fibre-type may regulate ion pumping capacity and 

consequently. muscle excitability. in a task-specific manner. 

Different Na.K-pump subunit complexes are thought to have evolved distinct 

properties to respond to cellular requirements (Blanco and Mercer, 1998). In mammalian 

skeletal muscle, the distribution is such that slow oxidative (type I) fibres contain al 1 and 

a2pI complexes. fast glycolytic (type ICB) fibres contain a lp2  and a432 heterodimen 

(Hundal et ai.. 1993; Hundal et al., 1994), while fast oxidative-glycolytic (type UA) have al1 

four combinations (Thompson and McDonough. 1996). The a3 and P3 subunits are found in 

negligible quantities in skeletal muscle (Arystarkhova and Sweadner. 1997; Thompson et al., 

2001). Differences in isoform-specific enzymatic activity are observed when subunit 

complements are expressed in bacterial cultured cells (Blanco et al.. 1995; Crarnbert et al.. 



2000) or when obtained by isolation in skeletal muscle (Hundal et al.. 1994; Lavoie et aL. 

1997): howsver, fibre type-specific enzymatic activity has not been adequately 

demonstratrd. A number of interventions from ionic to hormonal manipulations induce 

isoform specific adaptations in Na'-K'-ATPase expression in skeletal muscle (Azuma et al., 

199 1 : Azuma et al.. 1993; Bundgaard et al., 1997; Thompson et id.. 1999: Thompson et al., 

1001; Thompson and McDonough. 1996), yet rneasures of enzyme activity do nor 

consistently reflect these changes. Typically. the changes in isoform distribution melisured 

by Western bloc are not retlected in measures of pump content cissessed by the standard 

ouabnin-binding technique (Sun et uL. 1999). The results from both of these measures are 

oftcn at odds with an in i~itro measure of pump rictivity (Azuma et d.. 1993: Thornpson ut 

d., 1999; Thompson et id.. 200 1 ). The problem in drtermining fibre- and isoform-specitïc 

diffrrences in pump activity is cornplex because of inherent difficulties in assessing Na'-Kg- 

ATPase activity in mammalian skeletal muscle (Hansen and Clausen. 1988). A better 

understanding of the factors that influence Na'-K'-ATPase activity in vivo and the 

assessrnent of Na'-K'-ATPase activity in vitro may help to make sense of the available 

information on pump content, activity and isoform distribution. This information can 

provide insight into the factors that regulate pump expression in skeletal muscle. 

It was previously postulated that the NS-K'-ATPase content (Chin and Green. 1993) 

and activity (Ianuzzo and Dabrowski. 1987) may be associated to oxidative capacity of a 

fibre, although pump expression may be regulated in association with a number of 

characteristics of a particular fibre type. For example, Na'-K'-~Tpase expression rnay be 

associated with the myosin ATPase that dictates the histochemical designation of fibre type. 

However. limited evidence suggests that the pump isoform complement rnay not be 



regulated with the myosin heavy chah (MHC) (Sun et al.. 1999; Sweadner et al.. 1992). 

Changes in  Na'-K'-ATPase during chronic low frequency stimulation have been observed to 

precede adaptations of oxidative enzymes (Green et uL. 1992: Hicks et al.. 1997). which 

highlights the importance of this enzyme in skeletal muscle's adaptive response to stress. 

Differences in steady state activity particular to an isofonn cornplernent and potentiril for 

activity modification of the various protein complexes by extracel Mar signals (Skou. 1992) 

imply that the activity of the pump is under continuous reguiation in  the living cell (Ewart 

and Klip. 1995). 

Regulation of Na,K-pump capacity 
Basal activity of the Na.K-pump primarily depends on the distribution of Na' and K' 

on either side of the plasma membrane and utilizes oniy -2-8'70 of maximum pumping 

capacity in vivo (Clausen. 1986). In responsr to a single excitation impulse (action 

potential). voltage-gated Na' influx and K* efflux can stimulate up to twenty fold increase in 

Na,K pump activity (Clausen. 1996a). Epinephrine. norepinephrine. and insulin are also 

responsible for short-term activation of the pump after the original triggering event. in the 

form of acute hormonal control (Ewart and Klip. 1995). Extracellular signaling mechanisms 

commonly share phosphorylatiodde-phosphorylation reactions to activate or inhibit protein 

kinases and phosphatases. The second. third and even founh messenger cascades involving 

the Na,K-pump may be mediated through G-proteins to affect cell adenosine and guanosine 

33'-cyclic monophosphate (CAMP, cGMP) concentration. activity of CAMP-dependent 

protein kinase A, C & G (PKA, PKC, PKG), and concentrations of eicosanoids. inositol 

phosphates (PI), cell calcium. or adenosine, cytokines, and endothelin (Bertorello and Katz. 

1995; Blanco and Mercer. 1998). These signais may derive from catecholarnines. calcitonin 



gene-related peptide (CGRP; from nerve endings). free fatty acids. and cytoskeletal links 

(Therien and Blostein, 2000). Recent evidence suggests that these signaling mechanisms 

may also be targeted to specific isoforms of the separate Na'-K'ATPase subunits (Gao et 

al.. 1 999), through phosphorylation dependent mechanisms (Ragol ia et dl.. 1 997). t n a 

tissue-sprcific manner (Blanco and Mercer, 1998: Therien and Blostein. 2000). This may 

facilitate functional modification based on the expression of panicular isozymes. and confer 

isoform-specific regulation (Blanco and Mercer. 1998). 

lnfluencing the activity of the available pumps at the ce11 surface is just one way ihat 

the Na'-KT-ATPase pumping capacity can be regulated. The musclc cell also has 

mrchanisms that acutely regulate the number of pumps at the membrane. For example. the 

hormone insulin has direct effects on transiocating a 'hormone-responsive' pool of CCP 1 

subuniis to the muscle membrane (Hundal et al.. 1992; Marette et al.. 1993). This process is 

believed to be a mechanism that increases ion purnping capacity at the membrane (Hundal et 

al., 1992: Marette et al., 1993; Sampson et al.. 1994). particularly for the clearance of K' 

from the blood (Moore, 1983). Na'-dependent amino acid clearance. and Nai-H' exchange 

(Marette et al.. 1993). Since increased Na'-K'-ATPase aciivity is also observed in vitro 

following acute insulin administration (Lavoie et ai., 1996; Ragolia et ai.. 1997). this 

explanation of increased transport capacity is plausible. This is consistent with the isoform 

and tissue specific regulation observed with the thyroid hormone (Azuma et al.. 1993; 

Horowitz et ai.. 1990) and a & P adrenergic agonists (Gao et al.. 1999). 

A recent report suggests that muscle contraction also mediates translocation of a2P 1 

subunits to the membrane in humans (Juel et al., 2000). This is in contrat to the original 

work done in rats where treadmill running induced an increase in both a subunits at the 



membrane and P2 mRNA following the exercise (Tsakindis et al.. 1996). in both studies. ri 

greater extent of a than p translocation was observed. because (i subunits are already in high 
C 

concentration in the membrane (Lavoie et al.. 1997). Aggregation of a subunits to existing 

stmctural p subunits rnay obviate the need to translocate complete a-p complexes and may 

be a novel rnechanism to regulate activity. as observed in buculo-vins-infected Sf-9 cells 

(DeTomaso er cil.,  1994). 

It is interesting to note that there have been no documented acute reductions in Na.K- 

pump activity in skeletal muscle by hormonal regulation (Clausen et cd.. 1998). Phosphatase 

reiictions associated with hormone action can reduce pump activity in other tissues. but not 

skeletal muscle (Thrrien and Blostein, 2000). Consequently, most of the srcondliry-signal 

mediated regulation of pump activity in skeletal muscle is assumed to be only stimulatory in 

nature. hadequacies in pumping capacity under stress cm therefore result from an 

inadequate original pump cornplemeni. or from an 'insufficient activation' of availablc 

purnps (Clausen et ai.. 1998; Verburg et al., 1999). Indirect evidence available from rffects 

on other cellular ATPases implies that Na,K-pump activity can be acutely compromised by 

exercise (Green, 1998). Studies on mouse diaphragm muscle indicate that excessive 

intracellular ca2+ can inhibit pump activity (Sulova et aL. 1998). Elevated intracellular ~ a "  

is a common byproduct of intensive contractile activity (Westerblad and Allen. 1991) and is 

believed to have widespread effects on altering contractile function (Bruton et al.. 1998). A 

number of observations in the literature indicate that acute reductions of Na.K-pump activity 

measured in vitro result from ischernia, ischemia-repurfusion injury and possible damage by 

reactive oxygen species in cardiac muscle in vivo (Bersohn et ai., 1992; Bersohn, 1995: Kato 



et al., 1998; Kim and Akera. 1987; Kramer et ai., 1984: Kukreja et af.. 1990: Xie et ai.. 

1 990). 

Only recently has there been evidence that the skeletal muscle Na.K-pump capacity 

may be compromised during exercise (Verburg et ai.. 1999). These investigators provide 

indirect evidence that during sustained submaximal isometric contractions an increased loss 

of K' observed later in exercise, was due to an "insufficient activation of pumps". When this 

is considered in combination with the low K' reuptake observed after exercise. one might 

postdate that a time-dependent inactivation of Na.K-pumps may have occurred. A change in 

activity meilsured in virro would likely indicate structural alterations of the enzyme. sincc 

rneasures under optimal conditions in vitro are not influenced by an alterrd metabolic 

environment in vivo. No published study presently exists examining the acute effects of 

rnrrcise on NaT-K'-ATPase activity measured in vitro. However. the ability to answer 

whether pump aciivity is dtcred by exercise. and address the previously identified questions 

of muscle-specific pump expression, are dependent upon suitable mesures of pump content 

and activity. 

Measures of Na'-K'-ATPase in skeletal muscle 
A complete enzymatic profile typically requires assessment of a number of variables, 

most notably the concentration of the enzyme, the ATP splitting rate (ATPase activity). and 

the transport capacity (use of energy to perform cellular work such as moving ions or other 

molecules). From these rneasures, assessment of the molecuiar activity (ATP splitting rate 

per enzyme molecule) and coupling ratio (transport capacity per ATP split) c m  be made to 

fully characterize the enzymes' ability to move substrate in a given task environment. These 

rneasurements are presented in the context of a functional enzyme in a membrane, so the 



integrity of both the membrane and enzyme should also be considered (i.e. passive ion 

permeabilities. membrane competency. and membrane surface:cellular volume ratio). With 

regards to the Na,K-pump and determining its activity in skeletal muscle. a number of these 

issues have specific application. 

The content of the Na'-K'-ATPase enzyme has classically been assessed by the 

[3~]ouabain binding technique for skeletal muscle samples described by Norgaard et ni. 

( 1983: 1984). The total number of functional Na.K-pumps is deiennined by the binding of 

the sprcific cardiac glycoside inhibitor. ouabain. to the a-subunit of the enzyme in the 

presence of vanadate (Kjeldsen. 1986). This measure can infer a theoretical maximum 

pumping capacity when pump content is rnultiplied by the Na'-K' ATPase molecular 

activity (Le. maximal enzyme activity of a Na*-K'-ATPase molecule measured in isolation). 

assumed to be 8000 cyclesmin~l~pump" (Clausen. 1986; Horgan and Kuypers. 1987). 

An additional measure obtained in some variations of the ouabain binding technique 

is the 'dissociation constant' or "Kd". The Kd is the negative reciprocal of the association 

constant. more appropriately describing the affinity of the enzyme (i.e. Na'-K'-ATPase) with 

its substrate (ouabain). In this procedure, muscle samples are incubated in concentrations of 

labeled and unlabeled ouabain from 5-5000nM (Kjeldsen, 1986: Norgaard et a l ,  1984; 

Pickar et al., 1997). Changes in affinity of the enzyme to ouabain should theoretically 

represent either isoform shifts (as may occur chronically) or modification of enzyme 

structure (which rnay occur acutely). It is interesting to note that many Kd assessments have 

indicated a single population of ouabain binding sites in skeletal muscle (Bundgaard et al, 

1997; Harrison et al.. 1994; Kjeldsen, 1986; Ng et al.. 1993; Norgaard et al.. 1984). This 

may be due to the fact that the al isoform of Na.K-pump in rat skeletal muscle is 250 times 



more resistant to ouabain than is the a2 (Blanco et al., 1995), and therefore the ouabain 

binding technique may only quantify the binding characteristics of the a2 subunits 

(Thompson et cd. ,  1 999). 

Hydrolytic activity of an ATPase is usually represented as specific activity. i.e.. 

prnoles ATP split per milligram protein per minute or per hour. Estimation of hydrolytic 

rtctivity involves measurement of specific activity (ATP split) as well as the protein content 

obtained in the preparation procedure. ATPase activity is normally assessed by the liberation 

of P, or the coupling of ATP hydrolysis to a light sensitive product such as NADH through a 

scries of enzymaiîc strps. Nat-K'-ATPase activity is low compared to other ATPases of the 

cell. making assessrnent in hornogenates difficult. Isolation procedures typically have low 

yields and greater tissue requirements (Hansen and Clausen. 1996: Hundal and Aledo. 1996). 

which creatrs a problem for muscle specific deteminûtions. Given that the primary step in 

XTP hydrolysis is a Na'-dependent phosphorylation (Skou. 1992). hydrolytic activity is 

thought to be regulated by the a catalytic isofonn and its varying affinities for Na' as a 

substrate (Jewell and Lingrel. 199 1 ; Zahler et al.. 1997). 

Because of the low proportion of Na'-K'-ATPase activity relative to other ATPlises 

in the muscle cell, artificial substrates such as 3-O-rnethylflueroscein phosphate (3-0- 

MFPase) and p-nitrophenol phosphate (pNPP), are used in skeletal muscle as more sensitive 

and specific indicatoa of activity. K'dependent hydrolysis of chromogenic substrates. 

substitute for the aspartylphosphate intemediate of the ATPase (Horgan and Kuypers, 1987) 

to represent the terminal step in ATP hydrolysis (Huang and Askari, 1975). These 

phosphatase assays relate to actual ATPase activity (Horgan and Kuypers, 1987: Huang and 

Askari, 1975), but yield results that are less than the activity assessed by direct rnethods. 



possibly because of reduced affinity for the artificial substrates. Phosphatase assays do not 

consistently represent changes ai the isoform level. and therefore. may indicate something 

other than maximum hydrolytiç activity of the enzyme. The P isofom stabilizes the K'- 

bound E2 phosphosnzyme intermediate (Blanco et nl.. 1995; Skou, 1992). which rnay 

explain why kinetic specificity in phosphatase assays may be conferred by the P subunits in 

rat tissue (Gick et d. 1993; Lavoie et al.. 1997: Ng ei al., 1993). 

It is interesting to note that the pump's hydrolytic. transport. and phosphatase 

activities can be modified independently of each other (Ball. 1986: Linnertz et al., 1995: 

Zoiotarjovii et c d . .  1 995). This implies t hrit di ffsrent components of Na%'- ATPase function 

clin bc pariitioned in thcir contributions to overall enzyme activity. These ciifferences rnay be 

eliciied by contrasting assays that optimize the separate functions. such as the ATPase for 

hydrolytic activity. and the 3-O-MFPase for phosphatase activity. Combining activity 

measures ihat assess different aspects of pump function in combination with identification of 

other pump characteristics. rnay help Our understanding of factors that control pump activity. 

With the number of difficultirs associated with measuring skeletal rnuscie Na+-K'- 

ATPase in vitro, much of the work on muscle excitability and how it may relate to fatigue is 

done using another indirect mesure, that of electromyography (EMG), and specifically, the 

muscle compound action potential (M-wave). Na+-K+-~Tpase activity is electrogenic in 

nature, and therefore, contributes to membrane potential and the maintenance of 

sarcolemmal excitability (Clausen. 1996a). Changes in M-wave result pnmarily from a loss 

in  muscle excitability. secondary to a loss in Na' and K' gradients (Cairns et al., 1995: 

Overgaard et al.. 1997). Consequently, the in vivo activity of the Na,K-pump that maintains 

the ion gradients, is believed to directly influence the magnitude of the M-wave (Hicks and 



McComas, 1989: Overgaard and Nielsen, 2001). A close relation has been observed between 

ion imbalance. changes in electromyogram and force loss in isolated rat muscle (Cairns et 

al.. 1995: Fitts. 1994; Hicks er ni.. 1989: Overgaard et crl. .  19973. A cornparison of rhis 

relationship to enzymatic activity measured in vitro is not available. No relationship has 

similarly been demonstrated for human muscle between Na-K'-ATPase. M-wavr. and 

force. bccause of even greater difficultics in measuring Na'-K'-ATPase iictivity on human 

tissue compounded by the neural mechanisrns in place to preserve muscle excitability in 

humans during voluntary exercise (Enoka and Stuart, 1992). 

Summary 
Collectively. the assessments of Nat-K'ATPûse activity in skcleial muscle have 

lacked integration and consistency. possibly because of a lack of information on the fxtors 

influencing skeletal muscle Na'-K'-ATPase activity assesxd by different meihods. It is 

possible that differences rxist in the enzyme activi~y Na'-K'-~Tpase subunits expressed 

between whole rat muscles of varying fibre composition. Enzyme activity should be directly 

influenced by the specific isoform cornplexnent expressed in the muscle fibres. although 

previous studies have not combined isoform characterization with appropriate enzymatic 

analysis. Different activity assays may be assessing different qualities of the enzyme's 

catalytic process. and this may explain the discordant results between chronic pump isoform 

adaptations and pump activity. The major objective in assessing fibre-specific differences in 

Na'.K'-ATPase characteristics. and N~',K*-ATP~s~ in response to exercise, is to lend some 

insight into factors that dictate Na'+K'-ATPase expression. The Na+.K'-ATPase is highly 

regulated in the acute and chronic response to stress (Green. 2000; Nielsen and Clausen. 

2000). and yet the signais and mechanisms eliciting these changes are largeiy unknown. 



STATEMENT OF THE PROBLEM 

The purpose of the work presented in this thesis is to characterize the Nat-K'- 

ATPase (or Na.K-pump) in skeletal muscle and rneasure Nat-K'- ATPase ûcti vi ty in 

response to exercise. To address this, Na'-Kt-ATPase activity, content and isoform 

distribution was measured in muscles of varying fibre types. Subsequentl y. Na'-Kt- ATPüse 

was measured following acute exercise in both rat and human muscle. 

Specific study objectives include: 

1 .  Cornparhg the validity. specificity. and variability of two rissays used to mcasure 

Na'-K'-ATPase activity in skeletal muscle. and determinc which technique is 

preferred for analysis of homogenate and cmde membrane srimples. 

2. Determining the correlation between Na'-K'-ATPase content and isoform 

distribution to measurement of Na'-K'-~~pasr iictivi ty in s keletal muscles of 

varying fibre composition. 

3. Determining the fibre-specific effect of an isolation procedure used IO obtain a crude 

membrane fraction, on Na'-K'-ATPase characteristics of activity. content and 

isoform distribution. 

4. Detemining the acute fibre-specific effect of exercise on Na'-K'-ATPase activity in 

rats. as measured by the 3-O-MFPase assay. 

5 .  Determining the acute effect of sustained voluntary exercise on Na+-K'-~Tpase 

activity in humans, as measured by the 3-O-MFPase assay 



6.  Establishing a relationship between the in vitro measure of Na'-K'-~~pÿse activity 

and the indirect measure of Na'-K'-ATPase by electromyography. during voluntüry 

exercise in humans. 

The specific hypotheses are: 

1. The K'-stirnulated 3-O-methylfluorescein phosphatase (3-O-MFPase) assay will be 

the most specific and reliable. and the ouabain-inhibitable hydrol ytic x t i v i t y  

(ATPase) assay the most valid measure of Na'-K'-ATPasr activity in skeletal 

muscle. in both homogenates and crude membrane fractions. 

7. The 3-O-MFPase assay will be the preferred technique for use with homogrnates. 

and the ATPase assay will be the preferred technique for use with crude membranes. 

to measure Na'-K'-ATPase activity in skeletal muscle. 

3. Na'-K'-ATPase content. as measured by ouabain binding. will be greatest in muscles 

with the highest oxidative capacity (Le. SOL. RG) and Na'-K'-ATPase content will 

correlate to the relative distribution of a2 subunits measured in hornogenates of 

different skeletal muscles. 

4. The relative abundance of ct2 subunits between different skeletal muscles will best 

predict, by multiple regression, Na+-K'-ATPase activity measured by ATPase. in 

both homogenate and crude membranes. 

5. Therelativeabundanceof~1subunitsbetweendifferentskeletalmuscleswillbest 

predict, by multiple regression. Na%+-~TPase activity measured by 3-O-MFPase. 

in both homogenate and crude membranes. 



6. There will be no fibre-specific effect of the isolation procedure on rneasuring Na'- 

K'-ATPase characteristics in crude membrane fractions. 

7 .  Na'-K'-ATPase activity will be reduced following a single bout of prolonged 

submaxirnal aerobic exercise in rats, when measured in vitro on muscle hornogenates 

using the 3-O-MFPase assay. 

8. Changes in Na'-K'-ATPase activity due to a single bout of exercise in rats will no[ 

be different between skeletal muscles of varying fibre type. 

9. Na'-K'-ATPase activity and muscie excitability will be reduced during sustained. 

repetitive isometric exercise in humans. and will remain depressed for ai least 60 

minutes of passive recovery following the bout. 

10. The EMG measure of M-wave area will correlate to the in vitro measure of Na'-Ky- 

ATPase activity pnor to and following voluntary exercise in humans. 



Summary 

To <iccomplish these objectives, three studies were performed. 

1. In study one. 1 assessed Naf-K'-ATPase activity. pump content. and isofonn 

distribution. in homogenates and cmde membranes of skeletal muscles of vary ing fibre 

types. This study is presented in five parts. and forms the majority of the thrsis work. 

2.  In study iwo. 1 invesiigated changes in Na'-K'-ATPase activity following a single bout 

of prolonged submaximal aerobic exercise in rat skeletal muscles of varying fibre types. 

3. In study three. 1 measured Na+-K+-~Tpase activity by 3-O-MFPase. and muscle 

excitability by EMG. in human skeletal muscle prior to and for a period of four hours of 

passive recovery following a single bout of sustained. moderate intensity voluntary 

isomctric exercise in humans. 



CHAPTER Il 

Characterization of Na+-K+-ATPase in rat skeletal muscles 

of varying fibre composition 



ABSTRACT 

The purpose of this study was to use a comparative approach asscssing Nat-K'- 

XTPrise characteristics in the soleus (SOL), red gastrocnemius (RG). white gastrocnrmius 

(WG). and cxtensor digitomm longus (EDL) skeleial muscles of the rat. These muscles are 

rrprescntative of primarily slow-oxidative type 1 fibres (SOL), type 1 and fast oxidative- 

glycolytic type IIa fibres (RG). fast glycolytic type IIb fibres (WG). and muscle having a 

mixrd cornplement of fast fibre types (EDL). Tissue was sampled at rest under anaesthetic. 

from a total of 38 male. 16 werk-old Wistar rats weighing 4 13 + 6.0 g (mean t SE). Na'-K'- 

ATPase cicti v i ty  was dctrrminrd in homogrnates (HOM) and isolated cmde membranes 

(CM) for the rqencrating ouabain-inhibitable hydrolytic activity assay ( ATPase) and the 3- 

O-nieihylfluorescein Kkimulated phosphatase (3-O-MFPase) assays iri vitro. In addition. 

pump content was determined by [3~]-ouabain binding, and the distribution of al,  a 2.  a3. 

and p l ,  and P2 isoforms was determined by Western blot. Differences (P<0.05) in enzyme 

activity between muscles were observed for HOM (EDbWG) and CM (SOL>EDLWG) 

for the ATPase assay. For the 3-O-MFPase assay, differences (Pc0.05) were also found for 

HOM (SOL>RG=EDL>WG) and CM (SOL=WG>RG). To determine if activity was reiated 

to pump content, differences in ['HI-ouabain maximum binding (Bmax) were observed in 

the order of RG = EDL > SOL =WG (Pc0.05). following the same trend as HOM ATPase 

activity. Westem blot in CM indicated a greater distribution of al in SOL than WG and 

EDL (Pc0.05) and a similar relation was observed for d. The p l  isoform was greater 

(P<0.05) in EDL and WG, and the P2 was greater in SOL and RG (P<0.05). The presence of 

the a3 isoform, not previously observed in skeletal muscle, was identified in greater 

proportion in WG and EDL than SOL and RG (P~0.05). The al distribution was correlated 



with HOM 3-O-MFPase ( ~ 0 . 7 9 ,  P<0.05) CM ATPase (r=0.59, P<0.005) and CM 30MF 

activity ( ~ 0 . 3 3 ,  WO.05). B I  distribution was correlated to HOM 3-O-MFPase (r=0.61. 

P4l.005) and CM ATPase ( ~ 0 . 4 2 ,  P<0.05) activity. HOM a2 distribution was correlated 

with ouabain Bmox (r=0.64. P~0.005). The results of this experiment indicate that a number 

of factors dictate the activity of the Na'-K'-ATPase in skeletal muscle, including the assay. 

isolation proccdurc. and the muscle studied. Na'-K'ATPase activity is different betwern 

muscles of varying fibre composition, and a higher distribution of al and P 1 subunits. as 

found in SOL. confers the greatest Na'-K'-~Tpase activity when measured on skeletal 

muscle prcparritions in vitra. 



iNTRODUCTION 

The N~'-K'-ATPÛs~. or Na,K-pump. is an integral membrane protrin that couples 

the chemical hydrolysis of ATP to the vectoral transport of Na'out of. and K' into. the cell. 

In skeletal muscle cells. this active transport mrchanism restores ionic gradients for the 

control of cell volume and the fiicilitated transport of ions and nutrients (Lang rr cil.. 1998). 

and the maintenance of membrane potential and 'excitability' in response to neuromuscular 

activation (Clausen et of.. 1998). The effectiveness with which the Na'-K'-~TPase is able to 

perform this function is dependent upon the content and distribution of protein subunits and 

the precise control of regulatory signals that allow appropriate activcition of the enzyme. 

The contractile chriracteristics of muscle (i.e. force and speed of contraction) rire 

typicûll y linked to the proteins responsible for the excitation and contract ion procrsses. In 

rat muscle. histochemically typed 'fast' fibres have HA. I IX and I IB  myosin heavy chains 

(MHC) (with high myosin ATPase activity). fast rnyosin light chains. and sarcoplasmic 

reticulum (SR) ca2' regulatory proteins specific to a rapid ca2' release and ~ a "  

sequestration. A high glycol ytic potentid supports energy demands. and oxidative potrntial 

is variable between the fast fibre types. In addition. these muscle fibres require a high 

frequency of action potentials to develop and sustain maximum force. In contrast. 'slow' 

fibres with type 1 MHC (and low myosin ATPase activity) contain nearly the opposite 

functional complement of proteins. achieve a slower rate of force generation and relaxation, 

and do not require a high frequency of activation to attain optimal levels of force. These 

fibre type differences might suggest that the Na'-K'-ATPase content and isofom 

composition are dictated by the speed of the fibre and activation demand. However, it has 

been postulated that Na'-K*-ATPase content (Chin and Green, 1993) and activity (Ianuzzo 



and Dabrowski, 1987) are associated with the oxidative capacity of the fibre, and limited 

evidence suggests that the pump isoform complemenr may not be regulated with myosin 

heavy chain (MHC) expression (Sun et al.. 1999; Sweadner et al..  1992). Changes in Na'- 

K'-ATPase during chronic low frequency stimulation have been obscrved to genercilly 

precede adaptations of other proteins involved in excitation and contraction (Green et al.. 

1992: Hicks et al., 1997). These observations emphasize the importance of this enzyme in 

skeletal muscles' adaptive response to stress. although the factors that dictate the quantity 

and pattern of Na'-K'-~Tpasr subunit expression are large1 y unknown. A coniprehensivr 

investigation of pump activity. content. and isoform distribution in muscles with di ffcrent 

fibre type composition may help to elucidate factors controlling expression of the skeletal 

muscle Na'-K'-ATPase. 

The Na'-K'-ATPase is characterized as having one catalytic (a) subunit with four 

known isoforms. one glycoprotein (P) subunit with three isoforms. and an additional 

regulatory y subunit (Blanco and Mercer. 1998). In mammalian skeletal muscle. the 

distribution is such that slow oxidative (type i) fibres contain alPl and a2p 1 complexes. 

fast glycolytic (type 1IB) fibres contain a l p 2  and a2P2 heterodimers (Hundal et al.. 1993: 

Hundal et al., 1994), and fast oxidative-glycolytic (type IIA) have al1 four combinations 

(Thornpson and McDonough. 1996). The a3 and P3 subunits are in negligible quantities in 

skeletal muscle (Arystarkhova and Sweadner, 1997; Thompson et ai.. 2001) and 

characterization of the y subunit in skeleial muscle is incomplete. These results suggest that 

in terms of isoform distribution, it is the P isoform that distinguishes slow from fast fibres. 

The p 1 subunits are believed to confer greater enzymaiic activity to the pump than the P2 

subunits (Blanco et al., 1995: Crambert et al.. 2000; Hundal et al.. 1993), so this rnay have 



particular importance for characterizing fibre-specific Na'-K'-~Tpase activi ty in skeletal 

muscle. The a2 is thought to be the major catalytic isoform (Hundal et al.. 1994). potentially 

conferring greater enzyme activity if preferentially expressed in a particular fibre. 

Previous studies have identified Na,K-pump content and isoform distribution in a 

range of skeletal muscles of different fibre type composition (Hundal et al.. 1993: Sun et <il.. 

1999: Thompson et al.. 1999; Thompson et al., 2001 ; Thompson and McDonough. 1996). 

However. the way in which these characteristics relate to muscle-specific Na'-K'-ATPase 

activity is unclear. For example, Thornpson et al. (1999) reponed no diffcrence in Na'-K'- 

ATPase activity between soleus (SOL) and white gastrocnemius (WG) muscles dçspite a 

su bstantial l y di fferent isoform composition. These authors also observed 94% and 70% 

decreases in a2 and B2 subunits with K' deprivaiion. but only a 198 drcreasr in K'- 

stimulated p-nitrophenol phosphatase (K-pNPP) activity. A number of other interventions 

from ionic to hormonal manipulations have induced isoform specific adaptations in Na'-K'- 

ATPase expression in skeletal muscle (Azuma et al.. 199 1 ; Azuma et al.. 1993: Bundgaard 

et al., 1997; Thompson et ai., 1999: Thompson er al., 2001; Thompson and McDonough. 

1996), although rneasures of enzyme activity do not consistently reflect these changes. 

Typically, the changes in isoform distribution measured by Westem blot, are not reflected in 

rneasures of pump content assessed by the standard ouabain-binding technique (Sun et aL. 

1999). Although Bundgaard et al. (1997) observed a relationship between changes in pump 

content and pump activity, the results of Westem blot (isoform distribution) and ouabain 

binding (content) are often at odds with an in vitro mesure of pump activity (Azuma et al.. 

1993; Thompson et al., 1999; Thornpson et al., 200 1 ). 



Distinct isoform combinations of the Na%'-~TPase are believed to confer kinetic 

specificity for varying cellular requirements (Blanco and Mercer, 1998). Differences in 

activity are observed when specific isoform complements are expressed in bacterial cultured 

crlls (Blanco et al.. 1995: Cramben et al.. 2000) or when obtained by isolation of a group of 

red or white skeletal muscles (Hundal et al., 1994; Lavoie et nl.. 1997). Given the 

contradictory findings identified for specific skeletal muscles between pump content, 

subunit distribution. and activity, our understanding of the fibre-specific relationship 

between these variables is limited. 

The problem in examining the relationship between fibre-type composition and 

pump activity is primarily due to inherent difficultics in assessing Na'-K'-ATPase activity 

in skeletül muscle (Hansen and Clausen. 1988). Sarcolemmal and t-tu bular Na'-K'-ATPase 

content and activity are low cornpared to the content and activity of other ATPases of the 

ceIl. including other membrane bound enzymes. This fact makes valid assessrnent Na'-K'- 

ATPase activity difficult. whether in whole-muscle homogenates or enriched membrane 

fractions. Isolation procedures typically have low yields and greater tissue requirements 

(Hansen and Clausen. 1996; Hundal and Aledo. 1996) which also create problems for 

muscle speci fic determinations. 

Artificial substrates. such as 3-O-rnethylfluorescein phosphate (3-O-MFP) and p- 

nitrophenol phosphate (pNPP), are used in phosphatase assays to analyze activity in skeletal 

muscle homogenates and enriched fractions, because these assays are sensitive and specific 

indicators of activity. These assays are purported to relate weil to actual ATPase activity 

(Hansen and Clausen, 1988). This relationship was established in rat brain, cat heart, and 

human red cells (Huang and Askari, 1975). and a purified t-tubular membrane preparation 



(Horgan and Kuypers, 1987). and therefore requires further confirmation in skeletal muscle 

of varying fibre types. These assays yield results that are less than the activity assessed by 

direct methods. possibly because of reduced affinity for the artificial substrates (Hansen and 1 

Clausen, 1988). Phosphatase assays do not consistently represent changes at the isoform 

level. so they may indicate something other than maximum hydrolytic activity of the 

enzyme. 

Thc p isoform stabilizes the K'-bound E2 phosphoenzyme intenediate (Blanco et 

c d . .  1995: Skou. 1992). and therefore phosphatase assays may specifically identify enzyme 

activity between muscles of varying P isoform composition. Given that the primary step in 

ATP hydrol ysis is a Na+-dependent phosphorylation (Skou. 1992). hydrol ytic activity 

assessed in a direct ATPase assay is thought to be regulated by the a catalytic isofom and 

its varying affinities for Na' as a substnte (Jewell and Lingrel, 1991: Zahler et cil.. 1997). 

This property may help to specifically identify enzyme activity between muscle fibres of 

varying a isoform composition. Therefore, using botb the hydrolytic and phosphatase assays 

to assess Na'-K'-ATPase activity between muscles of varying fibre type may heip to relate 

muscle specific-differences in both a and P isoform distiribution. 

Collectively, assessments of Na+-K'-~Pase activity in skeletal muscle have lacked 

integration and consistency, possibly because of a lack of information on the factors 

in fluencing s keletal muscle Naf-K+-ATPase activity assessed b y di fferent methods. There is 

some evidence to suggest that purnp content may be related to oxidative potential of the 

fibre. but this requires confirmation in context of other variables used to characterize the 

Na'-K'4TPase in skeletal muscle. The purpose of the present study is to assess activity, 

content, and isofom distribution characteristics of the Na%+-ATPase in skeletal muscles 



of varying fibre composition. To achieve this. ~a*-K'-~Tpase characteristics were 

compared betwecn soleus (SOL). red gastrocnemius (RG), extensor digitorum longus 

(EDL), and white gastrocnemius (WG) skeletal muscles of the rat. These muscles are 

representative of primarily slow-oxidative type 1 fibres (SOL). fast oxidative-glycolytic type 

IIa fibres (RG), fast glycolytic type IIb fibres (WG). and muscle having a mixed 

cornplement of fast fibre types (EDL) (Delp and Duan. 1996). 

Ws h ypothesize that in rat skeletal muscle. Na'-K'-~Tpase h ydrol ytic activity 

(measured directly by the ATPase assay) should relate to the content of the a2 catalytic 

isoform. Na'-K'-ATPase phosphatase activity (measured by the 3-O-MFPase assny) should 

relate to the content of the P i  isofom, and the standard ouabain binding assüy should 

quantify the content of a2 subunits. We hypothesize that oxidative muscles will express 

greater relative arnounts of a2 and P 1 subunits. and therefore. will have a higher purnp 

content when measured by ouabain binding, and greater Na'-K'-~TPase activity. when 

measured in vitro by either the ATPase or the 3-O-MFPase assay. We will contrast these 

relationships io the current understanding that there is a direct relationship between and Nat- 

K'-ATPase content and activity. by measuring these characteristics in muscles of varying 

fibre type composition. 



METHODS 

A~timcrls. Experiments were carried out using 38 male Wistar rats (agr 16 weeks; 

weight 4 13 2 6 grams , mean 2 SE). Rats were housed in a room where the light-cycle was 

reversed ( 1 ZhIl7h) and rat chow and water were provided ad libitum. Care and treaiment of 

the animais wris in accordance with procedures outlined by the Canadian Council on Animai 

Care. Ail procedures were üpproved by the University of Waterloo Office for Ethics in 

Reserirc h. 

Exprrinirntnl Desig~i. A comparative mode1 was used to assess Nat-Kt-ATPase 

charactrristics between soleus (SOL). red gristrocnemius (RG). entensor digitorum longus 

( EDL). and white gastrocnemius ( WG) skeletal muscles of the rat. Experimental methods 

were divided into the  parts mcording io the following subdivisions: Port I . Na'-K' ATPase 

activit y: Pczrr 2 .  Val idit y. reliability . and specificity of Na'-K'-ATPase üssays in HOM and 

Ch1 preparations: Part 3. [3~]ouabain binding and Na'-K'-ATPase content: Part 1. Isoform 

distribution qumiitïed by Western Blot: Parr 5,  Relationships between Na'-K'-ATPase 

activity. content. and isoform distribution. 

Na'-K'-~Tpase activity (Part 1 )  was measured in whole-muscle homogenates 

(HOM) and homogenates prepared from isolated crude membranes (CM) using the direct 

ouabain-inhibitable hydrolytic activity assay (ATPase) and the 3-O-methylfluorescein R- 

stimulated phosphatase (3-O-MFPase) assays in vitro. From the measures in Part I 

maximum activi ty! speci fic activity, intra-assay variability and inter-assay variability were 

cdculated between assays, for both HOM and CM, and the protein yield, purification, and 

recovery of rictivity were detemined for CM (Part 2). [3~]ouabain binding was used to 

quantify pump content (Bmax, maximum binding), as well as ouabain binding affinity (Kd, 

dissociation constant) on whole muscle tissue pieces (Part 3). Isoform distribution of al, a2, 

03,  p l ,  and P2 isoforms was determined in both HOM and CM, by Western blot and relative 



densitometry (Pan 4). Linear. and multiple linear regression was used to identify 

correlations between Na'-K'-ATPase activity. content. and isoform distribution (Pan 5). 

M~.lirsclr preparciriori and isolation procedures. SOL. RG, EDL. and WG muscle 

samples were obtained frorn anaesthetized animais. Muscles were rapidly excised. quickly 

frozen in liquid nitrogen. and stored at -80°C until funher preparation andlor anal ysis. Time 

between anaesthetization and extraction averaged -5min. Individual muscles from 10 

separate rats were obtained for preparation of HOM in Na'-K%TPase activity assays and 

Western blotting. For HOM. tissue from frozen muscle samples was hornogenizcd (5% W / V )  

at 0°C for 2 x 20s @ 25.000 rpm (Polytron), in a buffer containing 25OmM sucrose. 2 mM 

EDTA. 1.25 mM EGTA. 5mM N a 1  and lOmM Tris (pH 7.40). The homgenatr was 

aliquotted. and quickly frozen in liquid nitrogen until further analysis. 

Muscles from both lirnbs of 2-3 rais (depcnding on muscle size) were pooled to 

prepare 'crude membranes' (CM) for Nat-K'-ATPase activity assûys and Westem blotting. 

The CM was prepared using a modification of procedures employed by Dombrowski er al. 

(1996). a technique developed to isolate plasma membrane. t-tubular. and intemal 

membrane components of skeletal muscle. This technique uses various centrifugation and 

sucrose gradient separation steps to purify muscle membrane components. However. as the 

intent of this study was to use small tissue amounts for individual muscle Na'-K'-~Tpase 

activity determinations, only the first few steps of this procedure were ernployed to produce 

a 'crude membrane' (CM) (identified by Dombrowski et al. as "pellet F2"). This fraction 

contains primarily sarcolemmal membranes and some intemal membranes that contain Na'- 

K'-~Tpase subunits. This fraction does have contamination from other internai membranes 

such as sarcoplasmic reticulum (SR) (Dombrowski et al.. 1996). The SR ~ a " - ~ ~ ~ a s e  was 

identified in this expriment to contribute to background activity in the ATPase assay. 

However, the extent of background relative to Na+-K*-ATPase activity was very stable 

between repeated analysis of CM sampies (see Part 2 - Results). Therefore. the difference in 



NaC-K'-ATPase activity in CM for the direct assay, was stable for an individual muscle. 

~a '-K'-~Tpase activity in the direct assay was calculated as the difference between the 

presence and absence of the specific inhibitor. ouabain. and this accounts for background 

activity providing that the background is stable between separate runs. as indicated. It should 

be emphasized that the prirnary goal of the isolation procedure wiu: ~iot to obtain a 'pure' 

sarcolemmal preparation, but to obtain a sample adequately purified (-7- 10 fold) to asscss 

muscle specific Na'-K'-ATPase activity using a direct assay. without extensive tissue 

requirements (i.e. -5 grarns as per Dombrowski et al. 1996). The activity recovery obtained 

for CM in this experirnent (sre Pan 2 - Results) was ;it least 4 fold higher than the activity 

recovery comrnonly obtained in cornpleie isolation procedures (Hansen and Clausen. 1988). 

Brietly, for preparation of CM. - 1 g of frozrn muscle (combined lrom 2-3 rais) wns 

thawed, clemed of connective tissue, and minced for 5 min in icc-cold isolation Buffer A 

( I OmM NaHC03, 250rnM sucrose, 5 m M  N a 3 ,  and I OOp M pol ymeth yl-sulphon y 1 fluoride 

[PMSF]; pH 7.0). Tissue was blotted and weighed (500-800mg wet weight). and 

homogenized for 2 x 5s @ 17.500 rpm with a polytron 3 100 hornogenizer in Buffer A 

(200mg in 3ml). Homogenate was centnfuged ai 1300g for 10 min. the supernatant saved. 

the pellet resuspendrd in Buffer A (500mg in 3.75ml) and the homogenization and 13Wg 

centrifugation was repeated. The supematants were cornbined and centrifuged at 9ûûûg for 

IOmin. The supernatant was then centrifuged at 1 9 0 , O g  for lh. The pellet was 

resuspended in 400 pl of Buffer A, aliquotted, and frozen in liquid nitrogen until funher 

anal ysis. 

Protein content of both the HOM and CM was determined by the method of Lowry 

as modified by Schacterle and Pollock ( 1973). 



Part 1: Na'-K'-ATPase activity. 

Samples were prepared according to the procedures outlined above for HOM and 

CM. and analyzed in two different Na'-K'-ATPase assays. Two assays were employed 

because of evidence that the pump's hydrolytic and phosphatase activities cm be modified 

independently of each other (Ball. 1986: Linnertz et al.. 1995: Zolotarjova ri al.. 1995). 

implying that different cornponents of Na+-K'-~Tpase may be selective in their contribution 

to overall enzyme activity. Therefore. each assüy may distinguish functionally differrnt 

aspects of Na'-K'-ATPase activity and possibly confer isoform-specific differences in 

enzyme capacity. Preparation of both HOM and CM samples. for boih the ATPase and 3-0- 

MFPrise assays. included four freeze thaw cycles to permeabilize membranes and expose 

binding sites for Na'. K'. ATP. and ouabain. Pilot testing indicüted that this procrdure 

produced similar results to other permeabilizing agents such as saponin. TritonX- 100. and 

deoxycholate. with less intra-assay variability. Nat-K'-~Tpase activity is expressed for al1 

measures as p molmg protein'' hr". 

ATPase activity. The procedures for the direct ATPase rissay were modifird from 

that published by Our laboratory for the c a " ~ ~ ~ a s e  (Chin and Green. 1996: Green et ai.. 

1997). Spectrophotometric (Shimadzu UV 160U) measurement of Na'-K'-ATPase activity 

was perfomed using a regenerating assay. The regenerating assay limits potential 

accumulation of inorganic phosphate, which in an end-point measure. can be inhibitory to 

maximal activity. Samples were freeze-thawed four times and incubated at 37°C for 15 min 

with or wiihout 2rnM ouabain in the buffer containing (in rnM) 120 NaCl. 15 KCI. 50 

TrisBase, 5 NaNi, 1 EGTA. 5 MgCl2, 10 PEP (pH 7.4). in the presence of PK and LDH. The 

assay was started with the addition of 0.3mM NADH and 5rnM ATP. The linear portion of 

the dope (-6-8min) was compared between successive trials for each of ouabain and no- 

ouabain conditions to give a calculation of ouabain-inhibitable Na+-K*-~Tpase activity. The 

average of three repeated determinations (no ouabain - ouabain) was used as the Na%'- 



ATPase activity for a given sample. Analysis was identical between HOM and CM with the 

exception chat 15-20 pl of HOM (- 150 pg protein) and 10- 15 pl of CM (-75 pg protein) 

were used. 

3-O-MFPasr activity. The K'-stimulated 3-O-methylfluorescein phosphatase assay 

(3-O-MFPase) was assessed fluorometrically using a modified procedure from that of Huang 

and Askari (1975) and Horgan and Kuypers (1987). by using a higher substrate 

concentration (Fraser and McKenna. 1998; Huang and Askari. 1975). We have confirmed in 

a separate set of experiments (results not shown). that maximal activity was achieved at 

- 160 3-O-methylfluorescein phosphate (3-O-MFP) in rat tissue. in both HOM and CM. 

The use of 1.25 mM EGTA. 5 mM N a 3 .  was confined in a separate set of experirnents to 

decrease non-specific activity in the assay. and optimize assessment of K'-stirnulated 

activity in rat muscle samples. Samples were freeze-thawed four times, and diluted 115 in 

cold homogenate buffer before being incubated for four min in medium containing (in mM) 

5 MgCI2, 1 .X EDTA. 1 .E EGTA. 5 N a 3 .  and 100 Tris (pH 7.40). The K'-stirnulated 

activity of the Na+-K'-~Tpase was detennined by the increase in activity after the addition 

of 10 rnM KCI. 3-O-MFPase activity was determined by the difference in slope before and 

after the addition of KCI. This method has greater reliability than cm be determined by 

separate ouabain and no-ouabain assays. incubation with 2mM ouabain inhibited 290% of 

K'-stimulated 3-O-MFPase activity and confirmed the speci ficity of the assay . The 3-0-  

MFPase activity was also based on the average of three successive trials. Analysis was 

identical between HOM and CM sarnples, with the exception that -30 pl of HOM (-30 pg 

protein) and - 15 pl of CM (- 15 pg protein) were used. 



Part 2: Validity, reliability, and specüicity of bJa'-K'-~TPase assays in HOM and CM 

preparations 

The two assays used to assess ~ $ - K + - ~ T p a s e  activity were compared for their 

validit y,  specificity and reliability between HOM and CM samples for each muscle. 

Homogcnctte (HOM). The aforementioned variables were calculated for each assay . 

Validity w u  ccülculated by the Clo of activity rneasured by the assay relative to the theoretical 

maximum purnping capacity of the ~a '-K*-~Tpase for the muscle. as predicted by 

[3~]ouabain binding (Le. pump content in pmoVg wet weight) multiplied by the pump ATP 

turnover (assumed to be 8000hin (Clausen et al., 1987)j. Specificity was indicated by the 

5% of specific activity (i.e. K'-stimulated activity for the 3-O-MFPase assay, or ouabain- 

inhibitable activity for the ATPase assay) relative to background activity (Le. non-specific 

activity for the 3-O-MFPase assay, or M ~ " - A T P ~ ~ ~  activity for the ATPase assay). Intra- 

assay reliability was indicated by the average coefficient of variation (C.V. = standard 

deviation/mean. W )  for three repeated mesures on a single sample (intra-assay C.V.). The 

inter-assay reliability was defined as the C.V. calculated on rneasures of different samplrs 

within a group of muscles (inter-assay C.V.). 

Crirde membrane (CM). The protein yield was calculated as the amount of protein 

available at the end of the isolation, relative to the known amount of wet weight tissue at the 

beginning of the isolation (mg proteidg wet weight). The protein yield is genenc to the 

isolation procedure itsel f, w hereas the following variables were calculated for each of the 

ATPase and 3-O-MFPase assays. 

The validity was indicated in CM by the % of theoretical maximum activity. defined 

as the theoretical maximum calculated for HOM (as above) accounting for the recovery of 

HOM activity (per g wet weight tissue). The purification factor was defined as the 

amplification in N ~ + - K + - A T P ~ s ~  activity (per mg protein), relative to the HOM activity (per 

mg protein). Specificity and reliability were calculated identically to that of HOM. 



Part 3: ( 3 ~ ] ~ u a b a i n  binding and Na+-K+-ATPase content. 

[ 3 ~ ] ~ u a b a i n  binding was used to quantify pump content (Bmax, maximum binding). 

as well as ouabain binding affinity (Kd, dissociation constant) on whole muscle tissue 

samples. Attempts were made to detenine Brnax and Kd in HOM and CM, although these 

data were not reliable. Whole muscle values would most relate to HOM characteristics. The 

procedures employed were modified from those used by Kjeldsen et al. ( 1986) and Pickar el 

al. (Pickar ci al.. 1997). It is generally accepted that the standard ouabain binding assay 

(using 100 nM [ouabain]) assesses only the content of a2 isoforms in rat skeletal muscle 

(Kjeldsen. 1988) because the al isoform in rat skeletal muscle is highly ouabain-resistant 

(Blanco and Mrrcrr, 1998). Therefore. saturation binding in the range of 12.5-1000 nh.1 

ouribain wris compared with binding curves using ouabain concentrations up to 5000nM. in 

combination with a modified washout period. A shorter washout period wÿs used to 

minimize wash off of ouabain resistant al subunit binding, in order to quantify the two 

populations of subunits in skeletal muscle. 

Bmar and Kd. In the modified procedure. muscle sarnples are incubated in 

concentrations of Iabeled and unlabeled ouabain from 12.5-5000 nM. Two muscle samples 

weighing between 2 and 8 mg were prewashed twice for 10 min periods in a Tris-sucrose 

buffer (10 mM Tris-HCl. 3 rnM MgS04, IrnM Tris-vanadate and 250 m M  sucrose) 

containing sodium metavanadate (NaV03) at O°C. Samples were incubated in the Tns- 

sucrose buffer with 12.5-50 nM of ['HI-ouabain (0.9 pCilrnl) and unlabeled ouabain (50 nM 

- 4950 nM final concentration) for 180 min @ 37°C. After the unbound ouabain was 

removed by washing for three times for 15 min in ice-cold buffer, the samples were blotted, 

weighed. placed in 1.5-ml Eppendorf tubes, soaked in Iml 5% trichloroacetic ûcid for 16 hr 

at room temperature, and then 0.5 ml of sarnple was counted for ['HI radioactivity in a 

scintillation mixture. [ 3 ~ ] ~ u a b a i n  binding capacity was conected for loss of specifically 

bound f3~]ouabâin during washout (1.05 as per Norgaard et al. (1984)], and unspecific 



uptake and retention. Washout and retention of [3~]ouabain was determined for each muscle 

for each assay relative to each ouabain concentration. This correction was less than 5% at 

1000 nM. and less than 22% at 5000 nM total ouabain concentration. The isotopic purity of 

the ['~]ouabain was 99% as detemined by the supplier (New England Nuclear-Du Pont 

Canada). 

The maximum binding capacity (Bmax) is calculated by non-linear regression (Le. 

f i t )  of the saturation binding curve. using either the one- or two-component binding mode!. 

The affinity constants (Kd) are also obtained by linear regression of a binding curve and 

representrd by linear transfomi on a Scatchard plot. 

Part 4: Isoform distribution determined by Western blot. 

lmmunoblotting wüs perfonried on both HOM and CM. using the primary polyclonal 

antibodics specific to the al. a2 and P l ,  and PZ isoforms (Upstate Biotechnologies. NY). In 

our hands. the pol yclonal antibodies identified clear bands and had little background 

reactivity. 4 n  additional monoclonal antibody specific for the rat a3 subunit was also used 

(Affinity Bioreagents. NY). that showed high specificity and minimal cross-reactivity. 

For any particular isoform. an equal amount of either HOM or CM sample was 

added to each lane. for each muscle. A total of 13 sarnples (4 muscles x Ymuscle + brain 

standard) were applied on an individual gel, and each gel was run in duplicate. Therefore. to 

cornpiete an n of 6 for each isoform. two sets of two gels were run in parallel. each gel with 

a known content (2.5 or 5 pg) of brain standard for relative control. Rat brain has an a-p 

molar ratio of 1 : 1 and approximately equd subunit distribution (except a3, which is in high 

amounts) (Lavoie et ai.. 1997) mdcing it suitable as a relative control beiween muscle types 

in this experiment. Data in the results are presented relative to the density of the bnin 

standard for a specific isoform only. For cornparison of relative binding between isoforms 



(and inferred molar distribution between subunits) please refer to the calculations in 

Appendix A.3. 

CVestrrrt blotting. Samples of HOM and CM ( 1  .O mgIrni) were suspended in the 

N,îHC03 isolation buffer (described under isolation methods) and loaded into gels in equal 

amounts. Exactly 30 pg of HOM sample and 20 pg of CM sarnple from each muscle was 

electrophorcsed in duplicnte on separate 7.5% sodium dodecyl sulfate polyacrylamide (BIO- 

RAD Mini-PROTEAN II). with 3.75% stacking gels. After SDS-PAGE and a 15 min 

equilibration in  cold transfer buffer (25mM Tris. 192mM glycine and 20% vlv methanol). 

the proteins were transferred to a golyvinylidene difluoride membrane (PVDF membrane, 

Bio-Rad) by placing the gel in transfer buffcr and npplying a high voltage ( IOOV) for 45 min 

(Trans-Blot Cell. Bio-Rad). For the polyclonal antibodies. non-specific binding sites wsre 

blocked with 5 or 7.5% BSA in Tris-buffered saline (TBS. pH 7.5) at room temperature for 

Zh prior to incubation for I h at room temperature with primary antibodies diluted in 5% 

non-fat miik (al. 1 :  1000; al, 1 :500; pl ,  1: 1000; P2. 1500). Following washing (3 x 3 min) 

in O. 1% TBS Tween 20 (TBS-T). A secondary antibody (goat anti-nbbit IgG1) was applied 

for 60 min diluted at 1 :3000 (al, a2. p l )  or 1 :4000 (PZ) in TBS-T. For the monoclonal 

antibody specific to a3, blots were blocked with 5% mmilk ovemight at room temperature. 

then pnor to incubation with primary antibody for 1 h (1:500 dilution) and with secondary 

antibody goat ant-rnouse for Ih  (1:3000 dilution). An enhmced cherniluminescence 

procedure was used to identify antibody content (Amersham-ECL-RPNZ 1069 1). After 

exposure to photographic film (Kodak Hyperfilm-ECL) blots were developed for 60-90 sec 

in Kodak GBX developing solution and fixed in Kodak GBX fixer. Relative isofom protein 

levels were deterrnined by scanning densitometry (Scion Image@ software) and values were 

detemined relative to a known concentration of rat br in  standard for each blot. 



Part 5: Relationships between Na*-K'-ATPase activity, content, and isoform 

distribution 

Linear regression was used to identify çonelations (rectangular matrix) between Na'- 

K'-ATPase activity for the two assays. and between pump content and individual isoform 

distribution. Multiple linear regression (Pearson r) was used to identify the cxtent that Na'- 

K'-ATPase activity was predicted by isoform distribution. 

Data Analysis 

Statistical analysis was performed on Statistica for Windows R A S  software (Statsoft 

. inc., Tulsa. OK. 1993). Descriptive statistics included means and standard error (SE). One- 

way analysis of variance (ANOVA) with repeated measures was used to analyzr pump 

characteristics by muscle. Two-way analysis of variance (ANOVA) with repeated measures 

was used to analyze differences between assriy characteristics and measurements by muscle. 

Correlational analysis by linear and multiple linrar regression was used to relate Na'-K'- 

ATPase chancteristics. Post hoc analysis of mean values was performed using the Tukey 

test. S tatistical significance was set at P<0.05. 



RESULTS 

Part 1: Na+-K*-ATPase activity 

Na'-K'-ATPase activity in HOM and CM memured by ATPase and 3-O-MFPase. is 

sumrnarized in Table 2.1 .* 

HOM. EDL ATPase activity was 4 fold greater than WG (Pc0.05). EDL ATPasc 

activity was -2 fold greater than both RG and SOL although this difference was not 

significant. For 3-O-MFPase. SOL had -1.5 fold greater activity thrin both RG and EDL 

(Pc0.05) which had nearly 2 fold greater activity than WG (Pc0.05). In HOM. 3-O-MFPase 

activity wûs on average 18% of ATPase rictiviiy in the four muscles (range 9-294). 

CM. ATPase activity in SOL was -1.5 fold greater than EDL and WG (PcO.05). RG 

ATPase activity was not significanily different than any other muscle. rilthough its activity 

was interrnediary between SOL and EDL. For 3-O-MFPase. RG wris tess than both SOL and 

WG (P<O.O5) and EDL activity was not different from any muscle. In C.V. 3-O-MFPase 

activity averaged 23% of ATPasr activiiy in the four muscles studied (range 18-2976). 

Table 2.1. ~a'-K'-~Tpase activity measured by ATPase and 3-O-MFPase assays in 
homogenates and crude membranes of different skeletal muscles. 

SOL RG EDL WG 

HOM ATPase 0.97 I 0.24 0.84 +- 0.29 1.87 I 0.3 1 0.57 +. 0.34' 
3-O-MFPase 0.27 I 0.01 0.18+0.01m 0.17+0.01m O. 10 2 0.01 '" 

CM ATPase 8.1210.43 6.75t0.66 5.77+0.40' 5.10 +. 0.37' 
3-O-MFPase 1 .50 t 0.10 1.24 I 0.06' 1.39 & 0.06 1 -47 2 0.07' 

Values are mean t SE; HOM, n=ZO; CM n=6. Al1 values in p o l m g  pro~ein''~hr'l. HOM, 
homogenate; CM, crude membrane, ATPase, ouabain inhibitable hydrolytic activity; 3-0- 
MFPase. K*-stimulated 3-O-methy~uorescein phosphatase activity. SOL. soieus. RG. red 
gastrocnemius; EDL, extensor digitorum longus; WG. white gustrocnemius. 

Dflerent from SOL (P~0.05); ' Different from RG (PcO.05); ' DSffrrent from EDL 
(PcO.05). Signifcant main eflects (P<O. M) for this analysis were: HOM < CM; ATPase > 
3-O-MFPase- 



Part 2: Validity, reliability, and specificity of Na'-K'mATPase assays in HOM and CM 

preparations 

The two assays used to assess Na'-K'-ATPase activity were compared for their 

validity. specificity. and reliability (see Methods). between HOM (Table 2.2) and CM 

(Table 2.3) fur differcnt muscles. 

HOM. The ATPase assay assessed 92%, 69%. 151%. and 77% of theoretical 

maximum capmity in SOL, RG. EDL, and WG. respectively. On average. the 3-O-MFPase 

assay resulted in less than 115 of the activity of the ATPase assay. but eahibited 2-3 fold 

greater specificity (Pc0.05) and lower intra-assay C.V (P<0.05). Inter-assay C.V. was 

substantially lower for the 3-O-MFPase (range Il-24%) than the ATPase (79486%) 

(Pc0.05) because some samples for the ATPase had undetectable ouabain-inhibitübis 

activity (SOL. n=2; RG. n=4: EDL. n=l ;  WG. n=6). 

CM. The protein yield in the CM preparations was greater in RG than WG (PcO.05) 

with no differences between other muscles (overall average 7.4 + 0.6 mg sarcolemmal 

protein per g wet weight tissue). The CM isolation resulted in purified Na'-K'-ATPase 

activity by an average of 8.3 fold across both assays for dl muscles. The ATPase assay 

ltssessed a higher % of theoretical maximum than the 3-O-MFPase assay (33 5% vs. 7 %. 

respectively) with SOL recovery greater in ATPase than d l  other muscles (Pc0.05). The 

average recovery of HOM activity in the isolation was greater (Pd.05)  for the 3-O-MFPase 

than ATPase assay (average recoverîes were 44% and 3 1 %, respectively). For the specific 

muscles. WG had greater (Pc0.05) activity recovery for the 3-O-MFPase assay than al1 other 

muscles, and EDL had less (P4.05) activity recovery than al1 other muscles in the ATPase 

assay. The isolation procedure translated to improved specificity (P~0.05) and reliabilities 

(Pe0.05) over HOM for both assays, with WG exhibiting greater (P<0.05) improvements 

than the other muscles. 



Table 2.2. Characteristics of ATPase and 3-O-MFPase assays in homogenates of different 
skeletal muscles. 

SOL RG EDL WG 
- -. - - - - - -  

ATPase 
Ti of theoretical mur 92121 69 + 24 151 + 26 77 k US 

specifichnckgroimi 24 I 7 1817 34 2 6 f 16 I 12 
in rra -tissa y C. V. 12.7 10.3 12.5 16.4 
irzter-ussav C. V. 78.7 107. i 52.8 186.3 

3-O-MFPase 
% of theoretical m u  261 1 15 + 1 '  14 I 6' 13 16' 
specifichackground @ + I I  521 5 55 13 3613 
in t rci -assay C. V. 8.2 13.2 7.6 14.6 
inter-nssay C. V. 11.3 17.4 17.9 30.7 

Vczlttrs are menn I SE: n=IO. ATPase, ouabnin inhibitable hydroiytic ncrivity 3-O- 
MFPnse. Kkimuluted 3-O-methylfluoresceniorescein phosphatase activity. SOL. sofeiis: RG. red 
gcistrocnerniris: EDL, exterisor digitortim longiis; WG. white gnstrocnemius. Theoreficul 
rnar i)~dicates validity which is detemined by  the 9% 'cciiviîy achieved in the assa! reZatirle to 
the theorefical maximum pumping capability for the muscle. as predicted by  ['~loiiabain 
binding lise. primp content in pmol/g wet weight) rntdtiplied by the pump ATP tîtrnorper 
(SUûû/rnin), corrected for protein content of homugenate ( 4 5 0  mg proteidg wet rveighr). 
Specifc/background indicates specificity, which is the % of specific activity (i.e. k"- 
stimrifated activity for the 3-O-MFPase assay, or ouabain-inhibitable activity for the 
ATPase assay) relative to backgrotmd activity (i-e. non-specific activity for the 3-O-MFPase 
assn y. or M ~ " - A T P ~ S ~  activity for the A TPase assay). htrn-assay C. V. and inter-assay 
C.V. indicate reliability, which was calculated by the average intra-assay coeficient of 
variation for three repeoted measures on a single sample (infra-assay C.V.). and by the 
variability of measures for different samples within a muscle (inter-assay C.V.). 

Dflererent from SOL (P4.05); ' Different frum RG (P<0.05); ' Different /rom EDL 
(Pi0.05). Significant (Pe0.05) main effects front this analysis were: ATPase theoretical 
rnar > 3-O-MFPase theoretical m a ;  3-O-MFPase specijicibackground > ATPase 
specific/background. 



Table 2.3. Characteristics of ATPase and 3-O-MFPase assays in cmde membranes of 
different skeletal muscles. 

SOL RG EDL WG 

CM protein yield 
mg protcin/g ivet rveighr 

ATPase 
% of throreticnl m a  

recovery of HOM octivity 
pu rification facior 
specijlchckg round 
iritrn-crssoy C. V. 
inter-assav C. V. 

Values are mrmt t SE; n=6. CM, crude membrane. ATPase, ouabain inhibitable hydrolytic 
activity; 3-O-MFPase, r-stimuluted 3-O-rnethyljluorescein phosphatasr activity, SOL. 
soleus; RG. red gastrocnemius; EDL. extensor dig itorum fongus; WG, ivh ite gastrocnemius. 
Theoretical mnr indicates validity which is detennined by the % activity achieved in the 
assay relative tu the theoretical maximum pumping capability for the muscle, as predicred 
by 3~-oliabain binding (i.e. pump content in pmoUg wet weight) multiplied by the pump ATP 
turnover (8OOO/m in). corrected for protein content of homogenate (- 150 mg proteinlg wet 
weight). Recovery of HOM activiîy is ihe % recovery of octivity per g wet weigh~ of original 
tissue. Purifkation factor is the amplification of activiw (per mg protein) relative to 
homogenate activiîy. Specijic/background indicates specificity, which is the 9% of specifc 
nctivity (Le. K%imulated activi@ for the 3-O-MFPase assay. or ouabain-inhibitable 
nctivity for the ATPase assay) relative to background activity (i.e. non-specific activity for 
the 3-O-MFPase assay. or hlg'+  ATP PUS^ activity for the A TPase assay ). fn tra-assay C. V. 
and in ter-assay C. V. indicate reliabilily, which was calculated by the average intru-assay 
coeficient of variation for three repeated rneasures on a single sumple (infra-assay C.V.), 
and by the variability of measures for different samples within a muscle (inter-assay C.V. 
' ~ # k r e n t  fm SOL (P<0.05); ' Different from RG (P<O.OS); ' Dgerent from EDL 
(PcO.05). Signifcant (P<0.05) main effects /rom this analysis were: 3-O-MFPase 
prirification >A TPase purification: 3-O-MFPase recovery of HOM activity >A TPase. 
recovery of HOM activiîy; 3- O-MFPase specijcdbackground > A TPase 
spec fichackground. 



Part 3: [ ' ~ l ~ u a b a i n  binding and Na*-K*-ATPase content 

One-compo~wzt model. Differences in [3~]ouabain maximum binding (Bmax). 

determined on whole muscle samples, were observed in the order of RG = EDL > SOL = 

WC (Pc0.05) for the total ouabain binding range of 12.5-1000 nM (Table 2.4). A difference 

in binding affinity (Kd) was only observed between RG and WG (Pc0.05). The average 

saturation curve and Scatchard plot for SOL is presented in Figure 2.1. The Bmax 

detennined using the one-component rnodel. was used in subsequent analysis for 

relationships to other pump characteristics. 

Two-cornponent rnodel. When plotted over the range of 12.5-5ûûûnM. there wris 

some indication of a --site binding mode1 for RG and EDL muscle (r' = 0.83. 0.79 for RG 

and EDL. respectively). SOL and WG were not accurately predicted with a two component 

rnodel (Le. r' c 0.68). An average saturation curve and Scatchard plot is presented for EDL 

in Figure 2.2. Maximum binding was equal between the two binding sites (Bmaxl vs. 

Brnax2) for both RG (24.1 -t 7 1 vs. 240 f 5 1)  and EDL (291 k 48 vs 283 + 13 1). The Kd 

values for each binding isothenn (Kdl vs. Kd2) differed greatly for both RG (45 t 22 vs. 

1133 f 941) and EDL (50 I 18 vs. 3734 h 51%). 

Table 2.1. Ouabain binding characteristics in different skeletal muscles 

SOL RG EDL W G  

Bmax 
Kd [nM] 
i 

rb 

Vallres ore mean f SE; n=6 for each muscle. Bmax: ma~imum binding (pmoü,,). Kd: 
dissociation constant [nM], r2, the regression of the prediction eqwtion used to dcpict the 
saturation binding plot. These Bmax, Kd. and r2 values were detennined on binding 
isotherms containing 12.5-50 nM [.'~]ouobain to a total concentration of 12.5-1000nM 
oicabain. ' Duerent frorn SOL (P<O.05); ' Dflerent /rom RG (P~0.05); ' Different /rom 
EDL (Pd .05 ) .  



Free Ouabain [nM] 

Bound Ouabain (pmoVgm) 

Figure 2.1. Binding isothem ( A )  and Scatchard Plot ( B )  for SOL muscle over the binding 
range of 12.5 to 1 aW) nM. The saturation curve clearly represent a plateau in maximum 
binding and the Scatchard plot demonstrates a finearity, both indicating a single binding 
site with nf?ïni~ ai low oiiabain conceniration. 



Free Ouabain [nM] 

Bound Ouabain (pmoVgm) 

Figure 2.2. Binding isotherm ( A )  and Scatchard Plot ( B )  for EDL rnrtscle over the binding 
range of 12.5 fo  5000 nM. The saturation curve plot clearly represent a biphasic binding 
curve and the Scatchard Plot shows non-linearity, indicating a hvo-cornponent ouabain 
binding isotherm. one at fow (-50 nM). and one at high (-3000 nM) ouabain concentration. 



Part 4: Isoform distribution quantifid by Western blot 

HOM. The relative distributions of isoforms for HOM, as deirmined using isoform- 

specific antibodies against a l ,  (13, p l .  and PZ are presented in Figure 2.3. Representative 

blots for each antibody in HOM, are presented in Figure 2.4. In HOM, a l  was -1.5 fold 

greater in SOL than RG (PcO.05). which was 1.5-2 fold greater than WG and EDL (Pc0.05). 

Distribution of a2 showed a different pattern, with RG and EDL -1 .J fold greater than WG 

(P<O.OS), but not different than SOL. The pl distribution was 1.5-2 fold greater (P<0.05) in 

SOL than in RG, EDL, WG. The P2 distribution was opposite to that of the p l .  being 2-3 

fold greater in RG, EDL. and WG, than SOL (P<0.05). 

CAM. Isoform distributions in C M  are presented in Figure 2.5. and representative blots 

are presented in Figure 2.6. SOL content of al was -2 fold greater than RG (P<O.Oj). and 

RG was 1.5 fold greater than WG and EDL (R0.05). The distribution for a2 was -1.3 fold 

greater in SOL and RG than WG and EDL (P<0.05). Distributions for P subunits exhibitcd 

dramatic differences between muscles. The pl was 4 . 5  fold higher in SOL than RG 

(P10.05). RG was 2 fold higher than EDL (PcO.05) and WG was barely detectable. PZ was 

- 1.5 fold higher in WC than EDL (PcO.OS), and EDL was -2 fold higher than RG (P<0.05). 

In the CM, P2 presence was barely detectable in SOL. 

Although the a3 is not considered to be abundant in Na'-K'-~Tpase of skeletal 

muscle. clear bands were observed using a monoclonal antibody at a higher molecular 

weight (-135 ma) than anticipated (-1 10 Kda) (Figure 2.7). The a3 was detected in HOM. 

in higher proportion in WG than RG and EDL, which were greater than SOL (P10.05). 

Western blots on CM also identified the presence of the a3 isoform in greater proportion in 

WG and EDL than SOL and RG (P4.05). 



a2 subunit a l  subunit 

1 2s1 

P l  subunit 02 subunit 

Figure 2.3. Distribution of isofonns in homogenates (HOM) between soleus (SOL). red 
gastrocnemiids (RG), extensor digitonun longus (EDL) and white gastrocnemiw (WG) 
muscles. Density is calculated relative to a known standard of brain tissue for cornparison 
benveen blots. n t e  relative density was then adjusted relative to 100% for SOL in al, a2, 
and pl ,  and against 100% for WG in for cornparison befiveen muscles. These plots 
indicate relative differences between muscles for each isofonn only. not between isoforms. 
For calculated rnolar ratios between isofonnr. see App A.3. 

Different frorn SOL (PcO.05); ' D$Xerent from RG (PcO.05): ' Drfferent /rom EDL 
(P<0.05). 



al subunit a2 subunit 

P l  subunit P2 subunit 

Figure 2.4. Representative Western blots for homogenate (HOM). benveen soleus (S), red 
gasrrocnemiw (R) .  extensor digitorurn iongus ( E )  and white gastrocnemius (W) murcles. 
Scanning densi0 is calculared relative to a known standard of brain tissue (B)  for each plot. 
Arrow indicutes the location of the molecular weight marker. in kDa. 



al subunit 

p l  subunit 

O SOL RG €DL WG 

- 
SOL 

82 subunit 

et!  

7 

O SOL RG €DL WG 

Figure 2.5. Distribution of isofonns in Crttde Membranes (CM,) benveen soleus (SOL). red 
gastrocnemius (RG), extensor digitorum longus (EDL) and white gastrocnemius (WG) 
musdes. Density is calculated relative to o known standard of brain tissue for cornparison 
between blots. The relative density was adjusted relative to 100% fur SOL in al. aZ, and 
pl ,  and against 100% for WG in for cornparisun between muscles. These plots indicate 
relative differences benveen muscles for each isoform oniy, not between isoforms. For 
calculated molar ratios between i so fum,  see App A.3. 

Dflerent from SOL (PcO.05); ' Different front RG (PeO.05); ' Duerent from EDL 
(PeO.05). 



al subunit a2 subunit 

B1 subunit B2 subunit 

Figure 2.6. Represrntative Western blots for crude membranes (CM) befiveen soleiis (S), 
red gusirocnerniiis IR), extensor digitorum longits ( E )  and white gustrocnemius ( W )  miiscles. 
Scanning densiry is calciilated relative to a known standard of brain tissrie ( B )  for each plot. 
Arrow indicutes the location of the molecular weight marker, in ma. 



Figure 2.7. Relative distribution between muscles for the a3 isofonn in homogenares 
( A )  and crude membranes ( B )  in soleus (SOL), red gastrocnemius (RG), extensor dig itorctm 
longus (EDL), und white gastrocnemius (WG) muscles. Representutive blots for 
homogenates (C) and crude membranes (D) are also presenred for soleus (S),  red 
gastrocnernius (RI, extensor dig itorum long us ( E) and white gastrocnemius ( W) muscles. 
Relative density is calculated against a known standard of bruin tissue ( B )  for each &lot and 
the densiv for WG was then set at 100% for relative cornparison beîween muscles for a11 
blou. Note that the a3 appears ut a higher (-135 kDo) molecular weight than the brain 
standiird (-1 10 ma), which is not nonnally expected for this isofonn. When the brain 
standard is heat denatured as in (C), it also appears at the higher molecular weight, 
indicating possible unfolding of tertiury structure. Different from SOL (P<O.OS); ' 
Different from RG (PcO.05); ' Different /rom EDL (PcO.05). 



Part 5: Relationships between NaC-K+-ATPase activity, content, and isoform 

distribution 

A summary of multiple regression conelations between activity and isofom 

distribution is included in Table 2.5. 

Correlations between nctivity assays. No correlation was found bctween ATPasc and 

3-O-MFPase activity for either HOM or CM (P>0.05). 

Corrvlarions benveen content and isofon~r disrribitrion. The single site ouabain 

binding on whole muscle tissue pieces ( 12.5-1000 nM) was predicted by HOM a2 

distribution ir-0.64, P<0.005). 

Corrrl~itioris hunwen < i c f i v i ~  (2nd isoforrn distribwion. HOM 3-O-M FPüse x i i v i t  y 

was highly predicted by multiple regression (multiple r2=0.76, P<0.001), correlating to al 

distribution (r=0.79, P<O.O5), and to pl distribution (r=0.60, P<0.005). CM ATPase activity 

was moderately-well predicted (multiple r2=0.41. P<0.05) with the al most prominent 

(r-0.69, Pc0.05) from the other predictors a2 (r=0.53) and pl  (r=0.42). CM 3-O-MFPase 

activity was also predicted (multiple r2=0.39, P<O.OS), primanly by al distribution (r=0.33, 

P<0.005), although P2 contribution nearl y rrached signi ficûnce (P=0.07). HOM ATPase was 

not predicted by multiple regression (multiple r2= -0.01. P>O.S), and was not correlated to 

any single isofom or measure of content. 



Table 2.5. Summary of multiple regression Pearson r correlations between N f  -K'-~Tpase 
activity and ouabain binding, and Na'-K'-ATPase isofom distribution in hornogenates and 
cmde membranes of different skeletal muscles. 

Content: 
 louabai bain Bmax -0. 12 0.59' -0.1 O -0.29 -0.09 

.Activity: 
HOM ATPase -0.14 -0.19 0.2 1 0.03 0.37 

3-O-MFPase 0.79' 0.24 -0.86 0.63 -0.65 

CM ATPase 0.69' 0.53 -0.44 0.33 -0.64 
3-O-MFPase 0.32' -0.03 0.06 -0.02 0.15 

Vdries cire mean I SE; Bmar, n=6; HOM. ri= IO;  CM. rr=6. HOM, hotriogrrwrr; 
CM. cnide membrane; Bmar, marimicm binding. A TPme. oliobcii~r - Ci hibiroblr Izyirulytic 
cicrivie; 3-O-MFPase. IC'-stimulated 3-O-methylJltiorescein plrosphuruse ncrivity. * 
significant correlation in the mriltiple regression eqriation fur the pcrrticulc~r vuriable; 
(Pc0.05). Note thot Bmor determined on whole muscle risme. und isofirni compnrison is 
rhat derermiried in homogenates. 



DISCUSSION 

The results of this experiment indicate that a number of factors dictate the activity of 

the Na'-K'-~Tpase in skeletal muscle. Different activities are observed between techniques. 

which highlights that the assay. isolation procedure, and muscle used are important factors 

when interpreting measures of N ~ ' - K ' - A T P ~ ~ ~  activity. Contrary to our original hypothesis 

that ATPase activity would be predicted by a subunit distribution. md the 3-O-MFPase 

activity would be predicted by the P subunit distribution, both the HOM 3-O-MFPase and 

CM ATPase assays were predicted primarily by the a. and secondarily by the P subunit 

distributions. Given these considerations. SOL exhibited the highest Na'-K' ATPase 

activity in these two measures based on its greater proportion of a l  and P 1 subunits relative 

to the other muscles. This is also contnry to our hypothesis that a2 and P 1 subunits would 

confer higher enzyme activity. Although the standard ouabain binding technique correiated 

highly with the content of u2 subunits in HOM, this relationship did not correlate to any 

measure of activity, which is also opposite to the classical undenranding. The following 

discussion addresses many of the complex issues associated with measuring Nat-K'-~Tpase 

activity, content. and isoform distribution in skeletal muscle. This detailed explanlition will 

help in Our understanding of the possible factors that control the expression of the Na'-KT- 

ATPase in skeletal muscle. 

Part 1: Na'-K+-ATPase activity 

When assessing an ATPase enzyme's catalytic capacity. the method that most 

accurately represents enzyme activity or turnover, is an assay of ATP hydrolysis. Direct 

assays of ATP hydrolysis, measure either the liberation of inorganic phosphate, or the 

absorbance change of a light sensitive product such as NADH. coupled directly to enzyme 

activity. This cm be achieved in either a regenerating assay enzyrnatically linked io 



maintain the by-products of reactions in equilibnum. or in an end-point assay where ATP 

hydrolysis creates a build up of inorganic phosphate. For the Na'-K'-ATPase, hydrolytic 

activity is composed of Na'-dependent phosphorylation. and K'-dependent phosphatase 

steps to complete a pump cycle in the presence of ATP (Skou. 1992). With al! of these 

substrates in the assay medium. in the concentrations required for optimal activation, the 

direct. regenerating, ATPase assay could be considered as the most appropriate masure of 

Na'-K'-~Tpase activity. 

The literature rarely contains measures of Na'-K'-~TPase activity in cmdc muscle 

homogenates. This is because of the low proportion of Na'-K'-ATPase activity relative to 

the activity of other ATPases in the cell, unreliability due to inhornogeneity of homogenatr 

siispensions. and problems in determining ouabain-inhibitable activity between scparatr runs 

of a variable assay (Horgan and Kuypers, 1987). Given these difficulties. many researchers 

use artificial substrates in K'-stimulated phosphatase assays that are more specific to the 

Na'-K'-ATPase (Horgan and Kuypers. 1987). possibly in combination with an isolation 

procedure, to improve the measure of Nd-K'-~Tpase relative to the high background 

activity in skeletal muscle. Although used extensively, the K4-stimulated phosphatase assay 

can be criticized as not approximating the maximum hydrolytic capacity of the enzyme 

(Horgan and Kuypers. 1987). 

In contrat to whole muscle homogenates, an isolation procedure requires greater 

amounts of tissue than can be supplied by a single muscle. and therefore a mixture of 

muscles are often used. Isolation procedures can also be cnticized as not representing the 

entire population of pumps in a sample of muscle because of low tissue yields and low 

recovery of original enzyme activity (Hansen and Clausen. 1988) which may not represent 

the pump capability of the entire muscle pool (Hansen and Clausen, 1996). For these 

reasons, the information available on muscle-specific N~+-K'-ATP~s~ activity is spane. 



Detailed in Part 2 of this discussion is the explanaiion of validity, specificity, and 

reliability of each assay, which must be considered when interpreting Na'-K+-~Tpase 

activity data. The major objective of this portion of the experiment was to measure Na%'- 

ATPase activity between skeletal muscles of varying fibre type composition because there is 

limited data on this topic in the literature. Ianuzzo and Dabrowski (1987) studied changes in 

that Na'-Kt-~TPase activity with training. and concluded that Na'-K'-~Tpase activity was 

related to the oxidative capacity of the muscle. A potential criticism of their conclusion is 

that they failed to observe significant differences between muscles in the control state. 

Therefore. a diffrrence in  ~a '-K'-~Tpase activity between skeletal muscles of varying fibre 

type composition has not previously been identified and is consequently. ü p r i m q  focus of 

this paper. 

ATPtrse cicrivie in HOM. For the ATPase assay. the determinations of activity in 

HOM wcre largely unreliable (Part 2). There was a significant difference between EDL and 

WG muscle. as might be expected frorn differences in pump content between these muscles 

(Part 3). The validity of the technique is questionable though, when 1 (EDL) to 6 (WG) 

sampies out of 10 do not exhibit ouabain inhibitable activity. N ~ ' - K ' - A T P ~ ~ ~  subunits are 

present in the HOM (Part J), although assessment of their activity is constrained by 

limitations with the technique. Therefore, the ATPase activities assessed in HOM are not 

suitable for comparison between muscles. 

ATPase activity in CM. As a result of the difficulties in assessing ATPase activity in 

HOM. the comparison between muscles for ATPase is limited to the data on CM. The SOL 

CM ATPase activity was -1.5 fold greater than the glycolytic EDL and WG muscles. 

respectively (PcO.05). RG exhibited activity between SOL and EDL activity, however RG 

was not significantly different from the three other muscles. This result contrasis that of 

Ianuzzo and Dabrowski (1987). who reponed no significant differences between SOL, RG, 

WG, and plantaris muscles in their comparative assessment of fibre-specific Na*-K'-~Tpase 



activity in isolated muscle. As part of the methodology for the ATPase assay in the current 

experirnent, four freeze thaw-cycles were used prior to measuring a sarnple to permeabilize 

membranes and expose latent enzymes. The freeze-thaw may explain the higher values in 

this experiment over those obtained by Ianuzzo and Dabrowski (1987). who used detergent 

only in the first homogenization prior to their isolation. The formation of vesicles during 

isolation cm conceal a substantial portion of the catalytic stmcture involved in ATP 

hydroiysis (Hansen and Clausen. 1988). andor limit access of ouabain to the lumenal 

portion of the enzyme. It is possible that this may have hampered Ianuzzo and Dabrowski 

( 1987) in their ability to distinguish differences between muscles. and may explain the 

contradiction with the present experirnent. This is the only comparative evaluation reponed 

in the literature using a direct ATPase assay in skeletal muscle. so the present result of a . ' 

fibre-type specific difference in Na'-Kt-~TPase activity is a novel finding. 

An interesting cornparison between muscles of the partial isolation procedure used to 

obtain the CM. indicated that WG was purified to a greater extent than other muscles in this 

experirnent (Pan 2). This effect was evident even with a lower yield of protein per gram of 

wet weight original tissue. It is important to consider this difference when we compare Our 

results to those of Ianuzzo and Dabrowski (1987), who used a more extensive isolation. The 

lack of difference that they obsewed may be due to varying purifications between muscles. 

The effect may be explained by the surface:volume area difference existing between fibre 

types (DeIp and Duan. 1996). since removal of intracellular protein would be greater for a 

larger fibre, and therefore, would purify the sarcolemmal proteins to a greater extent. This 

aspect is also important when we compare other N~'-K'-ATP~S~ characteristics for the CM 

between muscles. Nevenheless, WG still exhibited significantly lower CM ATPase activity 

compared to SOL. lending support to the hypothesis that differences in enzyme activity exist 

between skeletal muscles of varying composition. 



3-O-MFPase activity in HOM. W e  found. as have others (Horgan and Kuypers. 

1987; Huang and Askari, 1975) that the use of the artificial substrate in a phosphatase assay 

quantifies only a portion of directly assessed Na'-K'-~Tpase activity. For both HOM and 

CM. the 3-O-MFPase assay exhibited less than 115 of the activity of the ATPase assay. In 

our assay. improvrd conditions were also employed. Previous reports of 3-O-MFPase 

activity in skrletal muscle homogenates range from 0.018 pmolesmg protein"+hr-' in mixrd 

gastrocnemius (Sun et al.. 1999). to 0.07 pmolesmg protein"-hr'i in mixed hindlirnb 

(Norgaard rr al.. 1984). These activities were obtained with 3-O-MFP concentrations of 10 

and 20 pM respectively. which is only 118 of the optimal substrate concentration originally 

reported by Horgan and Kuypers (1988). Horgan and Kuypers identified the optimal 

concentration nround 160 pkl for the assay. but used 20 ph4 for a number of cornparisons in 

their experiment because of the cumbersome dilutions required for use with their measuring 

equipment. A number of researchers have subsequently ernployed the lower concentration in 

their work. 

It is possible that this methodological issue influences identification of tissue specific 

differences. In this experiment. the differences in HOM 3-O-MFPase activity were highly 

significant between muscles, assessed at 160 pM 3-O-MFP. SOL was -1.5 fold greater than 

RG and EDL. and 3 fold greater than that for WG. This is in contrat to a report that K'- 

stimulated phosphatase activity is not different between SOL and WG (Thompson et al., 

1999). Thompson et al. used the K+-pNPP assay for their evaluation, which also is limited 

by the use of a low concentration of the artificial substrate. The activities reported by 

Thompson et al. were 0.034 and 0.033 pnoles-mg protein-'*hi' for SOL and WG. 

respectively, which is less than 3% of the theoretical maximum Nai-K'-~Tpase activity for 

these muscles. It is again, uncertain if methodology can explain the different outcomes 



between experiments. The present results indicate that distinct tissue differences exist from 

SOL to WG in HOM 3-O-MFPase activity. 

3-O-MFPase in CM. In Our assay. differences in activity were observed for SOL>RG 

(Pc0.05) but surprisingly, RGcWG as well. This is not the same hierarchical relationship 

observed for HOM 3-O-MFPase and CM ATPase in this experirnent, of SOL greater than 

WG. nor is it  consistent with the position of Hundal cf (il. (1993) that KT-stimulated 

phosphatase is higher in red than white tissue. The different results obtained in this 

experirnent might be explained however, by the -2 fold greatrr recovery of HOM 3-0- 

MFPasr activity in WG (and greater purification) vs  SOL muscle. This greater rrcovery for 

WG was specific to the 3-O-MFPase assriy. which may explain the discrepant observation. 

Sirrrirriary. The Na'-K'- ATPasc üct ivit y results suggest grearer activi ty in soleus. to 

lesser activity for WG. given the considerations for each technique. Referring to literature 

values would suggest that Na'-K'-ATPasr activity is greater in muscles with greater 

midative potentiril. and is not related to fibres with high speeds of contraction. 

Part 2: Validity, reliability, and specificity of Na*-K'-ATPase assays and the CM 

isolation 

The information gleaned from the results of this experiment emphasizes the 

limitations in measuring NaL-K'-~Tpase in skeletd muscle. We compared Na'-K+-ATPase 

activity rneasured by ATPase and 3-O-iMFPase assays in vitro. There were some distinct 

differences for validity, specificity. and reliability indicated beiween the two assays. for both 

HOM and CM. 

ATPase assay in HOM. We observed similar problems with the ATPase assay in 

HOM. as described in the literature. Some sarnples for the ATPase had undetectable 

ouabain-inhibitable activity because of a high variability between ouabain-inhibited and no- 

ouabain assays on the same homogenate sample. This produced a marked variability in 



activity between samples of the same muscles. EDL exhibited the lowest group variation at 

53%. likely because of its high proportion of pumps quantificd by ouabain binding. and 

because of the significantly greater proportion of ouabain-inhibitable activity relative to 

bac kground activity (Le. speci ficity ). WG exhibited the greatest group variation at 1 86% 

since 6 out of 10 samples had undetectable ouabain-inhibitable activity. This was rxpccted 

when one considers the 35% lower concentration of pumps. and 50% lower specificity in 

WG than EDL. These differences also raise the important consideration of fibre rnorphology 

in assessing Na'-K'-ATPase chancteristics. 

WG muscle contains a very high % of type IIB fibres which have -2 fold greater 

cross-sectional area than the type 1. IIA. and IIX fibres that make up 75% of the composition 

of EDL muscle (DeIp and Duan. 1996). (refer to Appendix 1 for detailed summary of fibre 

çhüracteristics of muscles in this expriment). For a muscle fibre ihat is 1 fold Iarger in 

muscle cross-sectional area, there is 112 the surface area relative to volume. Assuming that 

the density of muscle is a constant. the volume represents weight. When represented per 

milligram of protein in an assay. a lower proportion of sarcolernmal protein contributes to 

the total protein assayed in a sample. This is in light of the fact that maximal C ~ " - A T P ~ S ~  

and rnyosin ATPase activities c m  be 10-fold higher thm that for the Na'-K4-~TPase 

represented per milligram protein (Williams et al., 1998). Given chat the Na%'- ATPase 

prevails in the surface membrane and the ~ a ' * - ~ ~ ~ a s e  and myosin ATPase compose the 

majority of intemal ATPases. the difficulty in comparing Na'-KI-~Tpase activiiy across 

muscle fibres of varying composition. and morphology, is understandable. 

One of the positive features of the ATPase assay in HOM was that it approxirnated 

the theoretical maximum enzyme capacity for SOL, where reliability was sufficient to 

realize a high vaiidity. This result suggests that the assay cm in fact mes s  the maximum 

activity of the enzyme in vitro, given certain limitations. The theoretical maximum capacity 

was predicted from the number of pumps quantified by ouabain binding muliiplied by the 



molecular activity of the Na'-K+-ATPase (Clausen. 1986: Hansen and Clausen. 1988). The 

SOL best predicted its theoretical maximum value at 92%. whereas activity for EDL was 

higher (151%) and RG and WG were lower (69% and 77%. respectively) than their 

theoreticaliy predicted values. The activity for SOL of 0.97 pmoles-mg protein-'.hr" is 

higher than that reported by Gick et al. (1993) for mixed muscle homogenatc (0.55 

prnoles-mg protein*l-hr"). and similar to that reported by Thompson er d. (2001 ) for a 

mined muscle post-nuclear (i.e. one purification step to amplify signal) homogenatc (1.03 

pmolesmg protein"-hr''). The variation between the theoretical maximum values and actual 

values can be explained by the variability and low specificity of the assay as previously 

described. and by the fact that the predicted value. as calculated by the equation of Clausen 

(1986). estirnates ATP molecular activity at 8000hin. This value is stiil used by this group 

(Nielsen and Clausen. 2000). One of the primary objectives of this experiment wos to 

determine if the molecular activity was different between muscles. based on the varying 

isofoms exhibited in different muscles (Thompson and McDonough. 1996). The Nat-K*- 

ATPase acr ivity results already presented impl y that there may be a muscle-specific 

difference in  molecular activity. 

3-O-MFPnse assoy in HOM. The positive feature of using the 3-O-MFPase to 

mesure Na'-K'-ATPase activity compared with the ATPase assay, is a markedly higher 

specificity. This feature allowed diable determination of activities for al1 muscles in HOM. 

The higher activity measured in oxidative SOL han the prirnarily glycolytic WG is 

consistent to the relationship demonstrated for CM ATPase activity that may also support 

the assay's validity. 

Specflcs of the CM isolation. The partial isolation employed in this experiment was 

done to amplify Na+-K+-~Tpase activity, while concurrently attempting to maintain as much 

of the original homogenate activity as possible. A 'crude membrane' was prepared, using the 

fint few steps of a membrane isolation procedure developed by Dombrowski et al. (1996). 



that yielded a preparation with -7.5 fold greater Na'-k-~TPase activity (per milligrarn 

protein) than HOM, while recovering -35% of the original HOM activity. This is significant 

when we consider that a single purification step, as employed by Thompson et ( i l .  (2001 ) 

does not amplify Na'-K+-ATPase activity (as compared to our HOM values). and most full 

isolations recover only 2-8% (Hansen and Clausen. 1988; Nielsen and Overgaard. 1996) or 

possibly as high as 15% (Hundal and Aledo, 1996) of the original HOM activity. 

ATPase in CM. The partial isolation procedure employed markedly improved 

specificity and reduced variability, as evidenced by the fact that ouabain-inhibitable ATPase 

activity was reliably obtained for every C M  sornple assqed. even WG. The activity values 

nnging from 5.7-8.12 jimoles-mg protein"-hi' exceed values reported by Ianuzzo and 

Dabrowski (1987) for purified skeletal muscle (2.77 - 3.49 pmolesmg protein''-hf') and 

approxirnata the value reported for a highly purified t-tubular membrane preparation ( 10.26 

pmoles-mg protein-'*hr") assessed by Horgan and Kuypers (1987). The values obtained in 

this experiment are dso impressive when compared to the - 18-26 pmoles-mg protein"-hr" 

obtained for isolated rat hem muscle (Dixon et al., 1992; Pierce and Dhalla, 1983). which 

has -4x greater Na+-K*-~Tpase activity ihan skeletal muscle (Gick et al.. 1993). Even with 

these positive features, the CM ATPase activities only obtain -33% of maximum theoretical 

activity. The validity of the assay, although improved over previous reports in the literature. 

can still be criticised for not representing the entire portion of pumps available and because 

of the differential recovery of HOM activity observed between muscles. 

3-O-MFPase in CM. The specificity for the 3-O-MFPase assay was even greater 

after purification, and the improved conditions of the assay also produced activities 

comparable to the maximal activity reported by Horgan and Kuypers (1987) for purified t- 

tubular membrane. This activity is however, still only -795, of the theoretical maximum 

aciivity of the enzyme. This calls into question the 'validity' of the CM 3-O-MWase results, 

especially given that the purification can selectively yield activity for a particular muscle 



such as the WG. As is identified in this experiment, this can be due to a selective 

purification of certain Na'-K'-~Tpase subunits (Part 1.4). 

Sl<mrnary. The evduation of methods to assess ~a'-K'-~Tpase activity between 

different skelrtal muscles indicated that the muscle. the assay. and the purification procedure 

al1 interrict. The ATPase assay is a more direct measure of catalytic capacity although its use 

for HOM is constrained by variability. For CM, the ATPase assay is limited by the amount 

of tissue required for isolation and therefore, the number of animals that can be sampled for 

a given experiment. The 3-O-MFPase assay is more specific and reliable which allows 

determinations in HOM, but is affected by its low activity relative to theoretical maximum 

values. and possibly by muscle-specific preferences in isolation with CM. 

Part 3: [ ' ~ l ~ u a b i i n  binding and Na+-K+-ATPase content 

[ 3 ~ ] ~ u a b a i n  binding is the most commonl y used assay for characterizing Na%+- 

ATPase in skeletal muscle. There is extensive literature for changes in maximum ouabain 

binding (Bmax), indicating a change in the content of Na,K-pumps, under a variety of 

interventions for the standard maximum binding assay on whole muscle tissue pieces. There 

is less information available when Bmax is combined with an assessrnent of binding affinity 

(W. 

Bniar. In comparison to published data, the values of SOL=WG<RG=EDL are 

consistent to the relationship reported by Bundgaard et al. (1997) and Thompson et ai. 

(2001) for SOL, EDL, and WG. In earlier work from our laboratory, comparison across 

muscles indicated SOL values were more similar to that of EDL (Chin and Green, 1993). 

Given that oxidative enzyme activity was similar between these muscles, and muscle fibre 

composition fundamentally different, Chin and Green (1993) concluded that pump content 

might be related to muscle oxidative capacity. With the discrepant results to the present 

experiment it would be difficult to support this conclusion. 



An explanation For the discrepancy in results may be provided by the work of 

Harrison et al. ( 1994) who identified that Na.K-pump content is related to fibre morphology. 

Harrison et al. ( 1994) examined guinea pig muscles' response to warm and cold. These 

researchers indicated that smaller fibres had significantly greater membrane area per unit 

volume. which significantly related to ouabain binding. The authors calculated that in two 

treatments of cold and warrn environments for each muscle, the difference in membrane area 

accounted for 55, 81, and 85% of the differences in Bmax for latissimus, sartorius. and 

soleus muscles. respectively. This assertion is consistent with the fact that fibre morphology 

rnay explain differences in specific versus non-specific enzyme activity assessed on different 

muscles (Part 1. 2). Fibre morphology can be used to explain to differences in ouabain- 

binding between muscles used in this experiment. 

Average fibre cross-sectionnl areas for SOL, RG, EDL and WG muscles are 4054. 

3 0 4 .  2922, and 3923 pn2. respectively. as calculated frorn published values (Delp and 

Duan, 1996) for male, 16-1 8 wk old Wistar rais, (see Appendix I for detailed breakdown). 

The corresponding cornparison to pump content in this experiment (26 1, 37 1, 368, and 244 

pmollg. respectively) exhibits a striicing inverse relationship. The rats exarnined by Delp and 

Duan ( 1996) were the same breed, age, and weight (409 g vs 413 g) as the rats examined in 

this experiment, so these published are suitable for cornparison. This is contrasted to the 

younger (- 10 weeks), lighter (259 g), Wistar rats exarnined by Chin and Green (1993). It is 

interesting to note that if we refer to another experiment frorn this labontory by Smith et al. 

( 1989) on muscle morphology of rats during development, an appropriate average cross- 

sectional area for SOL muscle for a 10 week old, male, Wistar rat is -3000 prn'. Using the 

previous inverse relation, this would correspond to a ouabain binding value of -370 pmol/g, 

which is very similar to what Chin and Green report (359 pmoüg). 

According to the inverse-relationship paradigrn, for two fibres to have equal pump 

concentrations, a fibre twice the size of another would actually require twice the pumps on 



its surface relative to its volume. Since muscle cross-sectional areas were not determined on 

the süme fibres used for ouabain binding in this experiment. no correlation can be done to 

confirm these associations. However, the results presented do support the theory that the 

measurement of content of membrane Na.K-purnps. may be influenced by fibre 

morphology. The associations identified in this experiment warrant funher investigation. 

Kd.  Determination of binding affinity, in combination with Bmax. requires much 

more extensive measurements than does the standard assay. Previous reports have also failed 

to indicate changes in Kd. relative to chronic changes in pump content (Bundgaard et ul.. 

1997: Pickar et al.. 1997). In these studies. and others (Kjeldsen. 1986: Norgaard et al.. 

1983'). only a single population of binding sites is quantified in the saturation binding 

isorherm Tor whole skeletal muscle pieces. even though two distinctly diffrrent binding 

affinities are present for the two a subunits (Blanco and Mercer. 1998). This has led others 

i Lavoie rf d.. 1997: Thompson et ai.. 1999: Thornpson et al.. 200 1)  to use the binding 

affinity technique as a sole quantification of a2 subunit composition in skeletal muscle. 

Publishrd Kd values for SOL have ranged from 60 nM (Kjeldsen. 1986) to 75 nM (Pickar et 

al.. 1997). which is similar io the 61nM determined for SOL in this experiment. The oniy 

significant difference in Kd in this experiment. was observed between RG (84 nM) and WG 

(60nM). This is contrasted to a repon by Bundgaard et al. (1997). who reported a Kd of 92 

nM for WG. Fibre morphology rnay play a role in this result as previously described, 

although the higher Kd may result from a dilution from a second binding site. 

A nvo-site binding model. Using a modification of procedures for the saturation 

binding assay over a range of ouabain concentrations from 1 2 . 5 4 0  nM. saturation binding 

isothetms gave some indication of a 2-site binding model for RG and EDL muscle (r' = 

0.83.0.79, respectively). Prediction equations were not accurate in a two-site binding model 

for SOL and WG. possibly due to the lower total binding capacity in these muscles or the 

low n in this sarnple. Figure 2.3 clearly indicates two cornponents on the saturation curve, 



and a non-linear scatchard plot for the binding isotherm, in EDL. This has not previously 

been reported for skeletal muscle. The standard assay by Kjeldsen (1987) employs s long 

washout prriod, which may remove bound ouabain from iow affinity sites. The present 

experirnent used a shorter washout and multiple determinations in the higher binding range 

to indicate the possible presence of a two-component model for RG and EDL. 

When calculated with a iwo-component model. the Kd values for the high affinity 

sire actually become evident at a lower concentration. 45 and 50 nM for RG and EDL 

respectively. The low affinity sites cxhibited affinities higher than 1100 nM. and therefore. 

may artificially 'dilutc' a Kd value to a higher value in a single component model. It is 

uncertain what the exprrimentril impact of these data may be. It is possible that the full  

capaci t y  Na'-K'-ATPase by ouabain-binding may be underestimated with the standard 

techniques. which would explain why the EDL HOM ATPase activity was higher (but not 

RG HOM ATPase lower) than expected from the calculation from binding capacity (see 

Table 2.2 . ) .  It is also unclerir why s two-component model could not be identified for SOL 

and WG given that these muscles express both a isoforms. Funher research is warranted io 

explore these questions. 

Part 1: Isoform distribution quantified by Western blot 

The major objective of this thesis project was CO determine muscle specific. and 

therefore. isoform-specific characteristics of the Na'-K'-~Tpase. It is clearly evident from 

the activity and binding data that characteristic differences do occur between muscles. We 

used Western blot to mess  the relative abundance of each of the known Na'-K'-~Tpase 

isoforms in skeletal muscle. The relative abundance was caiculated in reference to a known 

standard of brain tissue which expresses dl Na+-R-ATPase isoforms and has been used 

previously for subunit cornparisons to skeletal muscle (Lavoie et ai.. 1997; Thompson and 

McDonough, 1996). The relative isoform distributions displayed for both HOM (Figures 



2.3), and CM (Figure 2.5) clearly demonstrate fibre-specific Na'-K'-~Tpase isoform 

complements. Sorne interesting aspects of the analysis between HOM and CM were 

identi fied in this experiment so these data are discussed collectivel y. Previous srudies have 

not assessed the a3 subunit skeletal muscle so this will also be addressed as a separate topic 

in this section. 

a l  and or2 stcbiiriir distribution. Similar to the results of Thompson and McDonough. 

the distribution of a subunits was such that al was greater in oxidative muscles (SOL and 

RG) than glycolytic muscles (WG and EDL). and the al distribution was similar between 

HOM and CM. Abundancc of a2 was greater in EDL and RG than WG, and die distribution 

was somrwhat modified by the isolation. The latter point confirms the previous suggestion 

that a2 may have greater abundance in intraccellular compartments (Lavoie et d.. 1997). The 

ul  subunit is thought to have a 'housekeeping' function (Hundal et al.. 1993) and a more 

stable position in the surface membrane, whereas the a2 subunit is known to translocare to 

the membrane in response to stress (Hundal cr al.. 1992: Juel et c d . .  1000). This is similar to 

the relationships of GLUTl and GLUTJ proteins involved in glucose transport at the 

sarcolemma (Hayashi et al., 1997; Lund et al.. 1995; Marette et al.. I992). The isolation of 

'crude membranes' in this experirnent does not fully capture intemal membranes 

(Dombrowski er ai., 1996) and therefore, surface membranes may be retained to a greaier 

extent. This observation may have hrther relevance when discussed in relation to the Na'- 

K'-ATPase activity measures presented in Part 5. 

BI and 82 subunit distribution. For the 'stnictural' P subunits, similar distributions 

were observed for HOM and CM. p l  was greater (P<0.05) in oxidative SOL than in 

glycolytic RG, EDL, and WG. P2 distnbution was opposite to that of the P 1, being greater in 

RG, EDL, and WG, than SOL. This is consistent with previous reports (Hundal et al., 1994; 

Thompson et al., 1999; Thompson and McDonough, 1996). An observation from this 

experiment was that the CM preparations were 'cleaner' than HOM (i.e. there was less 



content of P2 in SOL and pl in WG, in CM vs. HOM). It is possible that this effect may 

result from cross-reactivity with the polyclonal antibodies used in this experiment. 

Additionally, some researchers employ de-glycosylation to increase antibody binding to P 

subunits (Thompson et ul., 200 1 : Thompson and McDonough. 1996). Our blots were clear 

and provided adequate determination of relative density between muscles (Figure 1.6). so it 

is doubiful that this affected the comparative results for this enperiment. Nevenheless. the 

use of polyclonal antibodies is a limitation that can be addressed with use of monoclonal 

antibodies in future experiments. An evaluation of the results of Thompson and McDonough 

(1996) might also indicate that the contrat between HOM and CM may be biased by the 

isolation procedure. as has been idrntified to affect assessrnent of othcr Na'-K'-ATPase 

charx teristics. 

Thornpson and McDonough evaluated isoforrn distributions in SOL. RG. EDL and 

WG. Their results for the al and or2 isoforms are similar to that obtained in HOM in this 

experiment. As well. their results for the P isoforms are similar to that obtained for CM in 

this experiment. Thompson and McDonough used homogenates for their a Western 

analysis, but employed a single isolation step to purify their samples for analysis of P 

subunits. Although the P subunits are thought to more evenly distnbuted between surface 

and intracelluiar compartments, they do have intracellular pools (Lavoie et al.. 1997). 

susceptible to mobilization with insulin (Hundal et of., 1992; Marette et al.. 1993) and 

contraction (Juel et al., 2000: Tsakiridis et ai., 1996). These intracellular pools may be 

preferentially discarded during an isolation, and lead to 'cleaner' preparations. This possibly 

has been documented by Lavoie et al. (1997). These researchers identified that each step of 

their isolation resulted in a loss of pl  subunits from preparation of 'red' skeletal muscle. If 

this phenornenon is reai, and can be compared to the results of this experirnent. it irnplies 

that there may also be a fibre- and isoform-specific distribution of surface:intracellular pools 

of Na+-lC*-~TPase subunits which are sensitive to the isolation procedure. Again, further 



clarification of this issue is required. since the isolation procedure employed in this 

experiment is the fint report to the author's knowledge. to compare muscle-specific 

differences in purification for the Na'-K'-~Tpase. 

Identfication of the a3 siibunit. Another interesting finding from the Westem blot 

results in this experiment was the presence of the a3 subunit in both HOM and CM, in a 

muscle specific distribution pattern. Although the u3 subunit is not considcred to be 

abundant in Na'-K'-~Tpase of skeletal muscle (Blanco and Mercer. 1998). clear bands were 

observed for this subunit using a monoclonal antibody. This antibody was highly srlective 

and produced a single band for both the brain standard and the muscle samples. The brain 

standard has been previously quantified by Westem blot to have a high content of a3 

subunits compared to skeleial muscle (Lavoie et al.. 1997). The interesting aspect of the 

skcletal muscle bands was that these bands were observed at a higher molecular weight 

(-135 kDa) than anticipated. The normal brain standard produced a band at the expected 

molecular weight of - 110 kDa in  CM (Figure 2.7). When the brain standard was denatured 

with high heat as shown in the Western blot for HOM in Figure 2.7. a band was observed ai 

both the expected. and at the higher molecular weight observed for skeletal muscle. Banding 

nerir the higher molecular weight rnarker due to denaturation indicates that the protein likely 

unfolded, and therefore, had slower transport on the gel. What this also indicates is that the 

a3 isofom in skeletal muscle may have a different tertiary stnicture fiom that expected frorn 

a monoclonal antibody produced in a ceIl line. Additionally, what is detected on the gel may 

not be the a3 at all. Nevertheless, the band identified here as a3 was detected in highest 

proportion in more glycolytic WG than RG and EDL, greater than SOL (P<0.05), in both 

HOM and CM. 

Summary. The Westem blot data clearly identifies that muscle speci fic distributions 

of Na'-K'-~Tpase subunits exist. The findings from this study are consistent to the results 

identified by other researchers. The exception of the novel identification of the a3 subunit in 



skeletal muscle invites confirmation. An equally novel obseniation to this experiment is the 

relationship of isoform distribution to Nd-K'-~Tpase activity and content. This topic is 

addressed as the final component of this discussion. 

Part 5: Relationships between Na+-K*-ATPase activi ty, content, and isoform 

distribution 

Rrlntionship between Nat-r-ATPase ocrivity and ouabain binding und oirabain 

birtriirig ro isofom disrribution. The data presented in this study clearly indicate differences 

in Na'-K'-ATPase activity, content and isoform distribution between skeletal muscles of 

varying fibre type composition. Historically. the relationship between these variables has  

been dictatrd b y the classical assumption that Na'-K'-ATPase activity is linearl y relaied to 

the number of purnps quantiîïed by ouabain binding (Clausen. 1986; Clausen et al., 1998: 

Hansen and Clûusen. 1988). Given the fibre-specific differences in the Na'-K'ATPasr 

characteristics, this assumption may be incorrect. 

EDL exhibited high ouabain-binding content in this experiment, and displayed the 

highest Na'-K'-~Tpase activity rneasured by direct ATPase in HOM (i.e. the measure 

probably most representative of ouabain binding in muscle tissue picces). This relationship 

would support the classical assumption. Contrary to the classical assumption is the 

observation that SOL had lower ouabain binding than EDL but more activity in HOM 3-0- 

MFPase, another measure believed to quantify pump content (Hansen and Clausen, 1988; 

Horgan and Kuypers, 1987). Ouabain binding on whole muscle tissue samples ( 12.5- 1000 

nM) was strongly predicted by only the a2 distribution in HOM for al1 muscles ( ~ 0 . 6 4 ,  

Pcû.005), which confirms that ouabain binding only relates to the quantity of one of the two 

(and tentative1 y, three) major catal ytic isoforms in rat skeletal muscle. The other catal ytic 

isoforms may also contnbute to fibre-specific ~a'-Ki-~TPase activity and this would not be 

accounted for in the one-cornponent oubain binding assay. 



The novel results from the modified binding affinity technique also provides 

evidence. at l e s t  in two of the four muscles. that the classic oubain assay does not 

accurately quantify the total nurnber of pumps. An inaccurate account of pump content can 

not accurately predict activity by the classical relation. More work is required to develop 

both the two-cornponent binding assay and the direct ATPase assay in HOM. to further 

evüluatr this hypothesis. These data suggest that the classic assumption of linearity between 

ouabain binding and Na+-K'-ATPase activity is invalid for rat skelrtal muscle. where major 

differences in ouabain affinity exist between isoforms. Applying this assumption to quantify 

ion transport capacity (Clausen, 1986; Clausen et al.. 1987: Clausen, 1996) and K' balance 

in rat muscle (Nielsen and Clausen. 2000) as it relates to muscle fibre specific fatigue 

(Clausen et ni.. 1987: Overgaard et ci l . .  1997) may be inappropriate as a consequence. 

Additional evaluation of the Bmax measure indicates that fibre morphology rnay also 

play a greater role to pump 'content' than the actual 'concentration' of pumps in a surface 

membrane. There is a striking inverse relationship between Bmax values and average fibre 

cross-sectional area (Part 3). which also indicates that quantifying pump activity by ouabain 

binding is more complex than indicated by a simple linear relationship between content and 

activity. It is possible that the a2 isoform distribution mûy confer greater activity to HOM 

ATPase activity, as was the hypothesis for this experiment. however, the variability in the 

HOM ATPase data prohibits making any conclusions in support of this hypothesis. 

Relationship between Nu*-k-~TPase activity and isofonn distribution. Probabl y the 

most provocative issue is why the activity measured by 3-O-MFPase and ATPase did not 

correlate by muscle for HOM or CM. This rnay be because of the variability in the HOM 

ATPase and the preferential purification in CM 3-O-MFPase as previously described. 

although an evaluation of the relationships to isoform distnbution may also help to answer 

this question. From the multiple regression equations between isofom distribution and 



activity for each of 3-O-MFPase and ATPase and each of HOM and CM, some consistent 

associations are evident. 

The distribution of al isofom was the principal predictor for HOM 3-OMFPase 

(r=0.79. P<0.05), CM ATPase (r-0.69, Pe0.05). and CM 3-OMFPase (r=0.325. Pc0.05) in 

this enperiment. The distribution of PI also related to activity in HOM 3-O-MFPase (rz0.63) 

and CM ATPase (r=0.42), although al assumed most of the predictive value and therefore. 

the P i  contributions were not significant in the multiple regression. The a2 isofom also 

failed to significantly predict activity in any assay. ûlthough it contributed (r=0.53) to the 

multiple regression for CM ATPase. Similarly, the P2 failed to predict activity in any assay, 

although its relationship in CM 3-O-MFPase nearl y reac hed signi ficance (r=O. 16, P=0.07). 

The a 3  isofonn did not factor in any assay. oiher than a negativr relationship (N.S.) in 

HOM 3-O-MFPase. supporting the current understanding that the a 3  isoform has little 

catalytic contribution in skeletal muscle (Blanco and Mercer, 1998: Therien and Blostein. 

2000: Thompson et al.. 1999; Thompson et al.. 2001). 

Two interesting features aise from the multiple regression results between Na'-K*- 

ATPase and isoform distribution in this experiment. First. was the fact that the a2 isoform. 

believed to be the 'major catalytic isoform' in skeletal muscle (Hundal et aL, 1994). failed to 

predict activity in any assay. The rat skeletal muscle a2 isoform has greater specific activity 

than the al isoform (Jewell and Lingrel, 1991; Zahler et al., 1997), is present in both surface 

and intemal membranes, and exhibits a translocation response to homones (Hundal et al., 

1992; Lavoie et al., 1996; Marette et al., 1993) and exercise (Juel et al., 2000; Tsakiridis et 

al., 1996). The a2 also has a more dynamic response to chronic extemal stress (Azuma et 

al., 199 1 ; Azuma et ai., 1993; Thompson et al., 1999; Thompson et al., 200 1 ; Thompson 

and McDonough, 1996). The fmdings from this experiment may mean that the a2 isoform's 



influence on Na%*-~TPase activity measured in resting muscle is minor, and therefore. its 

roie may be restricted to acute and chronic modifications of pump activity. 

Additionally, the results may also support the previous assertion that the isolation 

procedure rnay preferentially maintain surface membranes. and therefore, over-ernphasize 

the al contribution to activity. This rnight explain results in the CM assays. but not the 

HOM 3-O-MFPase assay, where al was also the significant predictor. Cramben et «f. 

(7000) have recently observed that the al isofonn from human muscle has greater aciivity 

than a2. This fact introduces the possibility of species-specific molecular activity 

differences between isoforms from the rats sampled in this experiment. and those used in the 

previous transfection ex periments. 

The second frriture from the Western blot results is that the P? isoform contribution 

nearly rrachrd significance in the CM 3-O-MFPase assay only. This finding may help to 

explain the peculiar hierarchy established between muscles for the CM 3-O-MFPase. 

whereby ûctivity in WG exceeded RG. and was not different from SOL or EDL. It was 

previously identified chat WG muscle exhibited greater purification than the other muscles 

in the CM 3-O-MFPase assay, likely due to preferential purification of surface membranes. 

The P2 isofon may be the more structural of the two isofonns. existing primarily in the 

membrane. since P l  exhibits a translocation response to hormones (Hundal et ai.. 1992: 

Marette et ni.. 1993) and exercise (Juel et aL. 2000). Therefore. a higher proportion of P2 

could be maintained in the 'crude membrane' than p l  during the isolation. This is also 

supponed by the calculations of relative molar abundance between muscles (see Appendix 

A.2. for the rationale and caiculations for this cornparison). The calculations suggests that 

for the CM 3-O-MFPase assay only, B2 is likely contributing to activity more than p l  

because of relative purification differences, not because of a higher specific activity 

contribution to activity. Given the justification, the 1 isoform likely confers higher kinetic 



specificity than the P2 isoform in al1 situations, and the muscle specific activity hierarchy 

From oxidative muscle (highest) to glycolytic muscle (lowest) is conserved. 

Sitmmay.  The relationships between activity and isoform distributions provide 

insight into which assay is the 'best' representation of kinetic activity at the molecular level. 

The activiiy of HOM 3-O-MFPase was the best predicted by  multiple regression (multiple 

r2=0.76. Pc0.00 1 ). CM ATPase (multiple r2=0.4 1. kO.05) and CM 3-OMFPase (multiple 

r2=0.39. Pc0.05) were also predicted. and the low r' values are likely a function of the low 

sample sizc (n=6). relative to the nurnber of predictor variables (n=S). HOM ATPase was 

not predicted at ail (multiple r'= -0.01. Ps0.5) because of the substantial variation in this 

measure. Therefore. the 'best' assay representing relative molecular mcasures. is likely the 

HOM 3-O-MFPase assay . although. this requires qualification. The 3-O-MFPase assay on1 y 

approximates 13-266 of theoretical maximum capacity of the enzyme. This is thoughr to 

relate to the lower affinity of the enzyme for the artificial substrate (Clausen. 1986). 

although the low activity may be related to phosphatase activity being the rate-limiting strp 

in ATP hydrolysis. The fact that p l  contributed less than al to the multiple regression of 

HOM 3-O-MFPase activity may refute this possibility. 

The priradox in choosing the 'besi overall measure of Na'-K'-ATPase activity' is 

that the CM ATPase assay measures hydrolytic activity directly. but does not relate as weil 

(given the small n. in this expenment) to molecular findings. Details of the isolation 

procedure likely influence the relationships established in this experiment and should remain 

an important consideration for any measure of Na+-K+-~Tpase activity on purified 

membrane (Hansen and Clausen. 1988; Hansen and Clausen, 1996). In summary, it appears 

that the 3-O-MFPase assay is the best measure of ~ a % + - ~ T P a s e  activity in homogenates, 

and the ATPase assay is the best measure of Na%'-~TPase activity in CM, given that the 

CM retains a substantial portion of the original HOM activity, as was the case in this 

experiment. 



Overall Summary and Conclusions 

It is concluded from the results of this experiment that the assay, isolation procedure. 

and muscle used are important factors when interpreting measures of Na'-K'4TPase 

activity. The HOM 3-O-MFPase assay was the assay best predicted by molecular assessrnent 

of subunit distribution. and second was the CM ATPase assay. The HOM 3-O-MFPase and 

CM ATPase assays were both predicted primarily by the a and secondarily by the subunit 

distributions. The muscle that expressed the highest activity in both of thesr assays was 

SOL, which was based on its greater proportion of al and P 1 subunits relative to the other 

muscles. Although the standard ouabain binding technique correlated highly with the 

content of a2 subunits in HOM. this relationship did not correlate to a mrasurc of activity. 

The muscle characteristics of morphology. oxidative capacity and protcin complemrnt al1 

interact to designate the quantity of ouabain binding as wrll as muscle- and isoform specific 

Na+-K4-~TPase activity in skeletal muscle, and therefore. are not adequately explained by a 

simple linear relation between pump content measured by ouabain binding. and activity. 

Given the many novel findings in this experiment. future investigation needs to re-examine 

the basic principles involved in our understanding of the Na'-K'-~TPase. and the many 

factors that contribute to its measurement in skeletai muscle. 



CHAPTER III 

Reduced activity of muscle Na'-K+-ATPase following 

prolonged running in rats 



ABSTRACT 

The purpose of this study was to determine if Na'-K'-~Tpase activity is altered in 

muscles of differeni fiber composition following a single session of arrobic rxercise in rais. 

Female Sprague Dawley rats (weight 275 f 2 1g; mean + SE) were run (RUN) on a treadmill at 

2 1 d m i n  and 8% grade until fatigue. or to a maximum of 2h. A second group of rats were kept 

on the treadmill for an additional 45 min of low-intensity exercise recovery (at IOdmin and 8 4  

grade) (RUNt). Directly following exercise. rats were anaesthetized. and tissue extrricted from 

Solcus (SOL), red vastus lateralis (RV), white vastus lateralis (WV), and extensor digitmm 

longus (EDL) and frozen for later analysis. 3-O-Methylfluorescein phosphatase x t i v i t y  (3-0- 

MFPase) was determinrd as an indicator of Na'-K'-ATPase activi ty and gl ycogen dçplction 

identi fied recmit ment of each muscle during exercise. 3-O-MPase was decreased at ( Pc0.05) 

RUN+ by an average of 12% from CON in al1 muscles. No difference was found between CON 

and RUN. Glycogen was lower (Pc0.05) by 65%. 57%. 44%, and 33T0 (SOL. EDL. RV. WV. 

respectively) at RUN. and there was no further depletion during the continued low-intensity 

exercise period. The results of this study indicate that inactivation of Na'-K'-ATPase occurs 

following prolonged aerobic exercise and that the inactivation that occurs is not specific to 

muscles of different fibre type composition. The inactivation of the Na'-K'-ATPase suggests 

intrinsic structural modifications by mechanisms that are unclear. 



INTRODUCTION 

The Na'-K'-ATPase, or Na.K-pump, catal yzes cou pling of the chernical hydrol ysis of 

ATP to the vectoral transport of Na* out of. and K' into the cell. In skeletal muscle. basal 

activity of the Na.K-pump depends primarily on the distribution of Na* and K' on either side of 

the plasma membrane and utilizes only -2-8% of maximum pumping capacity in vivo (Clausen. 

1986). During contractile work, transport of the Na' and K' by the Na-K-pump rapidly restores 

ionic gradients following an excitatory electrical potential or action potential (Nielsen and 

Clausen, 2000). The capacity of the Na,K-purnp can be challenged by heavy contractile 

dernands and by changes in the local environment (i.e. ionic and merabolite build-up, substrate 

depletion), and therefore. appropriate regulation of Na'-KT-ATPase activity is essential for 

rnaintaining transport capaciiy and muscle excitabiliiy. Despite a number of reviews published 

recently on the role of the Na,K-pump in muscle excitability and fatigue (Balog and Fitts. 1996; 

Ciausen, l996;i; Clausen, 1996b; Clausen et al., 1998; Clausen and Nielsen, 1994; Green et al.. 

2000; Green, 1998; McComris et al., 1994; Nielsen and Clausen, 2000; Nielsen and Harrison. 

1998; Nielsen and Overgaard, 1996; Sejersted and Sj~gaard, 2000; Sernb and Sejersted, 1996) 

the factors controlling both the acute and long-term regulation of the pump with exercise are 

still largely undetermined. 

Acute regulation of Na,K-pump c m  wcur by influencing the activity of the pumps and 

by modulating the number of pumps at the ce11 surface (Blanco and Mercer, 1998). With 

contraction, the passive Na' influx and K* efflux can stimulate up to a 20 fold increase in Na.K- 

pump activity (Clausen, 1996b; Nielsen and Clausen, 2000). Substrates, cytoskeletal 

cornponents, catecholamines, and hormones can also provide additional short-tem activation 

(Bertorello and Katz, 1995; Ewart and Klip, 1995; Therien and Blostein, 2ûûû). In addition, an 

increase in number of pumps at the sarcolemma can occur acutely by translocating a specific 

pool of Na,K-pump subunits from intracellular sites to the muscle membrane (DeTomaso et a l .  



1994; Hundal et ai., 1992), potentially increasing the number of functional Na'-K'-pumps. 

Collectivel y. these cellular processes increase the transport capacity of the Na'-Kt-~TPase 

during exercise, and therefore. help to maintain ion gradients. excitability. and contractility. 

Despite the extensive resrarch into mechanisms that may increase pump transport capacity 

during activity. it is unclear if  the intrinsic Na'-K'-~Tpase activity cm be altered by exercise. as 

has been observed for the other ATPases in the cell. As an example, Williams et al. (1998) 

observed that maximal activity of the actomyosin ATPase was reduced with a single exercise 

bout. Several investigators have also observed decreased C ~ " - A T P ~ S ~  activity after fatiguing 

exercise in rats (Belcastro et al.. 1993: Byrd. 1992; Williams et al.. 1998; Williams and Klug. 

1995). Although the exact mechanisms involved in the inactivation of these ATPases remains 

unclenr. structural damage induced by the generation of free radicals is strongly suspected 

( Kourie. 1 998). The evidence from cardiac muscle Na'-K'-ATPase indicntes that damage by 

circulating free radicals cm occur (Kim and Akera. 1987). Collectively. the results suggest that 

catabolic processes associated with exercise may alter the structure of the skeletal Na'-Kt- 

ATPase. reduce membrane excitability, impair conduction of action potentials and contribute to 

fatigue. No study presently exists examining the intrinsic activity of the skeletal muscle Na'- 

K'-ATPase in response to exercise. 

The goal of this study was to determine if the Na'-K'-~Tpase activity is altered in  

muscles of different fiber composition following prolonged endurance running in rats. Our 

hypothesis was that the Nai-K'-pump is intrinsically modified during exercise resulting in a 

reduced Na'-K'-ATPase activity and that the effecis of exercise are not specific to fibre type 

composition of the muscle. This hypothesis was tested in muscle hornogenates using a 3-0- 

methylfluorescein Khimulated phosphatase assay (3-O-MFPase), as an indicator of Na%'- 

ATPase activity. 



METHODS 

Anittinls. Female Sprague Diiwley rats (age 12.1 f 0.7 weeks; weight 275 t 7 1 grams. 

mean t SE) were utilized for the study. Rats were housed in a room where the light cycle was 

controlled ( l2hll2h) and rat chow and water were provided nd libitum. Care and treatment of 

the animais was in accordance with procedures outline by the Canadian Council on Animal 

Care. Al1 procedures were approved by the University of Waterloo Office for Ethics in 

Research. 

Experintrntnl Desigrr. To investigate the effect of a single session of aerobic exercise on 

Na'-K' pump function. rats were randomly assignrd to one of three groups (n=IO per group). in 

one group. rats were run (RUN)  on a treadrnill at 2 lmfmin and 8% grade (-65% peak aerobic 

power) until fritigue. or to a maximum of 2h. A second group of rats were mn on the ireadrnill 

ris for the RUN protocol. then were kept on the treadmill for an additional 45 min of low- 

intensity exrrcisr (i.e. coniinued fast walking @ lOm/min and 8% grade) (RüN+). By reducing 

the speed of the treadmill we were able to increase exercise duration. A third group of rats 

served as control (CON) for the anaesthetic and surgical procedures. This design, including the 

cxercise protocol, is similar to that previously used to investigate C ~ " - A T P ~ S ~  activity 

following running and active recovery (Ferrington et al., 1996). Directly following exercise (or 

at rest in CON), rats were anaesthetized, and a muscle sample was immediateiy obtained from 

soleus (SOL), extensor digitomm longus (EDL), red vastus laterdis (RV) and white vastus 

lateralis (WV) and plunged into liquid nitrogen for later andysis of muscle metabolites. 

glycogen content and Na'-K' pump characteristics. Time for anaesthetization and surgery 

following exercise averaged -5min. 

Muscle metabolites and glycogen depletion. Muscle glycogen (Glyc) and metabolites 

including ATP, PCr, creatine (Cr) and lactate were analyzed fluoromerrically after extraction 

from freeze dried tissue according to procedures previously published (Green et al.. 1989). In 



addition, we have rneasured the contents of the adenine nucleotides (ATP, ADP, AMP) and 

inosine monophosphate (MP) using ion-pair reversed-phase high-performance liquid 

chrornatography (HPLC) (Ingebretson et al. ,  1982) as modified by our group (Green et al., 

1989). AH samples were analyzed in duplicate. On a given analytical day, equal numbers of 

tissue samples from ecich muscle and group were measured. 

iVa ' -hn -A TPasr t r c r i v i ~ .  Activity of the Na'-K'4TPasr w u  assessed fluorometrically 

using the Kt- stimulated 3-O-mrthylfluorescein phosphatase assay (3-O-MFPase) modified from 

the procedures of Huang and Askûri (1975) and Horgan and Kuypers (1987) but using higher 

subsirate concentration (Fraser and McKenna. 1998; Huang and Askari. 1975). We have 

confirmed in a separate set of experiments (results not shown) that maximal activity was 

üchievrd iit - 160 pM substrate concentration in nt tissue. Additionaliy, the use of 1.25 m M  

EGTA, 5mM NaN3. was also employed to optimize enzyme activity in rat muscle somples. 

Briefly, tissue from frozen muscle sornplrs was homogenized (5% wlv )  at O°C for 2 x 20s @ 

25.000 rpm (Polytron). in a buffer containing (in mM) 250 sucrose. 2 EDTA, 1.25 EGTA. 5 

NaN3 and I O Tris (pH 7.40). Hornogenates were freezr-thawed four times, and diluted 115 in 

cold homogenate buffer. Approximately 30 pg of protein (-30 p1 homogenatr) was incubated 

for four minutes in medium containing (in mM) 5 MgClt, 1.25 EDTA. 1.25 EGTA. 5 N a 3 ,  and 

100 Tris (pH 7.40). The K+-stimulated activity of the Na*-K'-~Tpase was determined by the 

increase in activity after the addition of IO mM KC1, at a substrate concentration of 160 pM 3- 

O-MFP. The activity of 3-O-MFPase was detemined by the difference in slope before and after 

the addition of KCl. It was confirmed in a sepmte set of experiments that the change in dope 

with the addition of KCI is completely eliminated with ouabain. The Na'-K'-ATPase activity, 

which was based on the average of three trials, is expressed in nmol-mg protein'l-hr''. Protein 

content of the homogenate was determined by the method of Lowry as modified by Schacterle 

and Pollock (Schacterle and Pollock, 1973). 



Data nnnlysis. Statistical analysis was performed using Statistica for Windows V.4.5 

software (Statsoft. Inc.. Tulsa, OK. 1 993). Descriptive statistics included means and standard 

error (SE). Two-way analysis of variance (ANOVA) with repenied mesures was used to 

analyze difference in Na'.K-pump activity between the three conditions (CON, RUN. RUN+) 

and within muscle groups. Identical procedures were employed for analyses of the metabolite 

data. Paired analysis was used to assess the activiiy response [O exercisr bctwern musclcs. Post 

hoc analysis of menn values wiu: performed using the Tukey test. Statistical significance was set 

at PeO.05. 

RESULTS 

Exercitr protocol, rnetoholites rtnd g f y w g e r i .  Thc average ninning duration at 2 1 rn/min 

(and 8% grade) for the exercise was 102.4 f 5.2 min for both RUN and RUN+ groups. The 

RUN+ group exercised for an additional 45 min at IOdmin end 8% grade. The glycopn 

depletion pattern indicated that each muscle was used during the prolonged. low intensity 

protocol (Fig. 3.1 .). Muscle glycogen was reduced (Pc0.05) between 33 and 66% at R ü N  in the 

muscles examined. No differences were observed between muscles in the RUN group for 

glycogen content. No funher depletion i n  giycogen content was observed in RüN+. 



SOL EDL 

Figure 3.1. Gfycogen content in different focomotor muscles of rats. Values are mean f 
SE: n= 10 per groicp except EDL where n= 7. CON, non-exercisr control; RUN. ntnning at 
Zl rnh in  @ 8% grade for 2 hm; RUA!+. RUN protucol + 45 min of fasi rvnlking ut lOm/rnin: 
SOL. soleirs; EDL. extensor digitorum longus: RV, red vastiis; WV, white vastus. There i w s  
a main effect for group whereby RUN and RUN+ were different frorn CON (PcO.05). 
Gfycogen depletion ranged between 66-33% from SOL to WV muscle alihough miiscle 
specif c difierences were noi sign ificant. 

Exercise had little effect in altering the adenine nucleotides (Table 3.1 .). The only 

difference observed was an increased ADP content at RUN relative to CON (Pc0.05) in SOL. 

Exercise also had minimal effects on high energy phosphates and metabolites namely ATP, 

PCr, Cr and Iactate (Table 3.2.). Increases in Cr at RUN+ relative to CON (P<0.05), were 

observed but only for EDL (P4.05). Main effects were observed for adenine nucleotides and 

for the high energy phosphates and metabolites between muscles, typical to what we have 

previously published (Dossett-Mercer et al., 1994). 



Table 3.1. Effects of exercise on adenine nucleotide and IMP concentrations in the different 

SOL RV EDL WV 

ATP CON 

RUN 

RUN+ 

ADP CON 

RUN 

RUN+ 

AMP CON 

RUN 

RUN+ 

TAN CON 

RUN 

RUN+ 

M P  CON 

RUN 

RUN+ 

Values are means f SE in mmol kg dry weight"; N=10 d l  muscles, excep EDL (n= 7). 
SOL, soleus; EDL, exrensor digitorum fongus; RV, r2d vastus iateralis; WV, white vastiis 
la teralis; ADP, adenosine diphosphate; AMP, adenosine monophosphate; TAN. total 
adenine nucleotides; IMP, inosine monophosphate; CON, control; RUN, treadmill ntn; 
RUN+, run + 45min fast walk n.d. designates that the particular measure for the specified 
muscles \vas not detectable. *Sign ifcantly different (P<O.O5) vs CON. 
Main effects (P<O.O5) for muscle type were found. For ATP, SOL<RV<EDL= WG. For 
ADP, RV< WV=SOLcEDL. For AMP, EDL= WVcRVcSOL. For TAN, 
SOL<RV<EDL= WV. 



Table 3.2. Effects of exercise on high energy phosphates and metabolites in the different 
muscles. 

fCr CON 

RUN 

RuN+ 

CON 

RUN 

RUN+ 

Lac tate CON 

RUN 

RUN+ 

SOL 

45.7 + 2.3 
41.2 + 1.8 

44.0 f 1.6 

EDL 

85.4 k 5.9 

82.8 -t 6.8 

75.0 + 7.9 

Values are means f SE in mmol kg dry wright"; N= 10 al[ muscles, except EDL (n = 7). 
SOL, soleus; EDL, extensor digitorum Zongiis; RV, red vastus laterdis; WV, white vastus 
lateralis; PCr, creatine phosphate; Cr. creatine; CON, control; RUN, treadmill run; RIIN+, 
run + 45 min fast walk. 
Main effects (P<O.OS) for muscle ppe were found. 
For PCr, SOL<RV<EDL=WV. For Cr, SOL<EDL<RV=WV. For Luc, SOL=RV<EDL=\W, 
*Signifcantly different ( P ~ 0 . 0 5 )  vs CON. 



O C O N  
RUN 
RUN+ 

SOL EDL 

Figure 3.2. N&hf -A TPase activity, rneasured by 3-O-rnethylfluorescein phospharase activiry 
(3-O-MFPuse) in diflerent locomotor muscles of rats. Values ore mean f SE; n=lO per groiîp 
excepi EDL where n= 7. CON, non-exercise control; R UN, running ai 2 Idmin @ 8% grade for 
2 hrs; RUN+. RUN protocol + 45 min of fast wulking ai 1 Odmin; SOL. soleils; R V, red vastus; 
EDL. extensor digitoritm longus; WV, white vastus. There was a main effect for groltp whereby 

RUN+ was different from CON (P<O.05). 

Na'-K'-ATPase activity. NaC-K+-ATPase activity, measured by 3-O-MFPase. decreased 

(P<0.05) by approximately 12% from CON to RUN+ when averaged over al1 muscles ( 168 f 7 

vs 149 f 7) nmolemg protein'' mh-'. The decrease was not specific to muscle. No differences 

were observed between CON and RUN and between RUN and RUN+ for any muscle. No 

differences were found in non-specific. or background. activity between CON. RüN and RUN+ 

for any muscle. 



As hypothesized. we have found that the exercise protocol that we employed induced a 

reduction in Nd-K*-ATPase activity when measured in muscle homogenates in virro. 

Although there is a strong indication for Na'-K'-ATPase activity to decrease in al1 

muscles except the EDL at RUN (p=O. 12), an additional 45 min at reduced exercise intensity 

wns needed to obtain a significant reduction. Our results for RUN are similar to what h a  been 

found for the C ~ " - A T P ~ S ~  activity in response to a similar bout of exercise (Byrd et al.. 1989). 

However, unlike ~a'+-activit~, where an overshoot was observed to occur during the additional 

exercise (Ferrington et 01.. 1996). our results for the Na'-K'-ATPasc activity indicate that 

funhrr exrrcisr depresses xtivity. The effect of the additional exercise on Na'-K*-ATPase 

activity did not depend on the muscle rxamined. 

The basis of O u r  hypothesis. namely that a reduction in Na'-K'ATPase activity would 

occur with prolonged exercise. was derived from previous reports of declines in SR ca2'- 

ATPase that occurred in response to similar types of exercise (Belcastro et al., 1993: Byrd et al., 

1989; Williams et al.. 1998). However. not ail studies report a reduction in C ~ ? ' - A T P ~ S ~  

activity with exercise (Chin and Green, 1996; Dossett-Mercer et al., 1994; Femngton et al., 

1996). Although the reasons for the discrepancies remain unclear, differences in exercise 

protocols. muscles examined. assay procedures and species appear important (Green. 1998). 

Our study suggests that at least some of these factors may be important with Na'-K'-ATPase 

activity given the additional exercise that was needed to induce changes. 

The inactivation in Na*-K'-~Tpase activity that we have observed with exercise is likely 

to represent structural modifications to the enzyme since Our rneasurements were performed 

under optimal conditions in vitro. There are a number of cellular mechanisms that may explain 



fhe intrinsic changes to the enzyme, the inactivation process and the specific effect on the Na+- 

K'-ATPase xtivity. The most notable possibilities for acute inactivation may result from free- 

radical darnage (Kouric. 1998). ca2*-activated proteolysis (Belcastro et al., 1998) and heat 

denaturation (Febbraio. 2000). al1 of which can increase with exercise (Armstrong et of.. 1991 ; 

Sjodin et of.. 1990). Free radical damage has been demonstrated ro reduce Na'-K'-XTPase 

activity in cardiac tissue (Kim and Akera, 1987). in a time and concentration-dependent manner. 

following exposure to reactive compounds (Kato ct al.. 1998). Evidence from studies on mouse 

diaphragm rilso indicate thot excessive intracellulx ~ a "  can inhibit Na,K-pump activity (Sulova 

et al.. 1998). Prolonged exposure to heat stress has been demonstratrd to affect a number of 

rnetabolic proccsses in skeletal muscles. including C ~ " - A T P ~ S ~  nct ivity (Febbraio. 2000). 

Future study is rcquired to determine which of these possible mechanisrns may predorninate. as 

well as identifying the site on the enzyme that is altered. 

One possible rnechanism that was investigated as a source of inactivation in this 

experiment was that of substrate depletion. The s keletal muscle Na'-K'-ATPase appean to 

preferentially utilize aerobic glycolysis for rnetabolism (James et al.. 1996). Funhermore. James 

et al. ( 1999) have reported that activity of the pump is dependent upon glycogen as a substrate. 

and therefore. glycogen depletion rnay induce fatigue. It is unlikely that the 33-65% range of 

glycogen depletion observed had a significant effect on Nat-K%TPase activity in this 

experiment. However. recent evidence suggests that Na'-K+-ATPase activity is regulated 

through ankyrin-spectrin links to the cytoskeleton (Therien and Blostein, 2000). so it is possible 

that even subtle changes in glycogen rnay change the structural balance n e c e s s q  for optimal 

enzyrnatic function. The analytical procedure for measuring 3-O-MFPase activity involves four 

freeze-thaw cycles to permeabilize membranes for the optimal activation by R, so it is unlikely 



that altered membrane effects itz vivo persist to alter activity beyond the optimal conditions in 

vitro. 

This is the firsi study to identify that an acute reduction in skeletal muscle Na'-K'- 

ATPase can occur with cxercise. These rffrcts were observed following a period of additional 

activily. after the initial treadmill running exercise. This suggests that the volume of activity is a 

critical factor. One possible explanation for this might be ihat the mrchnnisms previously 

identified. in  isolation or in combination. may takr time to manifest. During continued exercise. 

the processing of free radicals to produce hydrogen peroxide for exrimple. may be what reduces 

the skeletal muscle Na'-Kt-ATPrise in the same mrinner as observed for the cardiac NaT-KT- 

ATPase (Kato et dl 1998). Similrirly. the effects of elevated calcium m ü y  have delayed time- 

course. since the causes of damlige with this process c m  be attributed to the ~a"-activaird 

mobilization of calpain (Belcastro er al.. 1998). lncreascd frce calcium has been presumcd to 

activate a number degradative cascades ( Belcastro et al.. 1998). and this cffect may be related to 

total amount of work done during an exercise bout (Chin and Allen. 1996). Similarly. heat 

denaturation due to elevated muscle temperature may also be cumulative. 

In this experirnent we have also examined whether a muscle-specific response in Na'- 

K'-ATPase activity occurred with exercise. As indicated by a planned cornparison, the response 

of EDL muscle was significantly different from that of the other muscles. EDL muscle exhibits 

considerably faster fatigue than SOL (Evens et al.. 1988). This greater fatigue is attributed. at 

l e s t  in terms of muscle excitability, to a greater nurnber of Na'-channels relative to Na.K- 

pumps (Harrison et ai., 1997). This increased ion leak relative to ion pump capacity, can result 

in a mndown of ion gradients, and result in fatigue (Nielsen and Clausen. 2000). This fact may 

explain why EDL Na+-K'-ATPase activity was unaffected at RUN compared to other muscles, 



possibly because of early fatigue, and a lack of involvement in the treadrnill ninning. Glycogen 

content measurements showed that EDL was similarly depleted to other muscles. so EDL must 

have been recruited at some point. either early or late in RUN. Involvement must also have 

coniinued once the lower-intensity phase began, since at EDL had similarly depressed activity to 

the other muscles at RUN+. 

A final issue when interpreting the results of this cxperiment is that Na'-K*-~Tpase 

activity was rneasured in homogenates using the 3-O-MFPase assay. K'dependent hydrolysis 

of the 3-O-methylfiuorescein phosphate chromogenic substrate substiiutes for the 

aspartylphosphate intermediate of the ATPase (Horgan and Kuypers. 1987) to represent the 

terminal strp in ATP hydrolysis (Huang and Askari. 1975). These phosphatase assayr relaie to 

actual ATPase activity (Horgan and Kuypers. 1987: Huang and Askari. 1975). but yield results 

that are less than the activity assessed by direct methods. possible because of reduced affinity for 

the artificial substrates. Based on the studies cited, it is interesting to note that Kato et al. (1998) 

observed a reduction in  P 1 subunit density in combination with reduced Na'-K'-ATPase activity 

from hydrogen peroxide (HtOt) and hypochlorous acid (HOCL) exposure. and that 

administration of DTT (reducing agent) prevented losses only in phosphatase activity (K' p- 

NPPase). According to current theory, the P subunit is responsible for the correct insertion and 

stability of an active a-B subunit complex in the plasma membrane (Fambrough et al., 1994: 

Skou, 1992: Therien and Blostein, 2000). This structural role may have physiological 

significance, evidenced by a strong correlation between mRNA of the fi 1 unit and activity of the 

Na,K-pump in a variety of tissues including skeletal muscle (Gick et al., 1993). Although the 

exact role the p subunit plays in the pump reaction cycle is stiil uncertain. the P isoform is 

believed to stabilize the K+-bound E2 phosphoenzyrne intermediate and therefore support 



phosphatase activity of the enzyme (Skou. 1992). The presence of three disulfide bonds in the P 

subunit amino acid structure (Blanco and Mercer, 1998) makes it particularly susceptible ro 

oxidation and damage (Beggah et al. 1997; Kourie 1998) and therefore may be responsible for 

the observations of Kato et al. (1998), and the results of the present experiment. 

S w n m a ~ .  The present study is the first to directly measure. albeit through an indirect 

indicator (3-O-methylfluorescein). that skeletal muscle Na'-K'-~Tpase activity is acutrly 

modified by exercise. Many factors could affect Na'-K'-ATPase activity dunng the prolongeci 

exercise session perfomed in this experiment. and these mechanisms are supponed by plausible 

çnplanations from the literature. The observations from this rxprriment are consistent wiih 

previous findings for cardiac muscle Na'-K'-~Tpase and con finn a preliminan, report that 

activity is reduced following repeated submaximal leg extension exercise to fatigue in s keletal 

muscle (McKenna et al., 1996). These findings reintroduce the postulation that Na'-K'-ATPase 

may contribute to acute neuromuscular fatigue in skeletal muscle. and highlights the role of the 

Na'-K'-ATPase as a key control site for regulating the electrical signal reaching the contractile 

apparatus. Confirmation of these findings, and elucidation of the mechanisms for the reduced 

activity with exercise, are avenues for future investigation. 



Perspectives. Evidence from the rat chronic stimulation mode1 suggests that the NaT-K'- 

ATPase rnay be one of the firsi proteins modified in an adaptive cascade. restoring muscle 

excitation and allowing functional alterations to continue in response to repeated exposure to a 

training stress (Hicks et al.. 1997). There are a number of intracellular signais that may 

facilitate this rapid upregulation. including translocation of subunits and increased mRNA 

following exercise (Tsakiridis et al., 1996). changes in intracellular water and ionic content 

(Lang et ai.. 1998; Therien and Blostein. 2000) and changes in local phosphorylation state 

andor redox potential of the cell (Korge and Campbell. 1995). An additional stimulus rnay be 

alteration of the enzyme and the need to stimulate turnover and remodeling. It is reasonabk to 

postulate, given the results of this experiment, that the Na.K-purnp is acutely altered during 

exercise, then quickly compensates to facilitate the rapid changes in pump concentration 

observed with chronic exposure to stress (Green et ai., 2000; Nielsen and Clausen. 2000). 



CHAPTER IV 

Neuromuscular fatigue is associated with reduced 

Na'-K+-ATPase activity follow ing isometric exercise 

in humans 



ABSTRACT 

Previously we have demonstrated that postcontractile force depression (PCD) in 

humans is associated with an impairmeni in SR ~ a "  pump function (Tupling et al.. Am. J. 

Physiol. 278: R87-R94, 2000). The purpose of this study was to investigate the hypothesis 

ihai reductions in Na'-K'-ATPase activity are also associated with neuromuscular fatigue 

following a similar bout of exercise. In control (CON) and exercised (EX) legs. Ieg 

entyensor force and EMG from the vastus medialis were measured in 14 volunteers (age. 

23.4 + 0.7 yrs. mean f SE) prior to (PRE) and immediately following (PSTO). l h  post 

(PSTI). and 4h post (PST-I) isornetric single leg extension exercise at -60% of maximal 

voluntary contraction (MVC) for 30 min using a 0.5 duty cycle (5s contraction, 5s rest). 

Tissue was obtained from vastus lateralis muscle pnor to exercise (PRE) in CON. and 

following exercise in both the CON (PSTO) and EX legs (PSTO. PSTl, PSTJ), for the 

mrasurement of Na'-K+-ATPase activity as determined by the 3-O-methylfluorescein 

phosphatase assay (3-O-MFPase). Voluntary (MVC) and elicited (10, 20, 50. 100 Hz) 

muscle force was reduced 30-55% (Pc0.05) at PSTO, and did not recover by PST4. Muscle 

action potential (M-wave) amplitude and area, and 3-O-MFPase activity ai PSTO-EX were 

less than PSTO-CON (Pcû.05) by 37%, 25%, and 38% respectively. M-wave area at PSTl- 

EX was also less than PST 1 -CON (PcO.05). Changes in 3-O-MFPase activity correlated to 

changes in M-wave area across dl tirnepoints (r = 0.38; Pc0.05, n=45). These results 

demonstrate that Na+-iC+-~TPase activity is reduced by sustained isometric exercise in 

humans from that in a matched control leg, and this reduction in Na'-K'-~Tpase activity 

may contribute to a loss of excitability as indicated by M-wave alterations. In general. these 

effects are revened early in the recovery period. 



INTROOUCTION 

A number of intracellular sites have been mechanistically linked to depressed force 

following activiiy. Accumulating evidence suggests that an impairment in excitation- 

contraction coupiing can be a primary source of force failure with severe fatigue 

(Stephenson et aL. 1998; Westerblad et al., 1998). although other sites rnay contribute to 

varying degrers (Green. 1997). More specifically. the role of the sarcolemrna and t-tubular 

membranes in conducting repeti tive action potentials has been identified as a possible 

contributor to fatigue in humans during voluntary exercise (Green. 1998: Sejersted and 

Sjogaard. 7000). Failure at the level of the snrcolemma could occur because the reduction 

in the transmembrane gradients for Na' and K' during exercise reduccs the ionic membrane 

potcntiaf. muscle excitability and force (Nielsen and Clausen, 2000). 

Previous work studying the sarcolemma as a site in fatigue has relied primarily on 

propcrties of the electromyogram (EMG) and subsequently. the muscle compound action 

potential (M-wave), as an indirect measure of sanolemmal excitability. Reduced M-wave 

amplitude and/or area has been directly related to reduced force in experiments ernploying 

sustained muscle stimulation in both animals (Badier et al., 1999; Harrison and Flatman, 

1999; Overgaard et aL. 1999) and humans (Bigland-Ritchie et al., 1979; Hultman et al., 

1983). However. acute decreases in M-wave amplitude and area are not commonly observed 

during volitional exercise, especiaily if the fatigue is induced by high intensity, short 

duntion (< 5 min) activity (Behm and Si-Pierre, 1997; Bigland-Ritchie et ai., 1982). This 

may be due to M-wave potentiating effecis that counteract or supersede the effects of fatigue 

directly following these types of contraction schedules (McComas et aL. 1994). 

In contrast, contractions repeated for longer durations appear to induce greater M- 



wave depressions than brief. high-force, fast-fatiguing contractions (Behm and St-Pierre. 

1997: Fuglevand et al.. 1993). In studies by Arnaud et al. ( 1997) and Jammes et al. ( 1997). 

the depression in M-wave amplitude persisted for a minimum of 15 min following bouts of 

supramaximal cycling and progressive cycling to fatigue. respectively. Persistent reductions 

in M-wrive properties have also been observed by others (McFadden and McComas. 1997) 

during recovery following sustained contractile activity. Collectively, these finding suggest 

that reduced excitability may have a more significant role in fatigue induced by sustained 

exercise than previously belirved. It is possible that acute alterations of membrane proteins 

may be the basis for sustained M-wave changes, and consequently, contribute to the long- 

lasting fatigue of post-contractile depression (PCD) that is commonly observed after 

sustaincd isometric exercisr exercise (Skurvydas and Zachovajevas. 1998; Tupling rr al.. 

2000). 

The Na'-K'-ATPase is an integral membrane protein that maintains ionic gradients 

at the sarcolemma by pumping 3Na* out and 2K+ ions into the ceil per ATP cleaved. Its 

activity is increasrd in response to repetitive action potentiûls. This pump activity is also 

electrogenic in nature and. therefore, contributes to membrane potentid and the maintenance 

of sarcolemrnal excitability (Clausen, 1996a). Changes in M-wave result primarily from a 

Ioss in muscle excitability. secondary to a loss in Na* and K' gradients (Cairns et al., 1995: 

Overgaard et al., 1997). Consequently, the catalytic activity of the Na*-K+-pump to maintain 

ion gradients, is believed to directly influence the magnitude of the M-wave (Hicks and 

McComas, 1989; Overgaard and Nielsen, 2001). Although the Na*-K*-ATPase has a wide 

dynamic range of activiiy to maintain excitability in vivo (Nielsen and Clausen, 2ûûû), no 

studies presently exist examining if exercise intrinsically alten the enzymatic activity of the 



Na+-K'-ATPase in  skeletal muscle during exercise. 

A recent study by Verburg et cil. ( 1999) supports this possibiiity. These investigators 

reported that dunng sustained submaxirnal exercise, an increased loss of K' from muscle 

was observed Iate in the exercise, which was attributed to an "insufficient activation of 

pumps". The "insufficient activation". could be due to a tirne-dependent inactivation of the 

Na'-K'-ATPase. resulting in a loss of enzymatic aciivity and an inability to maintain K' 

homeostasis. membrane excitability and consequently force. Evidence from cardiac muscle 

Na'-Ki-ATPase indicates that the pump may be susceptible to darnage by free radicals (Kato 

et al.. 1998; Kim and Aken. 1987: Xie et ci l . .  1990), which are produccd during contractile 

activity (Sjodin et cil.. 1990). Recently. our Iüboratory has demonstrated ihat moderate 

intensity isomrtric contractions for 30 min in humans was ûssociated with prolongrd 

reductions in sarcoplasmic reticulum (SR) C ~ " - A T P ~ S ~  pump function in vitro which could 

have contributed io PCD (Tupling et al.. 2000). PCD is a type of fatigue characterized by a 

depression in force across low and high frequencies of stimulation following exercise 

(S kurvydas and Zachovajevas, 1998; Tupling et al., 2000). It is possible. particularly with 

the high level of activation required to sustain this type of isomeiric exercise schedule, that 

the Na+-K+-~Tpase may be similady affected. and result in reduced enzyme activity 

measured in vitro following exercise. 

The purpose of this study was to determine if Na+-v-~TPase  activity is affected by 

sustained. moderate intensity, isometric exercise. and to investigate the intenelationship 

between Na'-K'-ATPase activity, muscle excitability and neurornuscular fatigue. We have 

hypothesized that Na'-K'-ATPase activity and muscle excitability will be reduced during 

exercise, and will remain depressed during recovery as was observed for the c~ '+-ATP~s~ 



using a similar protocol. 

METHODS 

Subjects. Fourteen healthy active volunteers (7 men. 7 wornen. age 23.1 k 0.7 yrs. (O 

+ SE)]. participated in the study. Nine of these subjects voluntecred for the biopsy 

component of the study. The study carried the approval of the Office of Human Research ai 

the University of Waterloo and al1 participants were fully informed of a11 experimental 

procedures and associated risks prior to obtaining written consent. 

Experinzental Design. To investigate the relationship betwecn Na'-K' pump 

function and PCD, subjects completed a moderately intense isometric rxercisc protocol as 

previously described (Tupling et al.. 2ûûû), with rninor modifications. Subjects perfoned 

isometric single leg extension at a target force of -60% of maximum voluntary contraction 

(MVC) for 30 min using a 0.5 duty cycle (5s contraction. 5s rest) to induce PCD. 

Force and EMG were rneasured prior to (PRE) and immediately following (PSTO). 1 

hour post (PSTI). and 4 hours post (PST4) exercise both in the control (CON) and exercise 

(EX) legs. Muscle tissue sarnples were obtained using the muscle biopsy technique under 

suction. prior to exercise (PRE) in a rested control leg (CON) and directly following exercise 

(PSTO) in both the CON and EX legs, and ai one hour post (PSTI) and four hours post 

(PST4) in the EX leg only. The exercise leg was randomized between subjects. Tissue 

sampling sites were prepared prior to initial mechanical measurements. and a total of two 

biopsies were extracted from each site at each time-point. The initial biopsy was quickly 

plunged into Iiquid N2 and stored for later analysis of Na%* pump activity. The second 



sample was used for analysis of Na+-R pump concentration. During the exercise protocol, 

tissue was extracted as rapidly as possible directly following ( ~ 4 s )  the last 5s contraction. 

The subjects reported to the laboratory 2-4 days pnor to the beginning of the 

experiment. This visit was used as an initial accommodation and testing session for 

measurement of MVC force and forces at different electrical stimulation frequencies. 

During the initial visit. the exercise task was also practiced. Prior to exercise on the 

experimental day. the force-frequency mesures were repeated (to account for differences in 

stimulating electrode placement between days). Approxiniately 5 min alter the initial 

mechanical measurements, the subjects began the fatigue protocol. An oscilloscope scrern 

was clemly marked to indicate the tûrget force (60% MVC) that e x h  subject was required to 

xhieve during repetitive activity. Periodically during activity. a brief force record was used 

io verify that the subjects were meeting target force. When both biopsy and mechanical 

rneasurements were made at a testing time-point, contractile measurements in the EX limb 

followed the biopsy (- 30s). which were then followed by mechanical rneasurements in 

CON leg. 

Muscle stimulation und force measurements. The experimental setup for measu ring 

muscle contractile characteristics in isometric knee extension has been described previously 

(Green and Jones, 1989; Tupling et al., 2000). Briefly, for al\ force measurements. both 

voluntary and involuniary, the participant sat upnght in a straight backed chair with hips and 

leg firmly secured and the knee at 90" to the thigh and the arms folded across the chest. A 

5cm wide plastic cuff, placed around the lower nght leg just proximal to the ankle rnalleoli. 

was tightly attached to a linear variable differential transducer (LVDT). The LVDT was 

arnplified by a Daytronic carrier preamplifier at lWz, converted to a digital signal, and fed 



into a 12 bit AID converter and then into an IBM cornputer for analysis. Positioning of the 

LVDT was such that an angle of pull at 180E was achieved for each participant. Calibration 

was performed prior to each test session with weights of known amounts. 

Twitches and tetani were elicited by stimulation of the quadriceps muscle by a Grass 

Mode1 S48 stimulator with isolation unit. Two aluminum chloride electrodes (8 x 13 cm) 

coated wiih w m  electrode gel were used to deliver the electrical impulse to the quadriceps 

muscle. The ground electrode was placed centrally on the anterior aspect of the thigh just 

above the patella while the active electrode was toward the hip on the proximal portion of 

the belly of the vastus lateralis. Each electrode was secured firmly with tensor wrapped 

around the leg and over the top of the electrode io ensure good contact between the skin and 

the electrode. Twitches (Tw) were evoked using a single supramaximal (- 150 volts) 

impulse of 50 ps duration. while tetani at low (10 and 20 Hz) and high (50 and 100 Hz) 

frequencies. were induced using a voltage that elicited approximately 55% of MVC ai 

IOOHz with a pulse duration of 50 ps and :rain duration of 1s. The voltage was kept 

constant ihroughout the testing for each individual subject. Tetanic force, regardless of 

frequency of stimulation, was taken as the peak force recorded. Maximum voluntary 

contractions with twitch interpolation (ïï) were obtained as the best of two triais. For each 

MVC, ïï was used to calculate rnotor unit activation (MUA) by the formula of potentiated 

twitch-ITIpotentiated twitch x 100 (Behm et al., 1996). During a typical trial, subjects were 

first assessed for supramaximal twitch properties. followed by tetanic stimulations from low 

to high frequency, followed by the MVC's. 

Electromyography. The area required for muscle biopsies and positioning of 

stimulation electrodes precluded the use of the vastus lateralis for EMG recordings. 



Preliminary testing indicated that vastus medialis was stimulated through the surface 

electrode arrangement employed. and changes in vastus medialis EMG correlated with 

changes in vastus Interdis EMG at the specific joint angle used in this experiment 

(unpublished). EMG recordings were made with 10 mm diameter Ag/AgCI (Meditrace 60) 

surface elrctrodes. Electrodes were placed over the belly of the vastus medialis 

(interelectrode distance was -2 cm), with one ground electrode positioned on the lateral 

rpicondyle of the tibia. The skin was shaved. abraded and cleaned with alcohol. Electrode 

positioning was not altered dunng a single testing trial. 

The EMG signal (20-500 Hz bandwidth) was passed through an AC amplifier 

(National Instruments. AT-MIO-16H multi-function board). The gain was calibrateci to 

optimize signal amplitude for N D  conversion and collected at 2028 Hz. Custom modified 

NIAD software (National instruments@ 1999) was used to acquire EMG and force records 

and rinalyze raw data (Labviewm 5.1 software routine). Raw EMG signals from voluntary 

contractions were full wave rectified, and the resulting signal was integrated over the 

duration of the contractions. htegrated EMG was divided by time (for a 1s window) to 

achieve average integrated EMG (AEMG, mV) in either MVC or repetitive contractions. 

For eIectrically stimulated contractions. single twitch compound muscle action potential (M- 

wave) were analyzed for peak-peak amplitude (mV), duration (ms). and area (pVs). 

Amplitude was defined as the sum of absolute values for maximum and minimum points of 

the biphasic M-wave. Duration was defined as the time (ms) from positive deflection 2 

standard deviations above baseline to retum to the time when M-wave returned to baseline 

after minimum negative deflection. The area was calculated as the integral of the entire area 

cnclosed by the first positive deflection to the return to baseline after completion of the 



biphasic M-wave (Le. as delineated by the parameters of amplitude and duration). 

Na'-k"-~TPase activity Activity of the Na'-K'-ATPase was assessed 

flurometricaily using the K'-stimulated 3-O-methylfluorescein phosphatase assay (3-0- 

MFPase) following the procedures of Fraser and McKenna (Fraser and McKenna, 1998). 

with minor modifications. K'-dependent hydrolysis of the 3-O-methylfluorescein phosphate 

chromogenic substrate substitutes for the aspartylphosphate intemediate of the ATPase 

(Horgan and Kuypers. 1987) to represent the terminal step in  ATP hydrolysis (Huang and 

Askari. 1975). Briefly, tissue from the frozen muscle biopsy was homogenized (5% wlv) at 

OEC for 2 x 20s @ 25,000 rpm (Polytron). in a buffer containing 250mM sucrose, 2 mM 

EDTA. and l O m M  Tris (pH 7.40). Homogenates were freeze-thawed four times. and diluted 

1:4 in cold homogenate buffer. Approximately 30 pg of protein (-25 )il homogenate) was 

incubaird for 4 min in medium containing 5rnM MgCl?. 1.25 rnM EDTA. and 100 rnM Tris 

(pH 7.40). The K*-stimulated activity of the Na'-K'-ATPase was determined by the 

increase in phosphatase activity (Le. appearance of 3-OMF) after the addition of lOmM KCI, 

at a substrate concentration of 160 phi 3-O-MFP. The appeannce of 3-0-MF was calibrated 

to known standard of 3-0-MF (40nmoles) prior to analysis each day. 3-O-MFPase activity 

was determined by the difference in dope before and after the addition of KCI. In a separate 

set of experiments, it was demonstrated that the difference in slope was completeiy 

eliminated by ouabain, which is used to inhibit Na+-RATPase activity. The Na%'- 

ATPase activity, which was based on an average of four trials for each sample, is expressed 

in nmolomg protein-l~hr'l. Protein content of the homogenate was determined by the method 

of Lowry as modified by Schacterle and Pollock (Schacterle and Pollock, 1973). 

To test the hypothesis that M-wave area is an indicator of membrane excitability 



based on the electrogenic contribution of the Na'-K*-~Tpase to membrane potential, we 

correlated M-wave area to Na'-K'-ATPase activity measured by 3-O-MFPase. M-wavr area 

is generally interpreted as a mesure of the magnitude of the total current passage at the 

recording elrctrodr. which is a function of the size of the individual action potentials and the 

number of activaird fibres (Overgaard and Nielsen. 2001). Only time-points where n 

matched set of both biopsy and M-wave rneasurements were available (Le. PRE-CON, 

PSTO-CON, PSTO-EX, PSTI-EX, PST4-EX), were used in the corretation of M-wave area 

with pump activity. 

N<i'-K-ATPcisr content. The content of Na%' purnps in muscle biopsy samples 

was deierrnined using the assay developed by Norgaard et al. (Norgaard et al.. 1984a). and 

employrd previously in our laboratory (Green et al.. 1993). Using this procedure. two 

samples from mch biopsy weighing between 2 and 8 mg are prewashed twice for 10 min 

periods in a Tris-sucrose buffer (10 m M  Tris-HCI. 3 mM MgS04. 1rnM Tris-vanadate and 

250 mM sucrose) containing sodium metavanadate (NaVO,) at OEC. Samples were 

incubated in the Tris-sucrose buffer with [3~]-ouabain (1.8 pCi/ml) and unlabeled ouabain 

(1 pM final concentration) for 2 x 60 min at 37°C. After the unbound ouabain was removed 

by washing four times for 30 min in ice-cold buffer. the sarnples were blotied. weighed, 

placcd in 1.5 ml Eppendorf tubes, soaked in 1 ml 5% trichloroacetic acid for 16 h at room 

temperature, and then 0.5 ml of sample was counted for 'H radioactivity in a scintillation 

mixture. [3~]ouabain binding capacity was corrected (xl.05) for loss of specifically bound 

[)~]ouabain during washout (Norgaard et aL, 1984a). No correction was made for non- 

specific uptake and retention of 'H which was estimated at c 3% (H-Green, unpublished 

observations). The isotopic purity of the [3~]ouabain was 99% as determined by the 



supplier (New England Nuclear-Du Pont Canada). 

Datu cincdysis. Stotistical analysis was perfomed on Statistica for Windows R.4.5 

software (Statsoft A Inc., Tulsa. OK. 1993). Descriptive statistics included means and 

standard rrror (SE). One-wriy analysis of variance ( ANOVA) wit h repeated measures was 

used to analyze ~ a ' - ~ ' - ~ T p a s e  propenies over time. Correlational analysis was used to 

relaie M-wave area to Na'-K'-~Tpase activity and twitch force. Two-factor ANOVA's 

were used to compare differences in force and EMG measures between the CON and EX 

condition for eiich time-point. Differences between EX and CON legs were determined by 

paired comparison. Post hoc analysis of main effects wüs perfomed using the Tukey tsst. 

Stritisticrtl significtince was set rit PcO.05. 



Force Mensrtrement. The target force was maintained throughour most of the 

protocol, although some subjects were unable to maintain a target -60% of MVC in the 1 s t  

minutes of the exercise session (data not presented). All subjects completed 30 min of 

exercise despite the neurornuscular fatigue. 

Evoked quadriceps force was depressed (Pc0.05) iicross dl electricrtl stimulation 

frequencies at PSTO in EX (Figure 4.1 .A). The depression ranged from an average of -50% 

at low frequencies (Tw, 10Hz. 20Hz) to -33% at high frequencies (50Hz. IûûHz). Force 

remained depressed (Pc0.05) below PRE across al1 frequencies by an average of -758  ciftrr 

4 hours of recovery. The only change in CON stimulated force was at PSTO. where there 

was an - 10% increase (PcO.05) in 20, 50 and lûûHz force. There were no ciifferences from 

PRE at any other tirne in the CON condition (Figure 4.1 .B). 
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Figure 4.1. Stimulated force in exercise ( A )  and control ( B )  limbs prior ro (PRE),  
immediately following (PSTO). and Ih (PSTl)  and 4h (PST4) following exercise. 
* Significantly different from PRE (PcO.05; n=14). t Symbols beside lines in A indicaie 
reduced force across al1 frequencies. 



Table 4.1. Force characteristics following sustained voluntary isometnc exercise 
PRE PST0 PST 1 PST4 

CON Tw 131.9 +, 11.8 151.2 I 10.9 132.9 I 11.3 130.22 11.3 
b 

MVC 501.7 4 38.1 486.5 2 39.8 468.9 2 38.8 447.4 + 38.4 
% Act 92.0 2 1.4 90.9 + 1.4 9 1 .O I 2.6 91.6 .t 1.6 

% AEMG 100 94.5 2 5.7 90.3 2 4.7 89.1 2 4.9 

EX Tw 138.5 2 1 1.6 80.7 2 8.7* 94.4 i 6.5* 1 13.4 e 8.4 * 

iMVC 552.4 5 46.9 323.1 2 36.0 * 395.8 s 39. l *  407.9 V 40.5 * 

5% Act 96.4 IC, 1.6 75.9 IC 4.2 * 83.5 I 3.2* 87.4 rt 3.3* 

% AEMG 100 67.8 + 3.7 * 79.9 2 6.6* 89.6 I 6.5 

V d w s  are rneans 2 SE (n=14). Tw, evokrd penk twitch (N); MVC, mariniitrn volrinrcip 
contraction IN); %Act; percentage rnotor-lrnit acrivation in an MVC (see rexr; %), %AEMG. 
avernge inregrated electromyogrciphy in an MVC as a percentuge of PRE MVC A EMG. 
CON, control k g ;  EX, exercise Ieg. *indicutes significant difference from PRE (Pc0.05). 

in the exercised leg. MVC was depressed at PSTO by 42% (Pc0.05) and recovered by 

16% of PRE (Pc0.05) at PST4. although still remaining below PRE values (Pc0.05) (Table 

4.1). The reduction in MVC was associated with a 21% reduction in motor-unit activation at 

PSTO. and activation remained below PRE by 13% and 9%, ai PST1 and PSTI, respectively 

(Pc0.05). There was no significant changes in MVC force or motor-unit activation in the 

CON limb. 

Eiectrornyography. The AEMG measured from the vastus medialis at the beginning 

of the repetitive contractions was 52% of AEMG observed with the PRE MVC. During the 

exercise, AEMG during repetitive contractions increased by 20% (P<0.05) over the protocol 

(results not presented). The AEMG during MVC was reduced (P<0.05) 33% and 23% at 

PSTO and PSTI, respectively. There was no change in AEMG at MVC in the control limb. 



There was no difference in PRE values between CON and EX for the M-wave 

parame ters investi gated. namel y amplitude, duration, and area. Both M-wave amplitude and 

area were altered (Pc0.05) in response to the exercise (Figure 4.2.). M-wave amplitude at 

PSTO-EX was 37% less than PSTO-CON (PcO.05). No further differences were observed 

between EX and CON in recovery. M-wave area in EX was 25% less than CON ai both 

PSTO. and PST1 (Pc0.05) (Figure 4.2.A. 4.2.C). M-wave area and amplitude in EX was not 

different from CON at PST4. There was no significant change in M-wave duntion over 

tirne in either leg (Figure 4.2.8). 

Nn'-C-,4TPase jiinciion. Na'-K'-~Tpase activity. measured by 3-O-MFPase. was 

8 1.2 212.8 nmol-mg pro''-hr-' at PRE for CON. At PSTO in EX. 3-O-MFPase was 38% less 

than PSTO for CON (58.8 2 9.8 nmol-mg pro"-hi' vs 90.6 + 13.2 nmol-mg pro%r*'; 

PcO.05) due to the exercise (Figure 4.3.A). 3-O-MFPase activity was not different from 

PRE at any time-point. [ ' ~ l ~ u a b a i n  binding indicated that total number of Na'-K'-~Tpase 

pumps quantified by this technique, did not change over time (Figure 4.3.B). Linear 

regression indicated a low correlation between 3-O-MFPase and M-wave area (-0.35; 

P=0.02; n=45) (Figure 4.4.). in addition, 3-O-MFPase exhibited a correlation to Na+-K'- 

ATPase pump content (r=0.48; Pc0.001; n=42). 
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Figure 4.2. M-wave amplitude (A), duration (B),  and area (C) (see definitions in text), 
rep resenied relative to pre-exercise (PRE) values, in exercise (EX)  and control (CON) limbs, 
prior to (PRE), immediately following (PSTO), and Ih (PSTI)  and 4h (PST41 following 
exercise. * Signipantly differentfrom PRE (PcO.05, n=14). 
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Figure 4.4. Correlation between Na*-r-ATPase activity, indicated by 3-0- 
methylfluorescein phosphatase activiîy (3-O-MFPase). and M-wove area in this experiment. 



DISCUSSION 
In this study, we hypothesized that Na+-K'-~Tpase activity and muscle excitability 

would be reduced during an isornetric exercise protocol previously shown to be associated 

with a prolonged impairment in SR ca2' pump function (Tupling et ni.. 2000). Using the 3- 

O-MFPase assay. we demonstrated a 35% difference in Na'-K'-ATPase activity between the 

exercised and control limb directly following the contractile protocol. This change was also 

accompanied by depressions in M-wave amplitude and area. The fact that M-wave and Nat- 

K'-ATPase activity recovered within 4 hours following exercise, dcmonstraies the rapidly 

adaptable nature of the Na%' purnp in skeletal muscle. These results also suggest that. at 

l e s t  for the isometric task studied. cornpromised Na'-K'-ATPase x t i v i t y  and reduced 

sarcolemmal excitability cm contribute to muscle fatigue. 

Exercise protocol cindjktigite. PCD is a type of fatigue characterized by a depression 

in  force across low and high frequencies of stimulation following exercise (Skurvydas and 

Zachovajevas, 1998; Tupling et al.. 2000). The repetitive isometric exercise protocol 

employed in this experiment depressed force output across al1 muscle stimulation 

frequencies and in maximal voluntary contractions. Although some recovery was evident. 

fatigue persisted for up to 4 hours following exercise. This protocol was previously 

observed to cause acute alterations of the ca2' pump, reducing maximal activity of the ~ a ' * -  

ATPase for at least of one hour following exercise (Tupliiig et al.. 2000). The authors 

suggested that ca2' cycling could be one of several sites of fatigue with this protocol. 

Previous investigations on the cause(s) of PCD identified a failure of neuromuscular 

transmission (Bigland-Ritchie et al., 1979), although it was later demonstrated that muscle 

fibers retained the ability to generate normal action poientials during PCD (Lannergren and 



Westerblad. 1987). The results of this experiment indicate that. given the high level of 

activation required to sustain the voluntary isometric exercise schedule. impaired excitability 

of the sarcolemma appears to contri bute to neuromuscular fatigue that was observed. 

However, de fini tive evidence that impaired sarcolemmal exci tability is mechanisticall y 

linked tu fatigue would depend on demonstrating impaired t-tubule excitability and coupling 

between the t-tubule and the SR ~3''-release channel. During rrcovery. excitability was 

restored at a point where force was still depressed. This observation supports other findings 

that indicate other sites of fatigue are responsible for more prolonged reductions in force 

during the period following exercise [as reviewed by Fitts (1994) and Lannergrcn ci al. 

( 1996). 

lnnctivation of the Na4-KI-~TPase. The capacity of the Na.K-pump to rrstore ionic 

gradients can be challenged by heavy contractile demands and resultant changes in the local 

environment (Le. ionic and metabolite build-up. substrate depletion). and therefore. 

appropriate regulation of Na'-K'-~Tpase activity is essential for maintaining transport 

capacity and muscle excitability (Nielsen and Clausen, 2000). Cornplex regulaiory controls 

exist to ensure that Na,K-pump capacity is 'activated' during exercise to maintain 

excitability. Intrinsic activity of the pump is increased over a 20-fold range by mechanisms 

associated with the action potential (Everts and Clausen, 1994) and acute hormonal control 

(Bertorello and Katz, 1995), and pump capacity is increased by translocation of a specific 

pool of Na,K-pump subunits from intracellular sites to the muscle membrane (Juel et al., 

2000). Despite a wealth of information published on the role of the Na,K-pump in muscle 

excitability and fatigue, the actual enzymatic capacity of the pump in skeletal muscle to meet 

the demands of exercise remains unknown. Most experiments rely on indirect measures of 



excitability and pump function in response to a short-tenn fatiguing event and only recently 

has there been evidence, albei t indirect. that Na.K-pump inactivation can occur during 

sustained exercise in humans (Verburg et al.. 1999). Verburg et al. (1999) detemined that 

after a period of sustained submaximal exercise, increased loss of K* from muscle occurred 

which persisted in brief recovery. This observation suggests that a reduction in Na'-K'- 

ATPase activity occurred as the exercise progressed. Our results offer evidence ihat 

inactivation of the Na'-K'-ATPase can occur, at least with sustained isometric exercise. 

There are a number of possible mechanisms to explain the intrinsic reduciion in 

pump activity that was observcd in ihis experiment when measured irt rirro under 

supposedly optimal conditions. Changes in the metabolic environment were observtid 

previously with this protocol (Tupling et ni.. 2000). These effrcts are most likely to exact 

their greatest impact on Na+-K'-ATPase activity in vivo. Reductions in Na'-K'- ATPase 

activity measured under 'optimal' conditions in vitro, likely reflect structural alterations to 

the enzyme. The most notable causes for acute inactivation include temperature denaturation 

(Febbraio. 2 0 ) ,  ca2*-activated proteolysis (Belcastro et al.. 1998). and free-radical damage 

(Kourie. 1998), al1 of which can increase with exercise (Armstrong et al.. 1991; Sjodin et al., 

1990). Studies on mouse diaphngm indicate that excessive intracellular ~ a "  can inhibit 

Na+-pump activity (Sulova et al., 1998). A number of reports also indicate that free radical 

damage can reduce Na*-K+-ATPase activity in cardiac muscle (Kato et aL, 1998; Kim and 

Akera. 1987; Kramer et al., 1984; Kukreja et ai., 1990). Free radical darnage could also 

affect the Na+-K+-ATPase, since the beta subunit of the pump has a number of disuiphide 

bonds that are susceptible to oxidation (Kourie, 1998). Interestingly, the SR c ~ ' * - A T P ~ s ~  

activity is also inhibited by repetitive contractions and structural modifications to the 



nucleotide binding domain appear to be responsible for the impairment (Dux et al.. 1990). 

Regardless of the mechanisms. the tact that Na*-K'-~Tpase activity had retumed to PRE 

values within 4 hours of recovery indicates that the aiterations that occur as a result of 

exercise are rapidly reversible. 

Elrclromyography. M-wave amplitude and area assessed in  the exercise limb was 

significantly lower than M-wave in an unperturbed control limb in this expenmeni 

imrnediately following exercise. Although the decrease in M-wave amplitude in the exercise 

k g  of 12-14% was not significant on its own. similar but significant decreases have been 

s h o w  with a long-duration voiuntary fatigue protocol using the ankle plantarflexors and leg 

rntrnson (Behm and Si-Pierre. 1997) or first dorsal interosseus muscle (Fuglevand et al.. 

1993). It hns been proposed that the rundown of gradients for Na' and K* during intense 

exercise reduce the ion potential at the membrane. and thereby reduce M-wave and force 

(Nielsen and Clausen. 2ûûû). A reduction in ion gradients with exercise can result from Na' 

and K' fluxes during successive action potentials exceeding the ability of membrane 

transport to maintain the gradients. Although complex regulatory controls exist. including 

the concentration of Na* and specific ion channels in the sarcolemma, the Na*-K+-~Tpase is 

the principal mechanism for maintaining excitability (Sejented and Sj~gaard, 2000). The 

present results indicate that M-wave reduction following exercise may be due at least in part 

to intrinsic modifications of the Na4-K'-ATPase. hpaired pump function would indicate a 

compromised capability of the enzyme io maintain membrane excitability through its 

electrochemicai contribution to membrane potential, resulting in depolarization, and reduced 

M-wave. 

It should be noted that the reduced M-wave observed in this expriment immediately 



following exercise was relative to the M-wave in an unperturbed control limb. The trend 

towards higher M-wave amplitude and area in CON following exercise was not significant. 

This effect has been observed previously (Kuiack and McComas, 1992), where non- 

contracting muscle fibers exhibit hyperpolarization. likely the result of catecholamine 

spillover associatrd with exercise of a single limb (Savard et al., 1989). The fact that a trend 

towards increased M-wave amplitude was observed in the non-exercised limb would suggest 

that the exercised-induced effects on M-wave amplitude are best appreciated by comparing 

the exercise limb with the non-exercised limb. 

Relorioriship O/ M-wave und Na+-K'-~TPase. The depression of M-wave following 

activity and subsequent retum to PRE levels within 4 hours can be explained, at least in part. 

by alteration of structure and subsequent repair. or activation of, Na'-K'-~TPrise subunits in 

recovery. This is a rapid time-course. but the Na'-K'-ATPase has very dynamic acute and 

chronic responses to exercise (Green. 2000; Nielsen and Clausen. 2000). These effects. 

combined with the possible effects on the M-wave and Na+-R-ATPase in the CON limb. 

likely supponed the weak correlation (r=0.35. P4.05) observed between Na'-K'-~Tpase 

activity and M-wave area in this experiment. M-wave area is interpreted as a measure of the 

magnitude of the total current passage at the recording electrode, which is a function of the 

size of the individual action potentids and the number of activated fibres (Overgaard and 

Nielsen, 200 1 ). Either factor may be affected by fatigue. although the integrity of the Na'- 

K'-ATPase determines the ion gradients that these variables represent in a measure of M- 

wave area, making it suitable for correlation to Na'-iC'-~TPase measured in vitro. A 

positive and highly significant correlation was observed between ~ a ' - K + - ~ ~ p a s e  activity 

and concentration in the control state (r=û.48, Pd.001, n=18), which supports the 



hypothesis that the measure of activity is related to the number of available pumps. The 

capacity of these pumps is indicated by the measure of activity. 

The relatively low correlation observed between Naf-K'-~Tpa.se activity and M- 

wave highlights the more complicated nature of human experimentation as compared to the 

isolated nature of animal research. where studies support a direct relationship between 

rrcovery of membrane potential with activity of the N$-K'-~Tpase (Hicks et al.. 1997: 

Hicks and McComas. 1989: Overgaard et al.. 1997; Overgaard et aL, 1999; Overgaard and 

Nielsen. 2001). A similar relation in Na'-K'-ATPase activity with exercise has not been 

previously published for human muscle because of difficulties in measuring the Nat-K'- 

ATPase mtivity. We used a newl y modified assay for Na'-K'-ATPase activity (Fraser and 

McKenna, 1998) to show that the combined effects of increased M-wave in CON, and 

decreasrd M-wave in EX. were related to the rneasured activity of the Na'-K+-ATPsse. 

There are a number of assumptions and limitations associated with the use of M-wave as an 

indication of excitability and force in skeletal muscle (Dowling. 1997). A positive 

correlation of M-wave amplitude with force (twitch) was also identified in this expenment 

(unpublished). demonstraiing a link between Na'-K'-ATPase, M-wave, and force in human 

muscle. as has been demonstrated previously for animal muscle (Overgaard et ai., 1999). 

Conclusions. The results of this experiment indicate that the Na'-K'-ATPase can be 

altered by a single bout of heavy isometric exercise in humans. The association observed 

between Na'-K'-ATPase activity and measures of membrane excitability obtained by EMG. 

support the contention that indirect measures of neuromuscular activity can reflect cellular 

processes measured through biochemical procedures in human muscle. The alteration in 

activity and the short time coune for recovery emphasize the rapidly adaptive nature of the 



Na'-K'-ATPase. and imply that reduced sarcolemmal excitability may contribute to 

neuromuscul~r fatigue in humans during exercise. 11 is likely that other cellular processes 

contribute more to fatigue in the prolonged period of recovery. No doubt the role of Na'-K'- 

ATPase in a multi-factorial fatigue process. is dependent upon the intensity. duntion and 

type of exercise performrd. 

Prrsprcrii*~.~. Investigation of the skeletal muscle Na'-K'-ATPase indicates that it is 

highly adaptable to a wide vanety of training protocols (Green. 7000; Nielsen and Clausen. 

2000). The rapid concentration changes observed for the Na'-K'-ATPase in response to 

training imply thrit acute events likely lead io the chronic adaptation. There are a number of 

i nirncel Mar signals that rnay predispose the enzyme to rapid adaptations. one of them 

possibly k i n g  inactivation of the enzyme and the need to stimulate turnover and 

remodeling. It reasonable to postulate that the stress of exercise induces structural 

modifications that reduces the activity of the enzyme and results in a need for compensation 

and adaptation. The results obtained in this study would support such a hypothesis. Heavy 

contractile activity that induces both high and low frequency fatigue. challenges the capacity 

of the Na'-K'-ATPase to maintain transmembrane Na' and K' gradients and excitability. 

By mechanisms that are as yet uncertain, structural modifications occur to the Na'-K'- 

ATPase. resulting in reduced activity. The fact that the N~*-K'-ATP~s~  activity and EMG 

were restored within four hours indicates that this modification has a rapid time-course for 

recovery. This rapid accommodation is also observed in response to repeated training bouts 

for this key sarcolemmal protein. 



CHAPTER V 

General Discussion, Conclusions, 
and Future Directions 



GENERAL DISCUSSION 

The primary objective of this thesis was to characterize the Na'-K'-ATPase in 

skeletal muscle of varying fibre type composition. This involved measuring Na'-Ky-ATPase 

activity. content. and isoform distribution in a range of rat skeletal muscles. in order to 

determine possible differences in Na'-K'-~Tpase protein expression between fibres of 

different contractile function. From this assessment. and the establishment of analyticd 

procedures to accurately measure Na'-K'-ATPase activity in skeletal muscle. the effect of 

exercise on Na'-K'-~Tpase activity was investigated. Na'-K'-ATPase activity was 

rneasured in rat skeletal muscles of varying fibre type, to determine if there is ü fibre type- 

and therefore. Na'-K'-ATPase isofom-specific. response to enercise in n t  skeletal muscle. 

Additionall y. mesurement of Na+-K'-ATPase activi ty was applied [O the human exercise 

model to detemine the acute response to exercise. and the relationship between biochemical 

(direct), and electrophysiological (indirect) rneasures of Na'-K'-ATPase activity in hurnan 

skeletal muscle. 

The overall hypothesis for the thesis was that there are differences in Na+-K'-ATPase 

characteristics between muscles of varying fibre composition. and these differences would 

be quantified by mesures of activity, content and isoform distribution. Additionally. it was 

hypothesized that the bJa+-K'-~TPase would be inactivated by exercise. and this inactivation 

would be identified by a reduciion in Na'-K'-ATPase activity, either in vitro. or in 

conjunction with an indirect. in vivo measure of activity, as is commonly employed in the 

human model. There were a number of specific hypotheses fomulated to address these 

primary questions, and these will be addressed individuaily. 



The major focus of the thesis work was to measure fibre-specific differences in Na*- 

K'-ATPase activity. There are very few reports of skeletal muscle Na+-K'-ATPase activity 

in the literature. largely because of the difficulties inhercnt to its mesurement. 

Consequently. another major objective was to identify suitable parameters of validity. 

specificity, and reliability for the assays presently available. so the Na'-K'-ATPase activity 

results could be interpreted appropriately. Two assays were empioyed (ATPase and 3-0- 

MFPase) because of the possibility that each may indicate the different aspects of the pump's 

h ydrol ytic and phosphatase activities (Ball. 1986; Linnertz et al . ,  1995: Zolotarjova et d.. 

1995). Two preporations were used (HOM and CM) because of the implications to validity. 

specificity and reliability, commonly overlooked in establishing the scientific authentiçiiy of 

an assay. 

A hypothesis was rhat the C-stimulated 3-O-methylfluorescein phosphatase (3-0- 

MFPase) assay would be the most specific and celiable. and the oubain-inhibitable hydrolytic 

activity (ATPase) assay the rnost valid rneasures of Na'-K'-ATPase activity in skeletal 

muscle, in both homogenates and crude membrane fractions. The direct ATPase assay 

exhibited higher activity than the R-stimulated phosphatase assay (Ch.II, Pt.1). and 

therefore, is a more valid assessrnent of Na*-lC'-~TPase activity. However. the ATPase 

assay was more variable. particularly in HOM, and the greater reliability identified for the 3- 

O-MFPase (Ch.lI, Pt.2), confirmed our next hypothesis, that the 3-O-MFPase assay uould 

be the preferred technique for use with HOM. The HOM 3-O-MFPase was actually the rissay 

best predicted by isoform distribution (Ch-II, Pt.4), so one could argue that it is the most 



valid representation of Na+-K'-~Tpase subunit complement for a given muscle. However. 

the 3-O-MFPase only quantified - 18% of theoretical maximum activity in HOM. and -74 

i n  CM. and therefore, is questionable as the 'best overall' rneasure of Na'-K'-~Tpase 

activity. The CM ATPase quantifies a greater % of theoretical maximum activity (Ch.iI. 

Pt.2) and was well predicted by multiple regression, given the small (n=6) sample size used 

in the analysis. However, the CM does require more tissue. and can produce a selective yield 

by muscle (Ch.1. Pt.2). Given al1 these considerations. the 3-O-MFPase assay is probably 

the 'best' assay for HOM and the ATPase assay the 'best' assay in CM. given that the CM 

has an adequate recovery (Hansen and Clausen. 1996). In any particular exprrimrntal 

situation. the choice of assay should be between HOM 3-O-MFPase, and CM ATPase. 

considering the limitations of equipment and tissue available for analyses. 

Another major focus of Ch II. was to address the hypothesis that Na'-KT-ATPase 

content. as measured by oubain binding, would be greatest in muscles with the highesl 

oxidative capacity, and this would relate to higher Na+-K*-ATPase activity. Although 

oxidative capacity was not measured but inferred, which is a limitation of this study, the 

results suggested that fibre morphology (also not measured. but inferred) plays an important 

role in ouabain-binding as a measure of pump content (Ch. II, Pt.3). What was identified was 

that the standard ouabain binding technique is highly correlated to the relative distribution of 

a2 subunits measured in homogenates of different skeletal muscles (Ch 11, Pt.4-5). This is 

consistent with our hypothesis, which was based on the suggestions in the literature 

(Kjeidsen. 1988; Thompson et ni., 1999) that the standard technique only quantifies a single 

population of high-affinity sites in rat skeletal muscle. By modifying the standard technique. 



evidence was provided that binding at two sites is possible (Ch.ii. Pt.3). This result was only 

obtained in two out of four muscles. for reasons unknown. This novel finding requires 

funher investigation, but also highlights the problems associated with the classical 

assumption (Clausen. 1996; Hansen and Clausen. 1988). 

Given that the standard ouabain-binding technique oniy quantifies a2 subunits in rat 

skeletal muscle, and that ouabain- quantified pump content should relate to Na'-K'-ATPase 

activity. a hypothesis was that the relative abundance of a2 subunits between different 

skeletal muscles would best predict Na+-K'-ATPase activity measured by ATPase, in both 

homogenate and crude membranes. This hypoihesis was also grounded by the assertions of 

Hundd (Hundal et al.. 1993) who indicated that the a2 is the 'major catalytic subunit' in 

skeletal muscle. Frorn the results of our experiment, this hypothesis is rejected. There was no 

relationship established between any activity measure and a2 distribution in this experiment. 

for either HOM or CM (ChJi, Pt.5). The interesting feature was that al distribution was the 

best predictor of in Na'-K'-ATPase activity in three out of four assays. The al isofon is 

described to have a 'basal' role in Na+-K'-ATPase ion transport (Hundal et al., 1994). and 

this may be supported by these results. given they were obtained from resting muscle. The 

distribution of a l  was consistent with a relationship of higher activity in oxidative (SOL) 

muscle, to Iower activity in glycolytic (WG) muscle. 

One of the limitations in assigning importance to the conclusions of al and a2 Na+- 

K'-ATPase activity, is the fact that HOM ATPase activity was variable. Under optimal 

conditions. the HOM ATPase assay would likely be the most valid assay to mes s  muscle 

specific relationships to activity, because it would best represent whole muscle activity. If 



one compares the a2 distribution to the relative activities of HOM ATPase between muscles, 

there are potential sirnilarities. and it is possible that a relationship could be indicated 

between activity and a2 distribution. under improved conditions for the assay. However. for 

this experiment. extensive work was done to opiimize conditions for the assay. The values 

reported are only the second to appear for a direct measure of Na+-K'-ATPase activity in 

HOM. Still. these conditions were not sufficient to give complete data out of ten samples for 

any particular muscle (range was 4-9 'values' out of 10). The SOL was the closest to the 

'theoretical maximum value' (Clausen. 1996); however. using this value is also tenuous 

jivrn the limitations and assumptions discussed in detail in Ch. Il. It should be identified 

that the riffinities for ouabain do not differ between isofoms in human skeletal muscle. and 

therefore. applying values of oubain binding to theoretical Na'-K*-ATPase in hurnan skeletal 

muscle rnay be more appropriate. 

An additional hypothesis in explaining relationships between Na'-K'-ATPase 

characteristics was the idea that the relative abundance of pl  subunits between different 

skeletal muscles would best predict Nd-K+-ATPase activity measured by 3-O-MFPase, in 

both homogenate and cmde membranes. This hypothesis was based on molecular evidence 

that suggested the P isoform stabilizes the K+-bound E2 phosphoenzyme intermediate 

(Blanco et al., 1995; Skou. 1992), and therefore. may specifically assess enzyme activity 

between muscle of varying P isoform composition. Since p l  activity is higher than P2 

(Blanco et ai., 1995; Crambert et al., 2000; Hundal et al., 1993), the expectation was to find 

a relationship of 1 to 3-O-MFPase activity. A relationship was identified for HOM, but not 

CM (Ch.Ii, Pt.5). hterleaved to this hypothesis, was the assumption that there would be no 



fibre-specific effect of the isolation procedure on measuring Na+-K'-ATPase characteristics 

in crude membrane fractions. Given that there was a fibre-specific difference in isolation and 

purification (Ch.11. Pt.?) which influenced the CM 3-O-MFPase results, the conclusion that 

the P l  isoform likely confers higher kinetic specificity than the P2 isoform in al1 situations 

and the muscle specific activity hierarchy frorn oxidative muscle (highest) to glycolytic 

muscle (lowest), was conserved. 

From the measures of Nat-K'-~Tpase activity established in Ch II, an objective as to 

detemine if Naf-K'-ATPase activity would be reduced following a single session of 

prolongrd aerobic cxercise in rats. Na'-K'-ATPase activity was measured in vitro on muscle 

hornogrniites using the 3-O-MFPase assay. as it was established ihat this assay was best 

predicted by molecular measures. is specific. reliable. and suited for use with small tissue 

amounts. Nat-K'-ATPase activity was reduced following exercise (Ch. m) and it is possible 

that one of several mechanisms. narnel y free-radical darnage (Kourie. 19%). cdc-ac tivated 

proteolysis (Belcastro et al., 1998) and heat denaturation (Febbraio. 2000). may act in 

isolation or in combination to inactivate the Na+-K*-ATPase and reduce its activity. Because 

it was the additional period of fast walking after the initial running period that elicited the 

significant changes in activity, it is possible that these factors are dependent upon the total 

amount of contractile work done dunng the exercise. 

The fibre-specific response to exercise was also investigated. The hypothesis was 

that changes in Nac-K+-~Tpase activity due to a single bout of exercise in rats would not be 

different between skeletal muscles of varying fibre type. The results indicated that the 

inactivation ai the completion of the extended exercise session was consistent across 



muscles; however, the effects at the end of the 2 hr  of running exercise were not significantly 

different. By paired cornparison, EDL muscle was the only muscle with Na'-K'-ATPase 

activity that was not lower than CON. There was only a trend in the other muscles for a 

reduction in activity (P=0.12). so it is uncertain if this effect has physiologicül relevance. 

EDL muscle exhibits considerably faster fatigue than SOL (Everts et al.. 1988). and this is 

atrributed. at least in ternis of muscle excitability, to a greater number of Na'-channels 

relative to Na.K-pumps (Harrison et cil.. 1997). This increased ion leak relative to ion pump 

capacity. can result in a rundown of ion gradients, and result in fatigue (Nielsen and Clausen. 

2000). possibly rxplaining EDL's lack of 'inactivation' at the end of exercise. Since this 

suggestion is speculütive. it  invites further investigation. In Iight of the differences in Na'- 

K'-ATPase characteristics between muscles. it is possible that differences in xute 

'inactivation' exist. especially given the isoform specific regulation of pump content and 

activity (Therien and Blostein. 2000). 

A limitation of the exercise study may anse from the use of only the 3-O-MFPase as 

Our indicator of Na'-K'-ATPase activity. Although proven to be the 'best' measure for 

homogenates. it is possible that assessrnent by the direct ATPase assay may produce 

different results. This is based on the evidence that the pump's hydrolytic and phosphatase 

activities can be modified independently of each other (Bail, 1986; Linnertz et ai., 1995; 

Zolotarjova et al.. 1995). The HOM 3-O-Wase did relate to both al and pl  isoform 

distributions, so identification of this problem may require more detailed micro-stmctural 

anaiysis, as opposed to cornparison of activity assay results. 



The final objective was to apply the techniques developed for N ~ + - K + - A T P ~ s ~  

assessment to the human model. There are number of difficulties associated with assessing 

neuromuscular excitability and the relationships to fatigue (Enoka and Stuart, 1997). In spi te 

of this, we were able to demonstrate a relationship between in vitro and in vivo measures of 

excitability in humans following fiitiguing exercise. There are a nurnber of assumptions 

associated with Our conclusions. namely that 3-O-MFPase activity is representative of Na-- 

K'-ATPase activity in human skeletal muscle samples, EMG changes from the vastus 

medidis are representative of changes in the vastus lateralis where the biopsies were taken. 

and changes in EMG and 3-O-MFPase aclivity represented relative to the contra-lateral 

control limb are the most physiologically relevant cornparison for the data. The low. dbeit 

significant. correlation may be representative of ihese limitations. Nevenheless. this is the 

first study to show that Na'-K'-~Tpase activity and muscle excitability are reduced during 

sustained. repetitive isometric exercise in hurnans, and the first study to show any 

relationship between these measures in hurnans. The original hypothesis was that the decline 

in Na'-K+-ATPase activity would remain depressed for an hour following the exercise. as 

was observed for the C ~ " - A T P ~ S ~  (Tupling et al., 2000). The observation that the Na%'- 

ATPase had a more rapid time-course for recovery, exhibited in both the EMG and N$-K'- 

ATPase activity measures, leads to the conclusion that reduced Na+-K'-ATPase activity and 

excitability likely contnbutes only to short-term fatigue. 

In reference to the prolonged mnning study in rats, where it was postulated that the 

volume of contractile activity may factor in the acute inactivation of the Na'-K+-ATPase. the 

type of exercise utilized in humans would also support this notion. The exercise was 



designed to sustain as high a force possible, for as long as possible. lntensity might also 

factor into this equation. although the intensity of work done with the isometric exercise was 

far below the forces considered to be 'high-intensity' in a resisrive model. This supports the 

conclusions of Sejersted and Sjogaard (Sejersted and Sj~gaard. 2000). that medium intensity 

and volume contractile work exhibits the greatest challenge to K' balancc in muscle. Given 

the results of this thesis, the difficulty in maintaining K' balance may be due in part to 

alterations of the Na'-K'-ATPase by this type of exercise. 



CONCLUSIONS 

The results presented in this thesis indicate that a number of factors dictate the 

activity of the Na'-K+-ATPase in skeletd muscle. Different activities are observed between 

techniques, which highlights that the assay. isolation procedure. and muscle used are 

i mponant factors when interpreting measures of Na%'-~TPase activity . Na'-K'-ATPasr 

activity is di fferent between muscles of varying fibre composition, and a higher distribution 

of al and P i subunits. as found in SOL. confers the greatest Na'-K'-~Tpase activity when 

measured on skeletal muscle preparations in vitro. The exercise studies indicate that the Nat- 

K'-ATPase is susceptible to acute inactivation. and that this inactivation may contribute to 

irnpaired excitability during exercise. 

Pen pectives 

The role of the Na'-K'-ATPase is to maintain ionic balance ;it the sarcolemma. in a 

fatigue resistant environment such as in SOL, high Na'-K'-ATPase activity is suited to this 

role. This is in contrast to the fact that ionic imbalance occurs at the sarcolemma in fatigue. 

largely because of the inability of the hIa'-K+-~TPase to keep pace with ion transport. The 

expression of low Na'-K'-~Tpase activity in fatigable WG also appears to facilitate this 

occurrence. This irnplies that the Na,K-pump can both resist and promoie fatigue. When one 

considers that the Na'-K'-ATPase is upregulated immediately upon activation, is acuteiy 

inactivated by continued exercise and is dynamically regulated by the absence or presence of 

repeated contractile work, one concludes that the Na%'-~TPase plays a key role in the 

muscle's acute and chronic response to stress. 



FUTURE DIRECTIONS 

These are the first investigations to provide a comprehensive evaluation of Na%'- 

ATPase measures in skeletal muscle, both at rest and in response to exercise, in both rat and 

human skeletal muscle. A number of novel findings mise from these studies. and invite 

further investigation. Some of these future directions include: 

Developing the ATPase assay to improve its specificity and reliability. in order to 

further investigate the relationship between isoform distribution and fibre specific 

Na'-K'-ATPase activity. This may include Nai and K* dependencies, to deiect 

changes in ion sensitivity induced by acute or chronic stress. 

Determining the relationship of fibre morphology to the measurement of Na'-K'- 

ATPûse activity and pump content detemined by ouabain binding, and relating the 

characteristics to fatigue resistance, or fatigue promotion, in skeletal muscles of 

varying fibre type composition. 

investigating the physiological relevance in skeletal muscle. if any. of the 00 and P3 

isoforms. 

investigating the mechanisms of Na+-K'-ATPase inactivation following a single bout 

of exercise in rats andlor humans and ideniiS, the molecular/stnictural basis and 

physiological impact as it relates to the stress-adaptation response. 

Confinning the relationship between the in vitro measure of Na'-K'-ATPase activity 

and the indirect in vivo rneasure of Na'-K+-ATPase assessed by electromyography 

during voluntary exercise in humans using different contraction schedules, to 

ascertain what parameters identify limitations by the Na'-K'-ATPase to performance 



This thesis work has facilitated further investigation into the mechanisms regulating 

the activity. content. and isoform distribution of the N$-K'-~Tpase. Given the novel 

findings of an acute inactivation of the enzyme with exercise. and the fact that the molecular 

mechanisms regulating adaptation to exercise have not k e n  addressed. the exercise mode1 

provides a fmitful avenue of further research. Investigating the acute and chronic rffects of 

exercise should help with our understanding of factors controlling Na'-K'-ATPase 

expression in skeletal muscle. 
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Appendix 1 - Fibre composition and oxidative capacity of selected skeletal 
muscle fibres. 

Table A.I. Fibre type characteristics of different muscles in the rat. sumrnarized from Delp 
and Duan ( l996 ). 

Characteristic SOL RG EDL WG 

Oxidati ve 
crrpacity 

fibre 
population 
(%) 

fibre uea 

CS activity 

type I 
type IiA 
type IR/D 
type IIB 

type 1 
type II  
type IDVD 
type IIB 
average 

Values are O f SE; bused on dota from three male Sprague-Dawley rats oged 16-18 weeks. 
SOL. soleus: RG, red gastrocnemius; EDL, extensor digiiorum fongus; WG, white 
gnstrocnemiw: CS, citrate synthase (pmol min? g"); I. ope Ifibre; UA, ope  IIA fibre; 
I I X / D ,  ope  IWD fibre: 118. type IIB fibre. Average fibre area is calculated by multiplying 
the %type x area for each type, sumrning and dividing by 100%. Fibre types rvere 
hisrochemically detennined. 



Appendix 2 - Na+-C-ATPase activity measured in homogenates and crude 
membranes of different muscle fibres on hvo activity assays. 

Table A.2.1 Na'-K+-ATPase activity measured in hornogenates on the ATPase assay for 
different skeletal muscles. 

rat 1 
rat 2 
rat 3 
rat 4 
rat 5 
rat 6 
rat 7 
rat 8 
rat 9 
rat 1 O 

mean 0.974 0.839 1.871 0.568 
sd 0.767 0.904 1 .O01 1 .O61 
se 0.242 0.286 0.317 0.335 
n 10 IO 10 1 O 
cv 78.7% 107.7% 53.5% 186.6% 

Valires are means f SE; n= I O  (pnolesmg protein" h i ' )  for each muscle. SOL, soleus; RG. 
red gastrocnern jus; EDL, extensor digitorum iongus; WG, white gastrocrt emius. 



Table A.2.2 Na'-K'-ATPase activity rneasured in homogenates on the 3-O-MFPase assay 
for different skeletd muscles. 

SOL RG EDL WG 

rat 1 
rat 2 
rat 3 
rat 4 
rat 5 
rat 6 
rat 7 
rat 8 
rat 9 
rat 10 

mean 0.271 0.178 0.167 0.098 
sd 0.031 0.031 0.030 0.030 
se 0.010 0.010 0.009 0.009 
n IO 10 10 10 
cv 11.3% 17.4% 17.9% 30.7% 

Valltcs are menns i SE; n = 10 (pmoles mg protein" 4r") for each muscle. SOL. soleus; RG, 
rrd gustrucnerni~ts: EDL. e-rtensor digitonlm ionglis; WC. white gustrocnerniiis. 



Table A.2.3 Nat-Kf-~TPase activity measured in crude membranes on the ATPase asay  
for different skeietai muscles. 

SOL RG EDL WG 

rat 1 
rat 2 
rat 3 
rat 4 
rat 5 
rat 6 

Vulws are rnrons 2 SE; n=6 (pmolesmg proiein" *hr-') for ruclt rnliscfe. SOL. soleirs: RG. 
red gasrrocnemi~rs: EDL, rxtensor digitonini fongus: WC. white gastrocnemitis. 

Table A.2.1 Na'-K'-ATPase üct ivity measured in crude membranes on the 3-O-MFPase 
assay for different skeletal muscles. 

SOL €DL RG WG 

rat 1 1.312 1.401 1.272 1.589 
rat 2 1.659 1.292 1.379 1.394 
rat3 1.428 1.171 1.079 1.217 
rat4 1.737 1.519 1.393 1.649 
rat 5 1.764 1.536 1.298 1.647 
rat6 1.131 1.442 1.031 1.336 

Values are means f SE; n=6 (pmolesmg protein" h i 1 )  for each muscle. SOL, soleris; RG, 
red gustrocnemius; EDL, extensor digitonun longus; WG, white gastrocnemius. 



Appendix 3 - Relative density of a and fi subunits obtained by Western Blot in 
different skeletal muscles 

Table A.3. Relative density of a and P subunits obtained by Western Blot in different 
skeletal muscles 

SOL RG EDL WG 

HOM a subunits 
al 
a2 
a3 

p subunits 
BI  
B2 

CM a subunits 
al 
ci2 
a3 

O subunits 
BI  
82 

Values are rneans f SE; n=6 for eoch subunit ufeuch miiscfe. SOL. soleus: RG. red 
gastrocnernirts; EDL, extensor digitorum longus; WG, white gustrocnemius; H, 
homogenate: CM, criide membrane. Relative density is % relative io o corn-01 standard of 
known concentration of rat brain, corrected for the molar ratio betwren subunits as 
determined Lavoie et al. (1997). ' different from SOL; ' different from RG; ' differenr /rom 
EDL; (P<O.OS). 

Lavoie et al. (1997) determined the relative molar ratios between rat brain, and red 

(oxidative) skeletal muscle. To relate the present data to those of Lavoie et al.. 1 fint 

assumed that the red skeletal muscle examined by Lavoie et aL. is representative of the RG 

muscles examined in this experiment. Using RG as the control between these two 

experiments, the relative content between RG isoforms was corrected by the ratios identified 

by Lavoie et al. for brain. so that the bnin standard in each of the blots in this experiment 

represents a relative molar ratio of 1. The values for a2 isofoms were corrected by 4313 1 



and the values for p 1 were corrected by 227115 1, representing the molar ratio established by 

Lavoie for rat brain for the da1 isoforms. and the fWB2 isoforms. respectively. The molar 

ratio of a$ subunits was approximately equal for rat brain. This calculation is done on1 y for 

comparative purposes, and would require extensive analysis to confim. 

Given these assumptions. the relative abundance of WG P2 is 103 relative units in 

CM. and SOL is only 50 relative units in CM. SOL pl  purified 1.3 from HOM ro CM. 

whereas WG P2 purifird 4 fold. Previous reports indicated higher P 1 supponed phosphatase 

activity than B2 (Hundal et al. 1993. Lavoie et ai. 1997). in fact, if the pl contribution to 

activity is multiplied by a factor of 2.7 to represent the greaier activity. the isoform 

contribution to total activity equals the activity results obtained for Ckl 3-O-iMFPase. 

Furthemore. if one accounts for the specificity of purification [(M .3 = 3.06~)  less 

purification of pl  from HOM to CM), the isofom contribution to activity in CM equals 

similar relative relationships between muscles observed for the HOM 3-O-MFPrise act ivity . 

The synopsis of the mathematical mode1 suggests that for the CM 3-O-MFPase assay only. 

P2 is likely contributing to activity more than pl  because of the relative purification 

differences. not because of specific activity contribution to activity. 




