AuPS/ASB Meeting - Canberra 2005

Free Communications 4: Skletal Muscle Regulation: From Molecular
Mechanism to Physiology

Wednesday 28 September 2005

Chair: Brett CromerDavd Allen



Calcium-phosphate precipitation in the sarcoplasmic reticulum reduces action potential-
mediated C&" release in mammalian skeletal muscle
T.L. Dutka, L. Cole and G.D. Lamb, Department of ZoalagyTrobe University\Mctoria 3086, Australia.

Rapid ATP hiffering during vigorous activity is predominantly acleée by the enzyme creatine kinase
and the substrate creatine phosphate (CrP), which is preseddanM (Allen et al, 1995). AsATP is
hydrolysed to ADP and ingenic phosphate (| CrP donates its phosphate to the ADP to resyntheSi2eaAd
the [P] within the cytoplasm of fast-twitch muscle fibres may reacB0 mM. Evidently P can enter the
sarcoplasmic reticulum (SR) pasdy (Posterino & Fryer1998), via small conductance chloride channels that
conduct P(Laver et al, 2001). Ithas been proposed (Fry&ral, 1995) that once inside the SR,d@uld bind
to C&* forming a calcium-phosphate (Ca-P) precipitafée examined whether Ca-P precipitate formed in the
SR and whether it reduced normal action potential (AP)-mediatédr€ease, and hence could coniti to
the later stages of metabolic muscle fatigue that result from a failure ofelzase (Alleret al, 1995).

Long-Evans hooded rats were killed under deep anaesthesia (2% v:v halothane) amtenker e
digitorum longus (EDL) muscles weraaised. Singldibres were mechanically-skinned, connected to a force
transducer and immersed in a standard K-ADdontrol' solution (1mM free Mﬁ*; 8 mM total ATP; 10 mM
creatine phosphate (CP) at pH 7.10, containingMEGTA, pCa 6.9).Individual fibres were then stimulated:

1) electrically (75 V cit, 20 pulses of 2 ms duration) to produce tetanic (50 Hz) force responses, or 2) by
exposure to a 30 mM caffeine-0.05 mM Rigsolution with 0.5 mM EGA present, which produced a
submaximal longer-lasting force response (Elf) sec). 30 mM Psolutions (replacing 23 mM HD¥with 30

mM P, and adjusting the total [Md]) were made similar to the standard K-HB3olution (with or without 10

mM CrP present).The fibre was exposed to either noddntrol), 10 or 30 mM For 10 s, then immersed in
parafin oil (1 min), placed back into the same solution (10 s) as before and then transferred back into the oil (1
min). Thisprocedure created a ‘closed’ system around the fibre amehped ayy appreciable net G4 uptake

or loss by the SR from the weakly Tduffered solution trapped inside the fibre. The fibaswhen wshed

(30 s) in standard solution to remgoany Pin the cytoplasm before stimulating the fibre.

Total SR C&* content vas ascertained by pre-equilibrating the fibre for 20 s in standard solution with a
known [BAPTA] present and then lysing all membranous compartments within the fibre by exposure to an
emulsion of Triton-X100 (10% v:v) in paraffin oil (Owen al, 1998). All experiments were performed at 24
+1 °C.

After a 2 min exposure to 30 mM @vith, n=4, or without, n=6, 10 mM CrP present) the total amount of
C&* released from the SR by &eihe-lov [Mg?*] stimulus was significantlyR<0.05) reduced by20%, and
the initial rate of force delopment slowed[(55%). Peaketanic (50 Hz) force was also significantly reduced
by [25% and ¥5% after 10 and 30 mM, Bxposures respewtly, n=4 for 10 mM Pand n=14 for 30 mM [P
Tetanic force responses produced after 30 mMxgosure were nearly identical to those seen in the same fibre
following depletion of total SR Gaby [B5% (using a tetanic stimulus in the presence of 2 AR B\, the
total C&* remaining in the SR was 0.750.03 mM, n=5).C&* content assaysvealed that the total amount of
C&* remaining in the SR was not detectably changed after 30 redpBsure (initially 1.16: 0.04 mM, n=9
and 1.16+ 0.07 mM, n=3 after 30 mM;Rxposure) thus indicating that €ahad not leaked out of the SRitb
instead formed a precipitate with the tRereby reducing the amount afadable C&* for rapid release.

These results suggest that Ca-P precipitation occurring within the SR mayutertwithe failure of Ca
release observed in the later stages of metabolic mustidpid. Thg aso demonstrate that a drop in the
amount of total SR Cato a level substantially belo the normal endogenousvig will appreciably reduce
tetanic force.
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Digoxin effects on muscle strength, fatigue and Kfluxes during exercise in healtl young adults
M.J. McKenna, S. $starict, M.J. Browr?, C.A. Goodmah X. Gong!, A.C. Peterseh J. Av2, J. Leppikt, C.H.
Steward, SF. Frasert, RJ. Show? and H. Kruni, !Muscle lons and Exercise Group, School of Human
Movement, Recreation and PerformanCentre for Ageing Rehabilitation, Exercise and Sport, Victoria
University PO Box 14428, MelbournevIiC 8001, Australia?Department of Anaesthesia, Austin Health,
Heidelbeg, VIC, Australia,>Department of Epidemiology andeRentive MedicineMonash UniversityAlfred
Hospital, MelbourngVIC, Australia,*School of Medical Sciences, RMIT Univerdiyndoora, VIC, Australia
and®School of Exercise Science and Nutrition, Deakin UniveBitswood, VIC, Australia.

The Nd,K*ATPase enzyme constrains musclé Kss and Nagan and is vital for skeletal muscle
contractility but our recent studies W& found that maximal NaK*ATPase activity is depressed withtigue.

We investigated the effects of the specific I\&*AT Pase inhibitor digoxin on muscle strength, fatiguability and
performance; and on*Kluxes across act and inactve muscles duringxercise.

Ten active, but not well-trained healthvolunteers (9 M, 1 F), with normal ECG, plasma electrolytes,
renal function, and no history of adverse cardsoular @ents ¢ave written informed consent. A series of
exacise tests were performed after taking digoxin (DIG, 0.25 Wgat a gacebo (CON) for 14 d, in a
randomised, counterbalanced, crogsrodouble blind design stugwith trials separated by 4 weeks.

Quadriceps muscle strength (peak torque at 0-360°/s) and fatiguability during 50 maximal contractions
(fractional decline in peak torque at 180°/s) were measured on day 13 onxai €dfietic dynamometeAll
subjects performed incremental cyclganeter gercise to measure (vzpeakand to determine 33, 67 and 90%
VOzpeak work rates. Subjects also performed an incremental test using concentric, dynamic fixager fle
contractions to determine their peak work rate (WWR On day 14 subjects completedotwnvasive trials
separated byR h. A finger flexion &ercise trial comprised three 1-min bouts, then a final bout to fatigue, at
100% WF%eak Two-legged cycling comprised 10 min each at 33% and 67% V/, then to &tigue at 90%
VO2|Deak Radial arterial (a) and deep antecubitah@us (v) blood was sampled simultaneously at rest, before
and during eachxercise bout and in regery, for both eercise trials.

Serum digoxin was 0.7+0.2 nM at day 13 and 0.8+0.2 nM at day 14 (Mean+SD) in the DIG trial, and <
0.4 nM for CON. Muscle peak torque and thaigue ind& (CON 0.57+0.10vs DIG 0.54+0.09) were
unchanged by digoxin. Time to fatigue during finger flexirer@se was not significantly affected by digoxin
(CON 236x211vs DIG 157+118 s, n=9). During finger flexiomeecise, each of [K]_, [K*], and [K']_, were
greater with gercise in CON (by 0.37£0.21, 1.29+£0.84 and -0.89+0.69 mM), and similarly with DIG (by
0.34£0.36, 1.12+0.87 and -0.69x0.69 mM). The unchangeQ_[Ksuggests unaltered *Krelease from
contracting muscles with DIG. Time to fatigue during tycling exercise was not significantly affected by
digoxin (CON 254+12%sDIG 262+156 s). During tg exercise, each of [K] , [K*], and [K']_ . were greater
with exercise than at rest in CON (by 2.51+0.83, 1.22+0.52 and 1.29+0.68 mitihome were modified by
DIG (by 2.62+0.57, 1.18+0.73 and 1.43x0.78 mM). The unchangéj [Kuggests unaltered*Kuptale by
inactive muscles with DIG.

In summary DIG at therapeutic lels did not adversely affect muscle performance’] [bt K* fluxes
during «ercise in healti young adults. Whether this reflects inadequate digitalization, a safety tolerance to
small reductions in functional N&K*ATPase, or limited adverse effects of digitalization when muscle
Na* K*ATPase is normal (i.e. high) is unclear.

Funded by NH&MRC.
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The peak tetanic force-[K*]O relationship in mouse fast- and slow-twitch muscle: modulation
with [Na*]_ or [Ca®*]
S.P Cairns, Division of Sport & Recreation, Auckland University of Technolggkland 1020, Ne Zealand.

Potassium (K) is frequently postulated to cause skeletal muscle fatigue. Indeed, the trans-sarcolemmal
K* gradient falls during high-intensityxercise (Sejersted & Sjggaard, 2000) and experimentally raising
extracellular [K], ([K*],) causes depolarisation and reduces force in non-fatigued muscle (€aiinsl997,
1998). Havever, lamge el@ations of [K']  are necessary to cause &ese reduction of force (Cairnet al,
1997). Theaim of the present study was to extend our understanding of the roferofd€igue, by testing for
interactve dfects between raised ﬂ% and other ionic changes that occur during interscise (Cairnget al,
1998; Sejersted & Sjagrd, 2000), i.e., diminished trans-sarcolemmal sodiunt)(lsad calcium (C#)
gradients.

Isometric contractions wereraked by supramaximal electric field stimulation (parallel plate electrodes)
in isolated slow-twitch soleus (SOL) or fast-twitch extensor digitorum longus (EDL) muscles ofvhiseles
were bathed in control Krebs solution (4 mM,K47 mM Na, 1.3 mM C&*, 128 mM CI) at 25°C. With
raised K solutions NaCl was replaced with KCI, withwlered N4 solutions NaCl was replaced with N-mgth
D-glucamine, and with altered €asolutions C&" was replaced with M§*, or CaCl, was added. Maximum
tetanic force was achied at 125 Hz in SOL and 200 Hz in EDLFaigue was induced with repeated tetanic
stimulation at 125 Hz for 500 msyegy 1 s, for 100 s.

When [K'] was raised from 4 to 7 mM fatigue was exacerbated, and whgjy fies lowered to 2 mM
the fatigue was slowed in SOI[The relatve force at 100 s of stimulation (mean value) was 50% initial at 2 mM
K™, 40% at 4 mM K, and 23% at 7 mM K. The relationship between peak tetanic force arig [(8-12 mM)
was established in non-fatigued muscles. At raised][Ki) increasing the stimulation pulse strength (20 to 26
V) increased force in SOL but not EDL, (ii) increasing the stimulation pulse duration (0.1 to 0.15 to 0.25 ms)
progressiely restored force, but to a greatettent in SOL than EDL, and (iii) stimulating with transverse wire
rather than parallel plate electrodes resulted in a greater force loss, especially in SOL. Whees[Kised to
8 mM and [Na&]  lowered to 100 mM, syngistic depresse dfects occurred on peak tetanic force in both SOL
and EDL, i.e., the peak tetanic forcefll§relationship shifted leftwardswards lower [K*]O. Force could then
be partially restored by lowering the stimulation freqyelmat only in SOL. Raising the [éﬂo (1.3to 2.5t0
10 mM) shifted the peak tetanic force*[K relationship in SOL rightwardswards higher [K]_. Corversely,
lowering [Ca%’“]0 shifted the relationship leftwards, e.g., at 8 mNtKe peak force was 77% initial at 1.3 mM
Ce’* and 52% initial at 0.5 mM G4

In summary moderate changes of [K clearly influence the rate of fatigue in SOL which implicatés K
in the fatigue process. The peak tetanic forcé}LKreIationship in non-fatigued muscle depended on the
stimulation pulse parameters and stimulation electrode type, and more so in SOL thaM&dales are more
susceptible to Kinduced force depression at slightly lowered lNand slightly lowered [C?é‘]o which is a
likely physiological scenarioThus, when such ionic shifts occur simultaneously durkecese, thg are likely
to act together to impair muscle force production, i.e., cause fatigue.

Cairns, S.P., Hing, W.A., Slack, J.A., Mills, R.G. & Loiselle, D.S. (19%9merican Journal of Physialy, 273
C598-C611.
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The effect of dithiothreitol (DTT) application on isolated mouse muscle fatigued at 37°C
T.R. Moopanar and D.G. Allen, School of Medical Sciences, University o SytiBeNSW 2006, Australia.

We havepreviously shown that muscle fatigue at 37tCvitro is associated with a reduction in calcium
sensitvity and that this process could be ym@ted by the antioxidant Tiron (Moopanar & Allen, 2005).
Previous studies ha dso found that application of the reducing agent dithiothreitol (DTT) to the rat diaphragm
improves recovery post-fatigue (Diazt al, 1998). Theaim of the current study was to determine whether DTT
could reverse the effect of temperature- and fatigue-induced myofibrillar desensitization.

Single muscle fibres were isolated from the foot of balb-C mice and were attached to a force transducer
The temperature in the muscle chamber was raised to 37°C prior to each experiment. Fibres were microinjectec
with indo-1 to measured intracellular calcium (fqg, and were stimulated at a range of frequencies (20, 30,

50, 70 and 100 Hz and 100 Hz in the presence of 10 miMima)f to establish myofibrillar sensitivity to
calcium. The preparation was themtijued and sensitivity was immediately reassessed. Fitladlymuscle
preparation was treated with DTT (0.5 mM) foiotwinutes and myofibrillar sensitivity was again tested.

The Ca, which is the leel of [Caz’“]i that produces half maximum force and a measure of
C&*-sensitivity was initially found to be 64% 40 nM (n=18). This value was increased post fatigue to872
40 nM (n=9). There as no change to the Lan the absence of fatiguing stimuli. Application of DTT to the
fatigued muscle caused the asensitvity to return to prefatigue values (68340 nM (n=6)). In order to
determine whether the decline in muscle function was due to a change in maximum calcigiedafctice
(F a0 fibres were stimulated at 100 Hz in the presence tdinaf(10 mM). There was no significant change in

e These results indicate that the process of myofibrillar desensitization at 37°C requires repeated stimulation
to occur In addition, we shw that the desensitization can beased by DTT This suggests that a protein
involved in calcium sensitity has critical S-H groups which can be oxidized to form disulphide bonds (S-S)
with loss of C&*-sensitivity This reaction can beversed by the reducing agent DTT.

Diaz, PT., Costanza, M.J., Wright,.R, Julian, M.W, Diaz, J.A. & Clanton, T.L. (1998)ledicine and Science

in Sports and Exercisg0, 421-426.
Moopanay T.R. & Allen, D.G. (2005)ournal of Physiologyp64, 189-199.
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Cytoplasmic ATP-sensing CBS domains regulate gating of skeletal muscle CIC-1 chloride
channels

B. Bennetts G.Y. Rychlov?, H-L. Ngt, C.J. Mortont, D. Sapletor?, M.W. Paarker* and B.A. Cromet, 1St.
Vincents Institute Fitzroy, VIC 3065, Australig The University of Adelaidédelaide SA ®05, Australia and
3Bio21 Molecular Science and Biotechnology Institubeiversity of MelbourngParkville, VIC 3010, Australia.

CIC proteins are aamily of chloride channels and transporters that are found in a wide variety of
prokaryotic and eukaryotic cell-typehe mammalian etage-gited chloride channel CIC-1 is important for
controlling the electrical excitability of skeletal muscle. Reduced excitability of muscle cells during metabolic
stress can protect cells from metabolhaustion and is thought to be a major factoratigiie. Herewe
identify a nawel mechanism linking »xcitability to metabolic state by showing that CIC-1 channels are
modulated by AP. The high concentration of ATP in resting muscléedively inhibits CIC-1 activity by
shifting the wltage-@gting to more posite tentials. ADPand AMP had similar effects to ATP but IMP had
no efect, indicating that the inhibition of CIC-1 would only be redig under anaerobic conditions such as
intense muscle activity or ischaemia, when depleted ATP accumulates .a3 tiklPesulting increase in CIC-1
actiity under these conditionsould reduce musclexeitability, thus contributing todtigue. V¢ show further
that the modulation by ATP is mediated lyg@thionine-synthase-related (CBS) domains in tgoplasmic
C-terminus of CIC-1.This defines a function for these domains as gating-modulatory domainsveebsiti
intracellular ligands, such as nucleotides, a function that is likely to be conserved in other CIC proteins.
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Modelling diffusive O, supply to isolated muscle preparations
C.J Barclay, Muscle Enggetics Laboratory School of Physiotherapy & Exercise ScienGeiffith University
Gold Coast, PMB50 Gold Coast Mail CemtiGold Coast, Queensland 9726, Australia.

The sole source of oxygen {30 an isolated muscle preparation is by diffusion from the musclaseurf
A.V. Hill (1928) derved equations that described the spatial and temporal dependencies of intramuscular O
partial pressure (P{for muscles of various shapes and showed solutions for frog muscles. The purpose of the
current study was to use Hdldffusion equation for cylindrical muscles to assess the adgqiiaifusive Q,
supply into commonly-used mammalian cardiac areles&l muscles during typical experimental contraction
protocols. The diffusion equation was solved numericallyve (i) the maximum Qdiffusion distances during
steady-state activity at various contraction duty cycles and temperatures and (2) the time, invenere se
contraction protocols, before central anoxiawd derelop during the rest-to-work transition. The effects of
incorporating myoglobin-facilitated {liffusion were also assessed.

The analysis was performed for soleugeasor digitorum longus (EDL) and cardiac papillary muscles
from the rat and mouse and for frog sartorius muscle using published metabolic data. The results indicated tha
for all the preparations considered, it would be difficult to ensure adeqyaepPly using whole muscles;
adequate Qsupply can only be ensureden a reasonable range of dutyates by using preparations with radii
substantially smaller than those of whole muscles. Reducipgrienental temperature is arfegtive drategy
for enhancing Qsupply to skeletal muscle. Mever, dffusive Q, supply to isolated papillary muscles is not
greatly affected by temperature because increasing temperature has oppediteoaf actie ard resting
metabolic rates of cardiac muscle. Taking account psupply from myoglobin had only minimal effects on
oxygenation under typical isolated muscle conditions.

Hill, A.V. (1928)Proceedings of the Royal Society of London Series B: Biological SciEwe39-96.
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