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IGF-1 ENHANCES STORE-OPERATED Ca+ CHANNEL ACTIVITY IN C2C12 MYOBLAST
Yue-Kun Ju*, Ming-Jie Wu†, Robert M. Graham† and David G. Allen*, *Department of Physiology,
University of Sydney, NSW 2006 and †Molecular Cardiology Unit, Victor Chang Cardiac Research
Institute, Darlinghurst 2010.

Skeletal muscle hypertrophy in C2C12 myoblasts stably transfected with insulin-like growth
factor-1 (IGF-1-C2C12 myoblasts) is associated with increased [Ca2+]i  and the activation of the Ca2+-
calmodulin-dependent phosphatase, calcineurin (Semsarian et al., 1999).  We have found that
increased [Ca2+]i was due to enhanced Ca2+  entry that was resistant to L-type Ca2+  channel blockade.
In the present study, we try to identify a pathway for Ca2+  entry in C2C12 myoblast cell line.

It has been reported that a surface membrane protein, CD20, could function as a calcium-
permeable cation channel (Kanzaki et al., 1997). IGF-1 enhanced CD20 channel activity allowing
increased changes in [Ca2+]i in response to changes in [Ca2+]o. To investigate whether Ca2+ entry is
also through a “CD20” channel in C2C12 myoblasts, we first checked the expression of CD20 in these
cells. CD20-like protein with MW of 33 to 37 KDa was found by Western analysis. Phosphate
metabolic labelling study indicates  there were more phosphorylated CD20 proteins in IGF-1-C2C12
than control.  Northern blotting and RT-PCR also further confirmed the existence of CD20 mRNA.
However, sudden increase of extracellular [Ca2+]o from 0 mM to 10 mM, only caused a small change
in [Ca2+]i. Therefore, there was no evidence of conventional CD20 channel acted as Ca2+ entry route
in C2C12 myoblasts.

However, if cells were in Ca2+  free solution for a longer period time, the increase of [Ca2+]o did
cause a substantially increase of [Ca2+]i, especially in IGF-C2C12 myoblasts.  It is known that a type
of plasma-membrane Ca2+  channel called as store operated Ca2+  channel (SOC), opens in response to
a decrease in the concentration of Ca2+   in intracellular Ca2+  stores. In non-excitable cells SOC play

an important role in various cell functions, included
cell proliferation and differentiation (Barritt, 1999).
To test whether C2C12 myoblasts had SOC activity,
we studied the [Ca2+]i changes in response to sudden
increasing [Ca2+]o after empting intracellular Ca2+

stores. Following the application of thapsigargin, a
sarcoplasmic/endoplasmic reticulum Ca2+-ATPase
inhibitor, the increase [Ca2+]o from 0 mM to 5 mM
indeed induced a much larger [Ca2+]i rise. In IGF-1-
C2C12 cells the increasing of [Ca2+]i was greater
than the control (see Figure). The results suggested
that SOC activities were greatly enhanced by IGF -1.

Surprisingly, we found that CD20 antibody
blocked SOC related Ca2+  entry. SOC activity was
also greatly increased in C2C12 cell line transfacted
with CD20.  Since the structure of SOC is uncertain
(Barritt, 1999), our results suggested that CD20 could
be a new candidate for SOC protein.

Barritt, G.J. (1999) Biochemical Journal, 337, 153-169.
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Ca2+- AND Sr2+-ACTIVATION PROFILES OF FIBRES FROM A FAST-TWITCH MUSCLE
FROM THE HINDLIMBS OF AN AUSTRALIAN MARSUPIAL, THE TAMMAR WALLABY
(Macropus eugenii), DURING DEVELOPMENT
Jan M. West, Anthony R. Luff, David W. Walker and Marilyn Renfree*, Department of Physiology,
Monash University, Clayton 3800 Victoria Australia.

Tammar wallabies are born weighing approximately 0.4 g and grow to a final adult size of 5-8
kg.  After birth, the young makes an arduous journey to the pouch and once secured to a teat remains
permanently attached to it for approximately 100 days.  During this first 100-150 days the young
grows slowly, reaching a body weight of around 100 g.  A growth spurt is observed between 150 and
220 days.  The young can stand unaided by day 160, make their first excursion from the pouch at day
190, and leave the pouch permanently by day 250.  The aim of this study was to determine the Ca2+-
and Sr2+-activation properties of single muscle fibres from a fast- (deep digit flexor muscle (DDF))
and a slow-twitch (soleus) muscle from young adult animals and from the fast-twitch muscle from
pouch young of different ages.

Animals were humanely killed and muscle was dissected from young adult animals and from
pouch young at 64, 106 and 131 days.  The muscles were chemically skinned in a relaxing solution
containing glycerol (50% v/v) and stored at -20ºC.  Single fibres were isolated under paraffin oil,
attached to a force recording apparatus and isometric force measured.  Force development was induced
by placing the fibres in EGTA buffered solutions containing different concentrations of Ca2+ and Sr2+.
Sr2+ has proven a useful tool in the identification of different mammalian muscle fibre types (West et
al., 1999). In general, fast-twitch fibres have a greatly different sensitivity to Ca2+ and Sr2+ whereas
slow-twitch fibres have a similar sensitivity to these divalent cations.

Typical activation profiles, as seen for other mammalian muscles, were obtained for both the
fast- and slow-twitch muscles from the young adult Tammar wallabies.  The fast-twitch muscle fibres
had a greatly different sensitivity to Ca2+ and Sr2+ (pCa50-pSr50 = 1.32 ± 0.02 (mean ± SEM), n=5)
whereas the slow-twitch muscle fibres had a similar sensitivity to these divalent cations (pCa50-pSr50 =
0.47 ± 0.01, n=9).  In addition, a small proportion of fibres from both fast- and slow-twitch muscles
had combined activation characteristics i.e. these data could not be fitted with a single exponential
curve suggesting that a mixture of fast- and slow-type regulatory isoforms coexist in these fibres.

During development the separation between the force-pCa and force-pSr curve of the fast-twitch
muscle was significantly less than that observed in the adult muscle.  This separation was 1.14 ± 0.03
(n=6) at 64 days and progressively increased to 1.24 ± 0.02 at 131 days.  The fast-twitch muscle
became progressively less sensitive to Ca2+ during development; pCa10 values decreased from 6.78 ±
0.06 (n=6) at 64 days to 6.36 ± 0.04 (n=7) at 131 days.  These values were significantly higher than
those obtained from fibres from the young adult (6.03 ± 0.02, n=4, P<0.05).  The sensitivity of the
contractile apparatus to Sr2+ also decreased during development i.e. pSr10 values decreased from 5.68
at 64 days to 5.09 at 131 days pouch life.  In the muscles taken from pouch young at 64, 103 and 131
days, fibres with combined characteristics were not found.

This study provides one of the first accounts of the developmental profiles of muscles from a
marsupial.  During development of the fast-twitch muscles there appears to be changes in the
regulatory protein complex of these fibres.  In the adult animals there are fibres with mixed activation
characteristics.

West, J.M., Barclay, C.J., Luff, A.R. & Walker, D.W. (1999) Journal of Muscle Research and Cell 
Motility, 20, 249-264.

*Department of Zoology, The University of Melbourne, Australia.
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CHARACTERISATION OF THE SPONTANEOUS ACTION POTENTIALS RECORDED IN
THE PROSTATE GLAND OF THE GUINEA-PIG
Betty Exintaris* and  Richard J. Lang† *Department of Pharmaceutical Biology & Pharmacology,
Victorian College of Pharmacy, Monash University, Parkville, VIC 3052 and †Department of
Physiology, Monash University, Clayton, VIC 3800

Contraction of the smooth muscle of the prostatic stroma, propels the prostatic secretions into the
seminal fluid and transports them into the urethra during ejaculation. Although previous studies of the
prostate gland have clearly established many of the basic contractile properties of this tissue, the
intracellular mechanisms underlying the spontaneous activity of the prostate are essentially unknown.
In this study, we present electrical recordings from the guinea-pig prostate gland.  In addition, the
effects of nifedipine, atropine and tetrodotoxin on the spontaneous action potentials are also examined.

The prostate gland was removed from guinea-pigs (250-350 g) killed humanely by stunning and
exsanguination.  Standard membrane potential recording techniques revealed at least 2 different cell
types in the prostate gland.  The first cell type was characterised by spontaneously-firing action
potentials  (see Figure) (n=34), presumably recorded from smooth muscle cells.  The membrane
potential, after-hyperpolarisation, frequency and duration of these cells was –53.6 ± 1.5 mV, -55.8 ±
2.1mV, 5.2 ± 0.4/s and 1.7 ± 0.2s, respectively.
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-60

0

The spontaneous electrical events appeared to be insensitive to blockers of neural propagation (1
µM tetrodotoxin, n=4) or cholinergic neurotransmission (1 µM atropine, n=2).  In 75% of cells (6/8),
the frequency of action potential discharge was little affected by the L-type calcium channel blocker,
nifedipine at low (1 µM) (n=6) or higher concentrations (10 µM) (n=2).  However, the amplitude of
the mamimum spike was significantly reduced by 1 µM nifedipine from 44.6 ± 4.6 mV to 31.0 ± 4.6
mV (P<0.05), after 5 minutes.  The remaining 2 spontaneously active cells were promptly abolished by
nifedipine at the same concentration (1 µM).  Electrical recordings were also frequently recorded from
cells that were quiescent; action potential discharge could not be promoted in these cells using either a
high K+ (40-50 mM) saline or direct electrical stimulation (100 V, 5 s).  The resting membrane
potential of this cell type was –49 ±1.8mV (n=37).  These cells may be epithelial in nature.

These results demonstrate that there are at least 2 types of cells recorded in the prostate gland of
the guinea-pig, as revealed by electrophysiological techniques.  Cells that were spontaneously active
were mostly insensitive to nifedipine, tetrodotoxin and atropine, suggesting that the action potentials
occurred myogenically and were somewhat independent of Ca2+ entry through L-type calcium
channels.
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SPECIFIC FORCE OF THE RAT EXTRAOCULAR MUSCLES, LEVATOR AND SUPERIOR
RECTUS, MEASURED IN SITU
Gordon S. Lynch, Paul Gregorevic, David A. Williams and Bartley R. Frueh*, Department of
Physiology, The University of Melbourne, Victoria, 3010, Australia

Extraocular muscles (EOM) are characterised by their faster rates of contraction and their higher
resistance to fatigue relative to limb skeletal muscles.  One of the most perplexing issues in muscle
physiology is why EOM generate significantly lower specific forces [sPo, force per muscle cross-
sectional area (CSA), kN/m2] than skeletal muscles.  In previous studies the examination of EOM
contractility was generally performed on isolated muscles, in vitro.  It is possible that during the
intricate dissections required for in vitro investigation that surgical trauma results in damage directly to
the EOM and this contributes to the disparity in sPo values between EOM and skeletal muscles.  In this
study, we have re-examined the issue of whether EOM produce lower sPo than skeletal muscles.
Specifically, we have investigated the force producing capacity of the levator palpebrae superioris
(levator) and superior rectus muscles, from the rat, in situ.  We compared the values for absolute force
(Po) and sPo with those for muscles studied in vitro.  We tested the null hypothesis, that the sPo for
EOM obtained in situ would not be different from that of limb skeletal muscles.  A corollary to our
primary hypothesis was that Po and sPo for EOM obtained in situ and in vitro would not be different.

For the evaluation of EOM function in situ, Sprague-Dawley rats (250-450 g) were anaesthetised
deeply with sodium pentobarbitone of (60-80 mg kg-1, i.p.) such that they did not respond to tactile
stimuli throughout the procedures.  During the intricate dissection procedures, nerve and blood supply
to either the levator or the superior rectus muscle remained intact.  The EOM were attached to a force
transducer and the cranial nerves exposed for direct stimulation.  After determination of optimal
muscle length (Lo) and stimulation voltage, a full frequency-force relationship was established for each
muscle.  In separate experiments, the levator and superior rectus muscles were `excised for evaluation
of isometric contractile function in vitro, using methods described in detail elsewhere (Lynch et al.,
2000).  Animals were killed by cardiac excision whilst still anaesthetised.

Maximum Po for the levator and superior rectus muscles was 177 ± 13 mN and 280 ± 10 mN,
respectively.  For the calculation of specific force, a number of rat levator and superior rectus muscles
were partially digested in a 20% nitric acid-based solution in order to isolate individual muscle fibres.
Muscle fibre lengths (Lf) were expressed as a percentage of overall muscle length, allowing a mean Lf
to Lo ratio to be used in the estimation of muscle CSA.  Mean Lf:Lo was determined to be 0.38 for the
levator muscle and 0.45 for the superior rectus muscle.  The sPo for the rat levator and superior rectus
muscles measured in situ, was 275 kN/m2 and 280 kN/m2, respectively.  These values are within the
range of sPo values commonly reported for rat skeletal muscles.  Furthermore, Po and sPo for the
levator and superior rectus muscles measured in situ were significantly higher (P < 0.001) than Po and
sPo for these muscles measured in vitro.

The results indicate that the force output of intact EOM differs greatly depending on the mode of
testing.  In situ evaluation yields higher forces such that sPo values are similar to those for limb
muscles.  Most skeletal muscles develop similar forces in situ and in vitro, whereas EOM generate far
less force in all studies performed in vitro.  Although in vitro evaluation of EOM contractility will
continue to reveal important information about this group of understudied muscles, the lower sPo
values of these preparations should be recognised as being significantly less than their true potential.
We conclude that EOM are not intrinsically weaker than skeletal muscles.

Lynch, G.S., Hinkle, R.T. & Faulkner, J.A. (2000) Experimental Physiology 85, 294-298.

W.K. Kellog Eye Center, Department of Ophthalmology, The University of Michigan, Ann Arbor MI 48109-
0714, USA



Proceedings of the Australian Physiological and Pharmacological Society (2000) 31(2) 9P

Ca2+ DYNAMICS IN INTACT MAMMALIAN EXTRAOCULAR MUSCLES
David A. Williams, Gordon S. Lynch and Bartley R. Frueh*, Confocal and Fluorescence Imaging
Group and Muscle Mechanics Laboratory, Department of Physiology, The University of Melbourne,
Victoria 3010, Australia.

Extraocular muscles (EOMs) are a functionally diverse group of muscles responsible for both
rapid (saccadic) and slow (pursuit and vergence) eye movements. The diversity of the EOM properties
may result from the extreme demands placed on them by the wide dynamic range of the oculomotor
system. This functional diversity of these muscles is reflected in their contractile protein composition
with muscles containing up to six different myosin heavy chain (MyHC) isoforms (with a high
incidence of individual muscle fibres coexpressing multiple MyHC isoforms). Despite being amongst
the muscles with the fastest speed of contraction, they are also relatively resistant to fatigue. However,
little is known of the Ca2+ release and uptake processes or the force-calcium relationship of EOMs.
This is largely due to the fact that the large amounts of connective tissue within these complex
muscles, and the accompanying difficulty for mechanical dissection, have almost completely
precluded use of the vast array of muscle preparations employed in studies of muscle physiology. In
particular, the inability to mechanically dissect viable intact (or even skinned) muscle preparations has
prevented in-depth investigation of the Ca2+ release and uptake processes or the force-calcium
relationship of EOMs. The aim of the present study was to circumvent these limitations by taking
advantage of the spatial and temporal discrimination provided by a novel confocal spectrofluorimeter
that was used for all fluorescence measurements.

Male and female Sprague-Dawley rats (230-520 g), were killed after deep anesthesia with
sodium pentobarbitone (60-80 mg.kg-1, i.p.). Each superior rectus (SR) muscle was removed intact,
with the insertion preserved on a rectangle of sclera/cornea and the origin disinserted. Muscles were
loaded in Carbogen-bubbled Kreb’s Ringer for 30 min with 10 µM Fluo-5F/AM - a fluorescein-like
Ca2+ sensor, with a dissociation constant of 2.57 µM in our experimental conditions. Muscles were
rinsed and attached to an isometric force transducer (Research Grade 60-2999, Harvard Apparatus Inc,
South Natick, MA, USA.), on the stage of a Nikon upright microscope. A Viewscan DVC-250
(BioRad Direct View) system attached to the microscope was the basis of the confocal
spectrofluorimetry system. An argon ion laser 25 mW provided 488 nm excitation of a stationary slit
aperture, which was scanned over the muscle specimen at approximately 25Hz. Nikon water
immersion (dipping) lenses (10 or 40×) immersed close to the muscle in the bathing solution collected
emitted fluo-5N fluorescence. Force-Ca2+ relationships were derived from force-frequency (1-150 Hz)
data acquired from intact EOMs at optimal length.

The dynamics of Ca2+ dynamics evident in contracting EOMs were well resolved with spatial
and temporal properties of the confocal recording system. Perhaps surprisingly, the rise and decay
times of Ca2+ transients were not significantly faster than those of the fast-twitch extensor digitorum
longus muscles from mice. However, Ca2+ levels in maximally stimulated EOMs commonly increased
to 5-6 µM, significantly in excess of the levels apparent in isolated fibres or whole limb skeletal
muscles. This clearly indicates higher absolute Ca2+-release and sequestration rates in the EOM.  In
addition, force-Ca2+ curves were less steep that in limb muscles, a factor that may contribute to the
ability of the EOMs to generate graded force responses.

Our observations of high levels of intracellular free [Ca2+] during the contraction of EOM,
coupled with previous observations of a high total calcium content (Porter & Karathanasis, 1999),
extensive sarcoplasmic reticulum development and small fibre size may help explain the rapid
development of force in the EOM. Study of the specialised functional roles of EOM continues to
uncover molecular, developmental and structural specialisations that are dedicated to supporting
functional specialisation.

Porter, J.D. & Karathanasis, P. (1999) Biochemical and Biophysical Research Communications, 257, 
678-683.

*W.K. Kellogg Eye Center, Department of Ophthalmology, The University of Michigan, Ann Arbor MI 48109-
0714, USA.
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1H NMR STRUCTURE AND ACTIVITY OF A FORTY AMINO ACID PEPTIDE (AB)
CORRESPONDING TO A PART OF THE II-III LOOP OF THE SKELETAL L-TYPE
CALCIUM CHANNEL (DHPR)
Daniel Green, Suzy Pace, Marco Casarotto and Angela Dulhunty, The John Curtin School of Medical
Research, Australian National University, Canberra, Australian Capital Territory, 0200, Australia.

Excitation contraction (EC) coupling is the process linking electrical activation of the
sarcolemma to the release of calcium from the intracellular calcium store in the sarcoplasmic reticulum
(SR) of striated muscle. EC coupling in skeletal muscle is thought to involve a physical interaction
between the ryanodine receptor (RyR) (located in the SR) and the L-type calcium channel or
dihydropyridine receptor (DHPR) which is located in transverse tubule invaginations of the
sarcolemma. Previously, the twenty amino acid A peptide of the DHPR II-III loop has been shown to
activate the Ca2+ release from the SR (El-Hayek et al., 1995) and RyR channels (Dulhunty et al.,
1999). An essential sequence for the activating ability of peptide A is a  cluster of five basic amino
acids: as the ability of peptide A to activate the RyR is greatly reduced once this cluster is disrupted.
Activation also requires that the basic amino acids are contained in a helical structure (Casarotto et al.,
2000b).

Peptide AB is a forty amino acid peptide which contains the twenty amino acids of peptide A
plus the next twenty amino acids in the sequence of the skeletal DHPR II-III loop. We examined the
ability of peptide AB to evoke Ca2+ release from SR vesicles that were partially loaded with Ca2+,
using spectrophotometric techniques with antipyralazo III as a calcium indicator. The three
dimensional structure of the AB peptide in solution was solved by 1H NMR.

Unlike peptide A, peptide AB was not able to evoke Ca2+ release from SR vesicles. Initial
structural studies show that the peptide forms two helical portions each spanning approximately 12-15
amino acids. These helices are separated by a beta turn and appear to run parallel to each other. A
comparison between the three dimensional structures of peptides A (Casarotto et al., 2000a) and
peptide AB suggest that the five basic residues found to be critical for peptide A activation of RyRs are
buried between the helices and no longer exposed on an outer surface in peptide AB.  The removal of
the basic residues from the surface of the peptide accounts for the loss of function in peptide AB.

Casarotto, M.G, Gibson, F., Pace, S.M., Curtis, S.M., Mulcair, M. & Dulhunty, A.F. (2000a) Journal
of Biological Chemistry, 275, 11631-11637.

Casarotto, M.G., Green, D., Pace, S.M., Curtis, S.M. & Dulhunty, A.F. (2000b) Journal of Biological
Chemistry, (in press).

Dulhunty, A.F., Gallant, E.M., Laver, D.R., Pace, S.M. & Curtis, S.M. (1999) Biophysical Journal, 77,
189-203.

El-Hayek, R., Lokuta, A., Arevalo, C. & Valdivia, H. (1995) Journal of Biological Chemistry, 270,
28696-28704.
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THE EFFECT OF BUFFERING ADP CONCENTRATION ON SARCOPLASMIC
RETICULUM CALCIUM HANDLING PROPERTIES IN MECHANICALLY SKINNED
FIBRES OF THE RAT
William A. Macdonald and D. George Stephenson, Department of Zoology, Faculty of Science and
Technology, La Trobe University, Bundoora, Victoria, 3083.

Studying the effects of ADP within a muscle fibre has previously been difficult to achieve
because the buffering and maintenance of [ADP] requires the removal or inhibition of the enzymatic
reaction involving creatine kinase and myokinase. In an attempt to circumvent this problem numerous
investigators have removed creatine phosphate from experimental solutions in order to inhibit these
reactions. However the removal of creatine phosphate (CP) itself may cause alterations to maximum
Ca2+-activated tension (Fryer et al., 1995) as well as affect the SR Ca2+ handling properties (Duke &
Steele, 1999). Here, we have used the creatine kinase reaction ADP + CP ⇔ ATP + Cr with a Kapp of
200 (Chase & Kushmerick, 1995), together with endogenous creatine kinase activity and known
concentrations of CP, ATP and Creatine to buffer the ADP concentration.

Male Long-Evans Hooded rats were killed by halothane overdose. Single fibres from the
extensor digitorum longus (EDL) muscle of the rat were mechanically skinned under paraffin oil and
attached to a force transducer. With direct access to the myoplasmic environment the fibres were then
bathed in standard solutions containing (mmol/l) 90 HEPES (pH 7.10), 50 HDTA, 8 ATP, 10 CP, 1
Mg2+, 36 Na+, 126 K+. The amount of creatine added to solutions was varied to buffer ADP to the
required levels. The sarcoplasmic reticulum (SR) of the skinned fibres was loaded with Ca2+ in
solutions containing 0.4 mmol/l EGTA (Ca2+ = 0.2 µmol/l) and the SR Ca2+ was released with 30
mmol/l caffeine in the presence of 1.0 mmol/l EGTA and low Mg2+ (0.05 mmol/l). The relative
amount of SR Ca2+ was estimated from the relative area under caffeine-induced force responses.

Buffering the [ADP] to a physiological resting level of 10 µmol/l was achieved by adding 3
mmol/l creatine to the loading solution. Even at such a low level of ADP the maximal SR Ca2+ loading
was reduced to about 50% of that of the controls where [ADP] was less than 1 µmol/l.  Moreover,
when the preparations were loaded in the presence of 12 mmol/l creatine and the ADP was buffered to
40 µmol/l, under our conditions the SR was only able to maximally load Ca2+ to 30% of controls.
Interestingly, the removal of CP from solutions causes a similar depression in the ability of the SR to
load Ca2+, and it has been proposed that this effect was due to CP per se (Duke & Steele, 1999).
However based on our results it is most likely that this apparent effect of CP is due to the increased
presence of ADP because one could estimate that when CP is removed from solution the average
[ADP] in the preparation during loading increases to about 40 µmol/l.  The elevated ADP appears to
reduce the SR Ca2+ loading ability by reducing the activity of the SR Ca2+ pump, and by dramatically
increasing the leak of Ca2+ from the SR.

In conclusion, these results suggest that creatine can be used effectively to buffer ADP levels in
the presence of a functional creatine kinase regenerating system, and that the reduction in SR Ca2+

handling ability of the SR is due to ADP accumulation rather than CP depletion.

Chase, P.B. & Kushmerick, M.J. (1995) American Journal of Physiology, 268, C480 – C489.
Duke, A.M. & Steele, D.S. (1999) Journal of Physiology, 517, 447 – 458.
Fryer, M.W., Owen, V.J., Lamb, G.D. & Stephenson, D.G. (1995) Journal of Physiology, 482,

123-140.
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PROTEIN KINASE C-ε  REGULATES CARDIAC Na+-K+ PUMP FUNCTION IN
HYPERALDOSTERONEMIA
A.S. Mihailidou, M. Mardini, M. Raison and H.H. Rasmussen, Department of Cardiology, Royal North
Shore Hospital, Sydney, N.S.W. 2065.

Hyperaldosteronemia, often associated with cardiac hypertrophy and failure, induces a decrease
in cardiac sarcolemmal Na+-K+ pump activity which may play a role in the pathogenesis of these
conditions. Since pump activity is regulated by protein kinase C (PKC) and since aldosterone (Ald)
can activate PKC we examined if Ald-induced PKC activation may explain the decrease in pump
activity induced by hyperaldosteronemia.

Rabbits were anaesthetised with 2% Halothane and this was maintained during ventilation with a
2:1 mixture of N2O and O2. Osmotic minipumps containing either Aldosterone (50 µg kg-1 d-1) or
ethanol-vehicle (control) were implanted subcutaneously in the interscapular region. This dose of
aldosterone produces a clinically relevant, ~3-fold increase in plasma Ald levels. After 7 days the
rabbits were anaesthetised by intramuscular injection of xylazine 20 mg kg-1 and ketamine 50 mg kg-1

and a median sternotomy was performed to remove the heart. Ventricular myocytes were isolated,
intracellularly dialysed and voltage-clamped with wide-tipped (~4-5 µm) patch-pipettes. Pipette filling
solutions included 10 mM Na+, a concentration near-physiological intracellular levels. After the
whole-cell configuration had been established the myocytes were superfused with calcium-free
Tyrode’s solution, and K+ channels were blocked by 2 mM Ba2+.  Na+-K+ pump current (Ip,
normalized for membrane capicitance), arising from the 3:2 Na+:K+ exchange ratio was identified as
the shift in holding current induced by pump blockade with 100 µM ouabain.

Mean Ip (±SE), normalised for cell capacitance and hence cell size, of 14 myocytes from 6
rabbits given Aldosterone (0.21 ± 0.02 pA/pF) was significantly lower than mean Ip of 6 myocytes
from 4 vehicle-controls (0.32 ± 0.01 pA/pF). To achieve isoform-specific modulation of PKC we
included in pipette solutions 100 nM peptide blockers to anchoring proteins for activated PKC. We
selected the α- and ε-isoform peptide blockers since the α-isoform is reported to be translocated by
Ald while ε-isoform is reported to regulate the sarcolemmal Na+-K+ pump. PKCε peptide inhibitor in
the pipette solution abolished hyperaldosteronemia-induced pump inhibition (0.36 ± 0.02 pA/pF, n=12,
6 rabbits). The scrambled PKCε peptide inhibitor had no effect on Ald-induced pump inhibition (0.20
± 0.01 pA/pF, n=9, 5 rabbits). To examine the role of PKCα in Ald-induced pump inhibition we
included PKCα peptide inhibitor in pipette solutions. Mean Ip (0.21 ± 0.01 pA/pF, n=10, 5 rabbits)
was similar to mean Ip measured using peptide-free pipette solutions.

We conclude that PKCε regulates cardiac Na+-K+ pump function in hyperaldosteronemia. This is
likely to be of importance in hyperaldosteronemic states.
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IDENTIFICATION OF G PROTEIN α-SUBUNITS MEDIATING M3 AND P2U SIGNAL
TRANSDUCTION PATHWAYS USING REPLICATION-DEFICIENT ADENOVIRUSES
M.M. Cummins, P. Poronnik, L.M. O'Mullane and D.I. Cook, Department of Physiology, University of
Sydney, 2006, Australia.

M3 muscarinic receptors and P2U purinergic receptors couple extracellular stimuli to increases in
intracellular [Ca2+] via phospholipase C-β and inositol 1,4,5-trisphosphate.  The exact nature of these
pathways, however, remains unknown, since the G protein α-subunits and phospholipase C-β isoforms
that mediate them have not yet been identified.  Our studies are aimed at identifying the G protein α-
subunits involved in the muscarinic M3 and purinergic P2U signal transduction pathways using HT29
colonic epithelial cells as a model of colonic epithelia. We have used replication-deficient
adenoviruses expressing wild-type or antisense G protein α-subunits to assess the involvement of
specific G proteins in mediating increases in [Ca2+]i in response to the activation of these receptors.

HT29 cells were infected with adenoviruses three days prior to fura-2 microspectrofluorimetry,
which was used to quantify the [Ca2+]i response to either the muscarinic agonist, carbachol (CCh) or
the purinergic agonist, UTP.  G protein α-subunit isoform specific antibodies were used with Western
blotting and with immunochemistry using confocal microscopy to confirm the specificity of protein
over-expression or suppression.

Previously, we have found that the M3 response is mediated by G protein βγ-subunits, while the
P2U response is mediated by G protein α-subunits and that Gq has some involvement in mediating both
the M3 and P2U signals (Cummins et al., 2000). The results indicated, however, that Gq may be only
partially responsible for mediating these responses, suggesting the involvement of other G protein/s.

We have now used an
adenoviruses expressing wild-type
or antisense Gα11 to evaluate the
involvement of Gα11 in each
pathway.  Infection with an
adenovirus expressing antisense to
Gα11 reduced the [Ca2+]i response
following CCh addition, indicating
a role for βγ-subunits released from
Gα11 in mediating the M3 response.
Moreover, co-infection with
antisense Gαq and Gα11
adenoviruses showed that the effect
of the antisense Gα11 is additive to
the effect for the M3 response seen
with the antisense Gαq adenovirus
alone.  These results lead to the
conclusion that the βγ-subunits

released from both Gαq and Gα11 mediate the M3 signal.
Infection with the antisense Gα11 adenovirus caused the same degree of reduction of the P2U

Ca2+ signal as that achieved with the antisense Gαq adenovirus, and co-infection did not produce an
additive effect, indicating that the decrease in the P2U response seen with these viruses is due to a non-
specific or promiscuous effect.  Thus the P2U pathway is mediated primarily by a G protein other than
Gαq or Gα11.  In future work we will assess the involvement of Gα14, Gα16, Gα12 and Gα13 in
mediating M3 and P2U signal transduction pathways.

Cummins, M.M., O'Mullane, L.M., Barden, J.A., Cook, D.I. & Poronnik, P. (2000) Cell Calcium, 
27(5), 247-255.
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EFFECTS OF THE INOSITOL TRIPHOSPHATE (IP3) RECEPTOR ANTAGONIST 2-
AMINOETHOXYDIPHENYL BORATE (2-APB) ON ARTERIOLAR MYOGENIC TONE
AND REACTIVITY
Simon J. Potocnik, Nour B. Bishara and Michael A. Hill, Department of Human Biology and
Movement Science, RMIT University, Bundoora 3083.

Arterioles exhibit a state of partial constriction or tone the extent of which is related to the
intraluminal pressure.  While this contractile response is known to depend on extracellular Ca2+ the
contribution of intracellular sources is less certain.  Knowledge of this component is essential to
defining myogenic signal transduction pathways since release of Ca2+ from intracellular stores may be
involved in multiple processes including initiation of contraction and modulation of ion channels.
Studies of the involvement of sarcoplasmic reticulum Ca2+ stores in maintenance of arteriolar tone are
made difficult by the fact that when placed in zero mM Ca2+ solutions cannulated arterioles rapidly
loose intracellular Ca2+ and myogenic tone.  This alters the mechanical state of the vessel and results
in totally passive responses to subsequent changes in intraluminal pressure.  Recent studies have
reported that 2-APB is a small molecular weight, cell permeable, inhibitor of the IP3 receptor thus
providing a potential tool for examining the role of intracellular Ca2+ release in maintenance of
spontaneous arteriolar tone.

Sprague-Dawley rats were anaesthetized with sodium thiopental (100 mg/kg b.w.,
intraperitoneal).  Their cremaster muscles were removed and the animals were then killed. The
muscles were placed in a cooled dissection chamber and a segment of the first order arteriole (passive
diameter approximately 160 µm) microdissected from surrounding tissues.  Isolated arteriole segments
were cannulated on glass micropipettes, pressurized under zero flow and mechanical responses
examined using video microscopy.  Under these conditions arterioles typically exhibit spontaneous
myogenic tone.  For measurements of smooth muscle Ca2+, vessels were loaded with the Ca2+-
sensitive dye fura 2-AM (1 µM) and fluorescence recorded using a photometer based system coupled
to the microscope.  Additional studies were conducted in endothelial cells (ECs), isolated from bovine
aorta, cultured in DMEM (37oC, 5% CO2) and plated onto matrix-coated coverslips.  Measurements of
changes in EC Ca2+ were assessed using a video-based imaging system.

To assess effects of IP3 receptor blockade on intracellular Ca2+ release in isolated cells, ECs
were exposed to ATP (10-6M) in the absence and presence of 2-APB (1 – 300 µM).  In the absence of
extracellular Ca2+ ATP induces a rapid and transient Ca2+ release from intracellular stores.  2-APB
alone had no effect on EC basal intracellular Ca2+.  2-APB dose-dependently inhibited the magnitude
of the ATP-induced Ca2+ release peak; threshold dose approximately 10 µM and IC50 30 µM.  In
intact arterioles (n = 9) 2-APB treatment resulted in a variable response with a tendency towards
vasodilation.  In arterioles (n = 4) from which the endothelial layer had been mechanically removed
(verified by the lack of a dilator response to acetylcholine 10-5M) 2-APB induced a concentration-
dependent relaxation with an IC50 of approximately 100 µM.  Despite causing dilation 2-APB (300
µM) did not cause total loss of myogenic tone.  In apparent contrast 50µM 2-APB caused a significant
shift to the right in the concentration-response curve for phenylephrine (7.7 ± 3.2 ×10-8 vs 2.5 ± 2.3
×10-5 M).

Collectively the data are consistent with 2-APB acting as an antagonist of IP3-induced Ca2+

release from intracellular stores.  2-APB in intact arterioles appeared to produce opposing effects on
the endothelium and smooth muscle resulting in inconsistent changes in diameter whereas in
endothelial denuded arterioles it exhibited reproducible concentration-dependent vasodilation.  As 2-
APB appeared more effective in inhibiting agonist-induced responses compared to inhibition of
myogenic tone it is concluded that the latter is less dependent on IP3-mediated Ca2+ release
mechanisms.  Further, these data suggest that this compound will be a useful tool for studies of
intracellular Ca2+ dynamics in isolated myogenic arterioles.
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RELAXATION OF UTERINE CONTRACTIONS BY β-ADRENOCEPTOR ACTIVATION
Helena C. Parkington, Mary A. Tonta and H.A. Coleman, Department of Physiology, Monash
University, Melbourne, Victoria 3800.

Agents that activate β-adrenoceptors are amongst the drugs of first choice in attempts to suppress
uterine contractions during pre-term labour. Despite extensive study, the mechanisms by which
relaxation is achieved remains unclear. There is lack of consensus regarding the involvement of the
cAMP second messenger system, the occurrence or not of hyperpolarization and the nature of the ion
channels involved, and the possible suppression of the sensitivity of the contractile apparatus to Ca2+.
We have addressed these issues by measuring membrane potential, tension, cytoplasmic Ca2+ ([Ca2+

i])
and cAMP levels in uterine muscle obtained from pregnant ewes.

Uterine muscle was obtained from ewes undergoing surgery on days 70-141 of pregnancy (term,
145 days). Tissues were taken to the laboratory and strips (∼ 5x0.5 mm) were prepared and mounted in
an organ bath, in continuously flowing physiological saline solution, for either simultaneous
measurement of membrane potential, using conventional intracellular microelectrodes, and isometric
tension, or [Ca2+

i] and tension. Cytoplasmic Ca2+ was estimated in tissues loaded with fura-2
following incubation in fura-2 AM (5 µM) for 1 h. Larger strips (3-6 mg) were prepared for
measurement of cAMP. Following stimulation, tissues were snap frozen in liquid nitrogen and stored
for 2 weeks at –70°C. Cyclic AMP levels were measured using an enzyme immunoassay kit
(Cayman). Salbutamol was used to stimulate β-adrenoceptors, forskolin (FSK) to activate adenylyl
cyclase, PCO 400 to activate ATP-sensitive K+ channels and glibenclamide to block these channels.

Salbutamol, FSK and PCO 400 all evoked concentration-dependent hyperpolarization which
abolished spontaneously occurring action potentials and contractions. The hyperpolarizations were
reduced to 16 ± 5% (n=8) by glibenclamide (10-6 M) and were completely abolished in the presence of
glibenclamide plus ouabain (10-6 M). Blockers of large-conductance, Ca2+-activated K+ channels,
iberiotoxin or charybdotoxin, were without effect on the hyperpolarizations. Salbutamol (just-maximal
concentration, 3x10-7 M for 30 min) completely abolished the contractions evoked by oxytocin (OT)
10-11 M, suppressed for 7/30 ± 2 min the contractions induced by 10-10 M OT, and was completely
ineffective against the contractions evoked by 10-9 M OT. In the presence of nifedipine, which
abolished action potentials, the depolarization evoked by OT was clearly visible. Salbutamol or FSK
failed to hyperpolarize the OT-induced depolarization. Pretreatment with salbutamol did not reduce the
rise in [Ca2+

i] or the amplitude of the contraction evoked by 10-9 M OT (n=5). Raising K+
o evoked an

increase in [Ca2+
i] and contraction. Salbutamol was without effect on [Ca2+

i] but reduced the
contraction to 57 ± 4% (n=7). Activation of cAMP-dependent protein kinase using Sp-cBIMPS (10-5

M), or suppression of cAMP degradation using caffeine or 3-isobutyl-1-methylxanthine (IBMX) also
caused hyperpolarization and abolished spontaneous contractions. In tissues from 5 ewes, the levels of
cAMP/mg protein were increased significantly from basal values of 2.5 ± 0.2 (SD) pmol to 5.6 ± 0.5
pmol by salbutamol and to 10.6 ± 1.1 pmol by FSK. IBMX in the presence of salbutamol or FSK
markedly increased cAMP levels to 11.7 ± 0.7 and 13.0 ± 1.6 pmol, respectively.

In conclusion, stimulation of β-adrenoceptors or adenylyl cyclase or increasing cAMP resulted in
substantial hyperpolarization of myometrium in pregnant sheep. This was associated with cessation of
both action potentials and contractions. OT-induced contractions were considerably more resistant to
suppression by these manoeuvres. The reason for this appears to be an inability to counter the
conductance underlying the depolarization evoked by OT.
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RENAL TUBULOINTERSTITIAL PATHOLOGY: EFFECTS OF HIGH GLUCOSE AND
HYPOXIA
P. Poronnik, Q. Weier, C. Jackson, M.J. Field and C.A. Pollock, Department of Medicine and Sutton
Laboratory, Royal North Shore Hospital and Department of  Physiology, University of Sydney.

Ischaemic injury is one of the major factors responsible for tubulointerstitial fibrosis in diabetic
nephropathy.  The complex paracrine interactions that occur in response to changes in glucose
concentration and/or hypoxia  between the different cell types that make up the tubulointerstitium of
the human kidney remain poorly understood.  In this study we investigate the independent and
synergistic effects of exposure to high glucose and hypoxia on cultured tubulointerstitial cells from
human kidneys.

Primary cultures of human proximal tubular cells (PTC) and cortical fibroblasts (CF) were
studied either in isolation or in co-culture.  Cells were exposed to media containing either 5 or 25 mM
glucose for 72 hours prior to study. In the final 24 hours some cells were subjected to 2% O2 for 8
hours and then incubated for a further 16 hours under standard conditions (20% O2).  Cells and media
were collected and used for measurements of cell growth parameters, collagen synthesis, TGF-β1
production and expression of  the matrix metalloproteinases MMP-2 and MMP-9. Results are
standardised to the control values in cells cultured alone in 5 mM and 20% O2.

Exposure to high glucose increased thymidine incorporation in PTC (137.9±12.1% (mean±
S.E.M.); n = 8; P <0.05) with no significant effect observed in CF.  Co-culture abolished the response
in PTC (91.2±11.2 %; n = 7).  Hypoxia alone reduced thymidine incorporation in both PTC and CF
(70.0± 7.2%; n = 7; P <0.05 and 73.4 ± 6.7%; n = 7; P< 0.05). This suppression by hypoxia was
maintained in both co-culture and high glucose.  The protein content of PTC was not influenced by
either co-culture, glucose concentration or oxygen tension. In CF, high glucose increased cell protein
(120±5.25%; n = 9; P < 0.05) and this effect was maintained under hypoxia and co-culture. Collagen
synthesis in CF was increased in high glucose (137.0±10.4%; n = 5; P <0.05). Co-culture in 5 mM
glucose also increased collagen synthesis in CF (140.0±14.1%; n = 5; P<0.05), however, no
independent or synergistic effects were observed in the presence of hypoxia.  MMP-9 and MMP-2
secretion by CF was markedly suppressed in 25 mM glucose (76 ± 20% and 61±19%; n= 5) and under
hypoxic conditions (80±10% and 50±14%; n= 5) respectively. Co-culture conditions caused
pronounced increases above basal levels in both MMP-9 (900±75%; n = 7; P <0.0001) and MMP-2
(204± 54%; n=7; P<0.001).  The increase in MMP production in co-culture was paralleled by an 4 to
5-fold increase in active TGF-β1 production under all co-culture conditions.

These results show that hyperglycaemic and hypoxic states differentially mediate PTC and CF
growth parameters and that in the co-culture model of the tubulointerstitium, these parameters are
altered by paracrine interactions. The increases in extracellular matrix production seen after exposure
to high glucose or hypoxia is associated with alterations in MMP and collagen production by CF and
TGF-β1 production by PTC.
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PROLONGED EXPOSURE TO NORADRENALINE ACTIVATES TYROSINE
PHOSPHORYLATION-DEPENDENT MECHANISMS WHICH IMPAIR ARTERIOLAR
RELAXATION
Michael A. Hill, Simon J. Potocnik and Gerald A. Meininger*, Department of Human Biology and
Movement Science, RMIT University, Bundoora 3083 and *Department of Medical Physiology,
College of Medicine, Texas A&M University, College Station, Texas 77843, USA.

Contraction of arterioles to agonists and increased intravascular pressure has been shown to be
dependent on the biochemical pathway involving Ca2+ -calmodulin induced myosin light chain
phosphorylation.  However, it is appreciated that other mechanisms such as Ca2+  sensitization and
time-dependent phenomena including cytoskeletal reorganization may contribute to contractile
responsiveness including to long periods of steady-state tone which are maintained with low energy
requirements.  With respect to the latter we hypothesized that if arteriolar smooth muscle exhibits
time-dependent changes in cytoskeletal arrangement ,  this may be manifested as differences in rate of
relaxation following short and long-term exposure to contractile agonists.

To test this hypothesis studies were conducted in cannulated arterioles isolated from rat
cremaster muscle.  Cremaster muscles were removed from anaesthetized (sodium thiopentone 100
mg/kg i.p.) Sprague-Dawley rats which were then killed. The muscles were placed in a cooled (4oC)
buffer-filled chamber for microdissection of arterioles.  Arterioles were cannulated on micropipettes,
pressurized to 70 mmHg, superfused with a physiological salt solution and studied by video
microscopy.  In an initial set of experiments (n=5) the rate of relaxation was measured following 5 min
or 4 h exposure to 5 µM noradrenaline (NA).  Maximal diameter was determined following
superfusion with 0 mM Ca2+  buffer.  The studies were then repeated in fura 2 loaded vessels to
determine changes in smooth muscle intracellular Ca2+.  In separate experiments the effect of long-
term NA exposure was determined after treatment of arterioles with either 1. the microtubule
depolymerizing agent demecolcine (10 µM) (n=3 and 3 time controls) or 2. the tyrosine kinase
inhibitor genistein (3 – 30 µM; n=5).

Arterioles constricted from 54.5±2.6% (% of maximum diameter) to  21.0±2.0% after 5 min NA
and to 23.3±2.5% after 4 h NA.  Washout after 5 mins exposure to NA dilated arterioles to 58.1±3.7%
in 3.7±1.0 min compared to 32.1±3.2% at > 15 min after 4 h NA (P<0.001).  Rapid relaxation
(91.9±6.3%) of vessels exposed to NA for 4 hr was observed following superfusion with 0 mM Ca2+

buffer indicating that impaired relaxation was reversible and Ca2+ dependent.  A similar enhancement
of contraction was not observed when arterioles were contracted with 75 mM K+.  In both short and
long-term NA exposure intracellular Ca2+  showed an initial peak increase followed by a decline
towards baseline levels.  Exposure to demecolcine alone caused significant vasoconstriction (P<0.01)
and subsequently potentiated NA vasoconstriction, however, microtubule depolymerization did not
prevent the effect of long-term NA exposure on relaxation.  While genistein alone caused a
concentration-dependent dilatation it did not affect the extent of the acute NA-induced contraction.  In
contrast during the 4 h exposure to NA genistein caused a time-dependent  loss of tone such that at 30
µM genistein the contraction was lost after approximately 90 min.

The data indicate that prolonged exposure to a contractile agonist induces biochemical
alterations which prolong time to relaxation following removal of the agonist.  The potentiated
contraction is Ca2+-dependent, appears to involve tyrosine phosphorylation, but does not involve the
polymerization state of the microtubule network.

Studies were supported by grants from the National Health and Medical Research Council of Australia.
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AUTOPHOSPHORYLATION OF SKELETAL MUSCLE RYANODINE RECEPTOR
CALCIUM RELEASE CHANNELS IN LIPID BILAYERS: EFFECTS ON ACTIVATION BY
A PEPTIDE FRAGMENT OF THE DHPR II-III LOOP
Angela Dulhunty, Suzanne Curtis and Esther Gallant*, The John Curtin School of Medical Research,
Australian National University, Canberra, Australian Capital Territory, 0200, Australia.

The activity of ryanodine receptor (RyR) calcium release channels is modulated by many
endogenous factors including Ca2+ and ATP, co-proteins such as FKBP12, co-valent modification by
oxidation or nitrosylation, and by phosphorylation.  ATP acts either as a ligand, or via
phosphorylation.  Phosphorylation by endogenous CaMKII inhibits amphibian RyRs without added
calmodulin (Wang & Best, 1992) or mammalian RyRs following calmodulin addition (Hain et al.,
1994).  Conversely, RyRs are activated when phophorylated by exogenous PKA or PKC (Hain et al.,
1994).  An endogenous anchored PKA has been associated with cardiac RyRs (Marx et al., 2000). We
recently found that pig skeletal RyR channels are activated by a 20 amino acid peptide (A)
(Thr671-Leu690 of the II-III loop of the skeletal dihydropyridine receptor) in the absence of ATP, but
not in its presence (Gallant et al., 2000).  The aim of the present study was to determine whether this
effect on peptide A-induced activation was due to ATP-induced autophosphorylation of RyRs in
bilayers and if it was, which endogenous kinase was involved.

Sarcoplasmic reticulum (SR) vesicles were prepared from skeletal muscle removed from rabbits
previously killed by captive bolt, or from normal or malignant hyperthermia (MH) susceptible pigs,
following anaesthetic overdose (Laver et al., 1997).  SR vesicle preparation and lipid bilayer
techniques have been described (Laver et al., 1997).  RyR channel activity was recorded with 250/250
CsCl (mmol l-1 cis/trans), 10 mmol l-1 N-tris[hyroxymethyl]methyl-2-aminoethanesulfonic acid
(pH 7.4 adjusted with CsOH) (cis & trans), 1 mmol l-1 CaCl2 (trans) and 10-4 mmol l-1 Ca2+ in the cis
solution.

Addition of 2 mmol l-1 ATP to the cis solution caused strong activation of normal and MH pig
and rabbit RyRs (Po increased from ~0.001 to ~0.5) which was not reversed by perfusion of ATP out
of the cis chamber.  Channel activity did not increase if ATP was added with 2 mmol l-1 cis Mg2+ (Po
remained at ~0.001), but increased (to Po of ~0.5) when ATP and Mg2+ were perfused from of the cis
chamber, and Mg2+-inhibition was removed. The increase in activity with ATP was largely due to
autophosphorylation of RyRs because activity was substantially reduced (to Po of ~0.01) if acid
phosphatase was added after ATP.  In addition, use of the non-hydrolysable AMP-PCP or AMP-PNP
(2 mmol l-1) led to a much smaller increase in activity (from Po = 0.001 to 0.01), which was reversed
with AMP-PCP removal.  The suppression of RyR activation by peptide A in the presence of ATP was
also due to phosphorylation since the peptide activated RyRs if added in the presence ATP plus acid
phosphatase.

This is the first report of activation of RyRs in bilayers after phosphorylation by an endogenous
kinase.  The results provide compelling evidence for a kinase associated with the native RyR and
presumably tethered through a membrane anchoring protein. We are currently attempting to determine
which kinase and anchoring proteins are associated with the RyR in the junctional face membrane.

Gallant, E.M., Curtis, S.M., Pace, S.M. & Dulhunty, A.F. (2000) Biophysical Journal, (in press).
Hain, J., Nath, S., Mayleitner, M., Fleischer, S. & Schindler, H. (1994) Biophysical Journal, 67, 1823-

1833.
Laver, D.R., Owen, V.J., Junankar, P.R., Taske, N.L. Dulhunty, A.F. & Lamb, G.D. (1997)

Biophysical Journal, 73, 1913-1924.
Marx, S.O., Reiken, S., Hisamatsu, Y., Burkhoff, D. & Rosemblit, N. (2000) Cell, 101, 365-376.
Wang, J. & Best, P.M. (1992) Nature, 22, 739-741

*Department of Veterinary PathoBiology, University of Minnesota, St Paul, MN 55108, USA
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DIRECT MEASUREMENT OF SARCOPLASMIC RETICULUM CALCIUM DURING
FATIGUE OF SINGLE MUSCLE FIBRES OF THE CANE TOAD
Akram A. Kabbara* and David G. Allen, Department of Physiology and  Institute of Biomedical
Research, University of Sydney F13, NSW 2006, Australia.

Contraction of skeletal muscle depends on Ca2+ stored in the sarcoplasmic reticulum (SR) which
is released by the action potential. In this study our aim was direct measurement of Ca2+ in the SR
store ([Ca2+]SR).

We used the recently developed Ca2+ indicator fluo-5N in its acetoxy-methyl (AM) form.  In this
form the dye diffuses passively into the muscle cell. Upon the action of cellular esterases the Ca2+

sensitive and membrane impermeant form fluo-5N is liberated which is then trapped in various
membrane-bound organelles such as the SR. Because the Kd of fluo-5N is 90 µM it is expected that
most of its fluorescence originates in the SR where the Ca2+ concentration is ~ 1 mM. Adult cane
toads (Bufo marinus) were killed by a blow to the head and double pithed. Single fibres from the
lumbrical muscles were incubated in fluo5-N-AM for 1.5 hr at 35oC and then washed at 35oC for a
further 1 hr.  Muscle fatigue was produced by repeated short tetani continued until force had declined
to 50 % (Kabbara & Allen, 1999).

Fluorescence imaging revealed that a substantial amount of the fluo-5N is located in the SR
terminal cisternae. Upon depleting the SR Ca2+ store with caffeine (30 mM) and the SR Ca2+ pump
inhibitor TBQ (20 µM), the fluo-5N signal fell dramatically, further indicating that most of the fluo-5N
signal originates from the SR. During tetanic stimulation the SR Ca2+ signal declined rapidly and then
recovered with a complex time course at the end of the tetanus.  In the experiments below we
estimated the resting SR Ca2+ and the decline of SR Ca2+ during a tetanus (∆ SR Ca2+).

We measured SR Ca2+ at various times during fatigue and compared them with the 1st (control)
tetanus. In the 10th tetanus the resting SR Ca2+ signal was significantly reduced by 11 ± 4% but  ∆ SR
Ca2+ and tetanic tension did not change.  In the middle of fatigue, the resting SR Ca2+, the ∆ SR Ca2+,
and tetanic tension were significantly reduced  by 18 ± 8 % (n= 8), 22 ± 3 % (n= 11) and 19 ± 6 % (n=
6), respectively. At the end of fatigue, the resting SR Ca2+ and the ∆ SR Ca2+ were significantly
reduced by 47 ± 5% (n= 9) and  50 ± 2% (n= 11), respectively.  The resting SR Ca2+ , the ∆ SR Ca2+

and tension were all fully recovered after 5 min rest. Interestingly, the resting SR Ca2+ signal showed
two phases of recovery: a fast phase, complete at 20 s, which amounted to 28 ± 6 % (n= 4) of the
resting SR Ca2+  and a slow phase (19 + 3 %; n = 4)  which had returned to control by 5 min.

This study describes a new method for continuously measuring [Ca2+]SR with good time
resolution in intact single skeletal muscle fibres. We confirm earlier results using indirect methods
(Kabbara & Allen, 1999) which showed that [Ca2+]SR declines during fatigue and returns towards
normal during recovery from fatigue. The slow phase of recovery of resting SR Ca2+ signal is
consistent with the idea that Ca2+ precipitates with phosphates in the SR lumen during fatigue and then
is released during recovery (Fryer et al, 1995).

Fryer, M.W. Owen, V.J., Lamb, G.D. & Stephenson, D.G. (1995) Journal of Physiology, 482,
123-140.

Kabbara, A.A. & Allen, D.G. (1999) Journal of Physiology, 519, 169-176.

*Department of Physiology, Monash University, Clayton, Victoria 3168
Supported by NHMRC
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THE MECHANISM OF THE FAILURE OF CALCIUM RELEASE IN GLYCOGEN-
DEPLETED CANE TOAD SKELETAL MUSCLE
D.G. Allen,  A.A. Kabbara, L.T. Nguyen* and G.M.M. Stephenson*,  Department of Physiology and
Institute of Biomedical Science, University of Sydney F13, NSW 2006, Australia and *School of Life
Sciences and Technology, Victoria University of Technology, Footscray, Victoria 8001, Australia.

After prolonged exercise to exhaustion, there is a correlation between muscle weakness and
reduced muscle glycogen concentration (Bergstrom et al.,  1967).  Although this observation is well
established, the underlying mechanism remains obscure. The most obvious possibility is that when
glycogen is depleted, high energy metabolites such as ATP or PCr may be reduced or products of
metabolism such as H+ and Pi may accumulate and cause fatigue.  However measurements of muscle
metabolites have failed to support this hypothesis and suggested instead that Ca2+ release may fail for
some reason in glycogen-depleted muscles (Vollestad et al., 1988).   We have investigated the
mechanism of failure of Ca2+ release in cane toad muscles stimulated to fatigue in the absence of
glucose.

Cane toads were stunned and killed by double pithing.  Single fibres were dissected from the
lumbrical muscles.  Fatigue was produced by 500 ms tetani repeated at 4 s intervals in glucose-free
Ringer.  When force was reduced to 50 % of control, stimulation was stopped and the muscle allowed
to recover for 20 min.  These fatigue runs were repeated until the force declined to 50 % in less than 3
min.  In some fibres intracellular Ca2+  was measured with indo-1 or intracellular Mg2+ with mag-
indo-1.  In some fibres intracellular glycogen was measured (Nguyen et al., 1998).

We have previously shown that in the first fatigue run the decline of force is slow (8.1 ± 1.1 min)
and that the reduced Ca2+ transients are accompanied by a reduction of the caffeine-releasable Ca2+

store (Kabbara & Allen, 1999).  Conversely, in fibres subjected to repeated fatigue runs in glucose-free
conditions until fatigue occurred in less than 3 min, the Ca2+ transients showed a similar reduction but
the magnitude of the Ca2+ store was unchanged.  In such fibres the average glycogen content was
significantly reduced from control (176 ± 30 mmol glycosyl units/l) to 85 ± 9 mmol glycosyl units/l.
There was no evidence of metabolic decline because (i) the [Mg2+]i (which depends on MgATP)
showed no significant change, (ii) the caffeine contracture (a measure of maximum Ca2+-activated
force which is sensitive to Pi) was larger after a final fatigue run compared to an initial fatigue run.

These experiments support the view that failure of Ca2+  release is an important mechanism in
muscle fatigue associated with glycogen depletion.  They further suggest that the mechanism of failure
of Ca2+  release is not caused by global changes in metabolites or reduced Ca2+  stores.  Instead we
suggest either that glycogen has a 'structural' role and is required for normal Ca2+  release or spatially-
localised changes in metabolites can occur and disrupt Ca2+  release.

Bergstrom, J., Hermansen, L., Hultman, E. & Saltin, B. (1967) Acta Physiologica Scandinavica, 71,
140-150.

Kabbara, A.A. & Allen, D.G. (1999) Journal of Physiology, 519, 169-176.
Nguyen, L.T., Stephenson, D.G. & Stephenson, G.M.M. (1998) Journal of Muscle Research & Cell

Motility,  19, 631-638.
Vollestad, N.K., Sejersted, R.B. & Bigland-Ritchie, B. (1988)  Journal of Applied Physiology, 64,

1421-1427.
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ARACHIDONIC ACID DECREASES DEPOLARISATION INDUCED FORCE IN
MECHANICALLY SKINNED MUSCLE FIBRES FROM THE RAT
Melissa Barnes and D. George Stephenson, Department of Zoology, La Trobe University, Bundoora,
Australia

Arachidonic acid is a fatty acid present in cell membranes and is released into the cell as the
precursor for a range of biologically potent compounds, the eicosanoids.  In this study we investigated
whether arachidonic acid has an effect on excitation – contraction coupling in mammalian skeletal
muscle.

Male rats (Long – Evans Hooded) were anaesthetised by halothane overdose and killed by
asphyxiation.  Single muscle fibres from the EDL were dissected and mechanically skinned under oil.
The fibres were attached to a sensitive force transducer and placed in a K+ - based solution mimicking
the internal environment in a muscle fibre at rest, where the sealed T – system becomes normally
polarized (Lamb & Stephenson, 1994).  By transferring the fibre into a similar solution where all K+ is
replaced by Na+, the T – system can be rapidly depolarised resulting in a force response (Lamb &
Stephenson, 1994).  By alternating solutions, fibres underwent a series of successive cycles of
depolarisation and repolarisation.  When arachidonic acid was present at 10 µmol/l force declined
markedly.  Within 2 – 6 minutes force was reduced to 50% and then declined to 0 within 2 further
depolarisations.

Separate experiments in which Ca2+ was released from the sarcoplasmic reticulum (SR) indicate
that 10 µmol/l arachidonic acid markedly decreased the SR Ca2+ content.  This was supported by the
observation that loading the SR with calcium resulted in recovery of arachidonic acid – induced
decrease in force response.  However, increased leak from the SR or a deficiency in SR Ca2+ loading
was not sufficient to explain the effects of arachidonic acid on depolarisation force entirely suggesting
that arachidonic acid may also have an effect on the T – tubule system.

There was a change in the effects of the stock of arachidonic acid stored at –30oC in
mercaptoethanol for more than one week, suggesting that not only arachidonic acid but also some of
its degradation products also interfere with normal E – C coupling in skeletal muscle.

Lamb, G.D. & Stephenson, G.D. (1994) Journal of Physiology, 478, 331 – 339.
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THE EFFECT OF INCREASING LUMINAL CALCIUM ON SKELETAL MUSCLE
CALSEQUESTRIN
Nicole A. Beard, Angela F. Dulhunty and Derek R. Laver*, Muscle Research Group, John Curtin
School of Medical Research, Australian National University, Canberra, ACT, 2601.

Depolarisation of the sarcolemma triggers Ca2+ release through the ryanodine receptor (RyR)
calcium release channels in the sarcoplasmic reticulum (SR) of skeletal muscle. The protein
responsible for calcium storage within SR is calsequestrin (CSQ), which is located wholly within the
SR lumen. CSQ is tethered to the RyR by two anchoring proteins, triadin and junctin (Zhang et al,
1997).

We have reported that CSQ is an inhibitor of native RyR channels. Increasing luminal ionic
strength resulted in an increase in RyR activity, probably due to dissociation of CSQ from the RyR
complex, while the addition of purified CSQ to the luminal chamber reversed this activity increase
(Beard et al., 1999). To verify that this activity increase observed after raising luminal ionic strength
was due to the dissociation of CSQ, we used an alternative method of dissociation, exposing CSQ to
high concentration of luminal Ca2+. Increasing luminal Ca2+ from the physiological [Ca2+] of 1
mmol/l to ≥10 mmol/l has been shown to disrupt the polymeric formation and complex folding of
CSQ, which can prevent it binding to the RyR (Zhang et al., 1997, Wang et al., 1998). Thus removing
CSQ from the RyR complex should eliminate the inhibitory action it has on the channel, thereby
increasing channel activity. In addition, increasing luminal Ca2+ activates RyRs, by binding to calcium
activation sites located on the RyR (Sitsapesan & Williams, 1995; Tripathy & Meissner, 1996). These
two reports suggest that increasing luminal Ca2+ may alter RyR activity via two mechanisms.

Rabbit skeletal SR vesicles containing RyRs (isolated from back and leg muscle of New Zealand
male rabbits killed by a captive bolt) were incorporated into artificial planar lipid bilayer membranes,
which were formed across an aperture with a diameter of 150-200 µM in a delrin cup. The bilayer
separates two chambers, cis (cytoplasmic) and trans (luminal). Solutions contained Ca2+ (1 mmol/l),
CsCl2 (20 mmol/l), cesium methane sulfonate (250/30 mmol/l; cis/trans) and TES (10 mmol/l).

RyR activity was measured as fractional mean current (I’F), which is mean current (analysed
over a 30 sec interval) normalised to the maximal single channel current. Increasing luminal Ca2+ from
1 mmol/l to 20 mmol/l, increased I’F from 0.11 to 0.49, almost a 4.5-fold increase. Upon returning to 1
mmol/l Ca2+ (control conditions) via perfusion of the luminal chamber, I’F reduced to 0.21. However,
I’F was still almost 2.3-fold higher than control levels. Additional experiments show that further
addition of purified CSQ to the luminal chamber restored channel I’F close to control levels.

These results suggest that the increase in channel activity did, in fact arise from two distinct
mechanisms. One in which channel activity was increased by the activating affect of increased luminal
Ca2+ and the second in which CSQ dissociated by elevated Ca2+, further activating the channel.

Beard, N.A., Laver, D.R. & Dulhunty, A.F. (1999) Proceedings of the Australian Physiological and
Pharmacological Society, 30(2), 43P.

Sitsapesan, R. & Williams, A.J. (1995) Journal of Membrane Biology, 146, 133-144.
Tripathy, A. & Meissner, G. (1996) Biophysics Journal, 70, 2600-2615.
Wang, S., Trumble, W.R., Liao, H., Wesson, C.R., Dunker, A.K. & Kang, C.H. (1998) Nature

Structural Biology, 5, 476-483.
Zhang, L., Kelley, J., Schmeisser, G., Kobayashi, Y.M. & Jones, L.R.(1997) Journal of Biological
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EFFECT OF L(+)-LACTATE ON VOLTAGE-SENSOR CONTROLLED Ca2+ RELEASE IN
MECHANICALLY-SKINNED MUSCLE FIBRES
Travis L. Dutka, Giuseppe S. Posterino and Graham D. Lamb, Department of Zoology, LaTrobe
University, Bundoora, Victoria 3083, Australia.

High intracellular concentrations of lactate have been shown to inhibit Ca2+- and caffeine-
induced Ca2+ release from isolated sarcoplasmic reticulum (SR) and in mechanically-skinned fibres
and to reduce the open probability of single ryanodine receptors in lipid bilayers (Favero et al., 1997;
Dutka & Lamb, 2000).  We sort to clarify whether a high cytoplasmic lactate concentration inhibits
voltage-sensor controlled Ca2+release in functional fibres.  Recently, high lactate concentrations have
been shown to have a relatively small inhibitory effect (≤10% reduction in peak force) on
depolarization-induced Ca2+ release in mechanically-skinned fibres elicited by ionic substitution (Na+)
of the bathing solution (Dutka & Lamb, 2000; Posterino & Fryer, 2000).  Such depolarization-induced
force responses are relatively slow (~500 ms time to peak) and produce near maximum force and may
be insensitive to small reductions in Ca2+ release.

We have developed a technique whereby mechanically skinned fibres can be electrically
stimulated to produce both twitch and tetanic force responses (Posterino et al., 2000).  By applying a
transverse electrical field (50-60 V cm-1) to the skinned fibre, action potentials are generated in the T-
system and elicit Ca2+ release via the normal physiological pathway.  Long-Evans hooded male rats
were anesthetized with halothane (2% vol/vol) and killed by asphyxiation.  Excised extensor digitorum
longus (EDL) muscles were placed in paraffin oil.  Single fibres were mechanically-skinned using
microforceps and then mounted to a force transducer.  The cytoplasmic environment could then be
rapidly manipulated by changing bathing solutions.  Fibres were placed in a standard K-HDTA
solution (1 mM free Mg2+; 8 mM total ATP at pH 7.1) and positioned between two platinum
electrodes.  By applying a single pulse (50 V/cm-1, 2 ms), twitch responses were produced.  Tetanic
responses were produced by applying a 50 Hz stimulus.

30 mM lactate had no significant effect (P > 0.05) on either the rise time (rise time between 20%
and 80% of peak force) or the peak height of tetanic responses (105 ± 5% and 100 ± 2% respectively,
n=7) or twitch responses (104 ± 4% and 100 ± 2%, respectively, n=7).  The peak size of the twitch
responses (~60% maximum force) should be a sensitive indicator of Ca2+ release.  The only significant
change observed was a small (13%) slowing in the relaxation rate of twitch responses.  This was most
likely due to small differences in Ca2+-buffering, as Ca2+-uptake was not significantly altered in the
presence of 30 mM lactate (114 ± 9%, n=8, P > 0.05).

These findings indicate that lactate per se does not directly contribute to the reduction in Ca2+

release observed in the later stages of muscle fatigue (Allen et al., 1995), though we cannot rule out
lactate accumulation having some indirect inhibitory effect (e.g. via osmotic swelling).

Allen, D.G., Lännergren, J. & Westerblad, H. (1995) Experimental Physiology, 80, 497-527.
Dutka, T.L. & Lamb, G.D. (2000) American Journal of Physiology, 278, C517-C525.
Favero, T.G., Zable, A.C., Colter, D. & Abramson, J.J. (1997) Journal of Applied Physiology, 82 (2), 

447-452.
Posterino, G.S. & Fryer, M.W. (2000) Journal of Applied Physiology, 89, 517-528.
Posterino, G.S., Lamb, G.D. & Stephenson, D.G. (2000) Journal of Physiology, 527 (1), 131-137.
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IMPROVED FUNCTIONAL PROPERTIES OF REGENERATING SKELETAL MUSCLES
FOLLOWING HYPERBARIC OXYGEN INHALATION
Paul Gregorevic, Gordon S. Lynch and David A. Williams, Department of Physiology, The University
of Melbourne, Victoria 3010, Australia.

While hyperbaric oxygen (HBO) inhalation is an accepted adjunctive treatment for several
conditions characterised by reduced tissue oxygen tension, its effects on the regeneration of skeletal
muscles following acute injury lack rigorous examination.  We used  intramuscular injections of
bupivacaine to achieve full muscle degeneration, and subsequently examined the structural and
functional properties of regenerating hindlimb muscles of control- and HBO-treated rats.  At intervals
post-injury, rats were anaesthetised deeply (sodium pentobarbitone 60-80 mg kg-1 i.p.) for the excision
of experimental muscles, and later killed by cervical dislocation whilst still anaesthetised.  The
properties of excised muscles were tested as described previously (Gregorevic et al., 2000).

At 14 days post injury, the regenerating fast-twitch extensor digtorum longus (EDL) and slow-
twitch soleus muscles of untreated rats produced ~50% and ~65% lower values for maximum
isometric force (Po) compared with uninjured muscles, respectively.  Additionally these regenerating
EDL and soleus muscles were comprised of fibres ~30% and ~67% smaller in cross sectional area
(CSA) than the fibres of contralateral uninjured muscles.

The regenerating EDL muscles of rats treated with 2 atmospheres absolute (ATA) HBO for 14
days showed no improvement in either structural or functional properties compared with injured
muscles from untreated rats.  In contrast, the injured EDL muscles of rats treated with 3 ATA HBO
showed significant increases in peak specific force output (sPo, HBO-treated 166.7 ± 2.8 vs. untreated
117.1 ± 4.9 kN m-2) and regenerating fibre CSA compared with untreated, or 2 ATA HBO-treated rats.
Regenerating soleus muscles from 3 ATA HBO-treated rats demonstrated increased peak force output
compared with injured muscles from untreated rats (sPo, HBO-treated 145.7 ± 6.6 vs. untreated 112.2
± 9.3 kN m-2), but not changes in regenerating fibre CSA.  These novel findings demonstrate that
periodic HBO inhalation modulates the structural and functional properties of regenerating skeletal
muscles following non-ischaemic injury, in a dose- and fibre type-dependent manner.

In separate experiments we imposed an HBO-mediated oxidative stress on uninjured skeletal
muscles to study adaptations resulting from modulation of the intracellular reduction-oxidation (redox)
status.  We found that daily treatment with 3 ATA HBO over 28 days increased the activity of the
antioxidant metalloezyme Mn2+-superoxide dismutase by ~241% in EDL, but not soleus muscles,
compared with the muscles of untreated rats.  We propose that this is a consequence of redox status
shift following HBO administration.

Signal transduction mechanisms during cell proliferation and differentiation are known to be
sensitive to redox modulation (Dalton et al., 1999).  We conclude that the enhanced physiological
properties of regenerating skeletal muscles from rats treated with HBO are the manifestation of HBO-
mediated redox modulation.

Dalton, T.P., Shertzer, H.G. & Puga, A. (1999) Annual Review of Pharmacology and Toxicology, 39,
67-101.

Gregorevic, P., Lynch, G.S. & Williams, D.A. (2000) Journal of Applied Physiology, 89, 1477-1482.
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EFFECT OF OVARIAN STEROID HORMONES ON CONTRACTION STIMULATED
GLUCOSE UPTAKE IN RAT SKELETAL MUSCLE
S.E. Campbell and M.A. Febbraio, Department of Physiology, The University of Melbourne, Parkville,
3010, Vic, Australia.

To examine the roles of 17-β-estradiol (E2) and progesterone (Prog) in glucose metabolism,
contraction-stimulated glucose uptake was studies in red (RQ) and white (WQ) quadricep muscle of
female Sprague-Dawley rats.  Groups included sham operated rats (C) and ovariectomized rats treated
with placebo (O), E2 (E), Prog (P), and both hormones at physiologic doses (P+E) or with a high dose
of E2 (P+HiE).  Hormone (or vehicle only) delivery was via time release pellets inserted at the time of
surgery, 15 days prior to metabolic testing.  Rats were weight matched to 200 g and were given 20
g/day of rat chow so that there was no significant change in weight relative to C rats.  On the morning
of testing, fasted rats were given an intraperitoneal injection of 250 µCi of 2-[1-14]-deoxy-D-glucose
(2DG) immediately prior to 30 minutes of treadmill exercise (0.35 m/sec), or rest.  Rats were then
killed by CO2 suffocation and the tissues were removed and frozen in liquid nitrogen for later analysis.
Plasma glucose and free fatty acid levels were similar between all treatment groups at rest and during
exercise.  Similarly, plasma insulin levels did not vary between the groups either at rest or during
exercise. The Table shows resting and exercise values for 2DG uptake (10-5 dpm/min/100 g of tissue)
in RQ and WQ.

RQ WQ
Rest Exercise Rest Exercise

C 0.9 ± 0.05* 10.4 ± 0.54 0.6 ± 0.02* 2.2 ± 0.10
O 0.4 ± 0.03* 5.1 ± 0.42* 0.3 ± 0.02* 1.6 ± 0.06
E 0.8 ± 0.04* 12.7 ± 0.40 0.5 ± 0.02* 2.4 ± 0.14
P 0.4 ± 0.04* 4.5 ± 0.35* 0.2 ± 0.02* 1.4 ± 0.03 a

P+E 0.8 ± 0.06* 5.9 ± 0.17 acf 0.2 ± 0.03* 1.4 ± 0.16
P+HiE 0.9 ± 0.13* 14.0 ± 0.21 bde 0.6 ± 0.01* 2.2 ± 0.13

Means + SE; n = 5 in each group
* Denotes main effect (P<0.05) exercise compared with rest
Superscript letters denote P<0.05 compared with:
a Intact Placebo (C) b Ovariectomized Placebo (O)
c Ovariectomized E2 (E) d Ovariectomized Prog (P)
e Ovariectomized E2 + Prog (P+E) f Ovariectomized E2 (pharmacological) + Prog (P+HiE)

These results indicate that ovariectomy reduces contraction stimulated glucose uptake in red
skeletal muscle, although a similar effect was not seen in white skeletal muscle.   Treatment with E2
restored glucose uptake to normal levels, while progesterone alone had no effect.  Interestingly, when
both hormones were administered in combination, progesterone negated the beneficial effect of E2 at
physiological concentrations of E2, but not at pharmacological concentrations. These data suggest that
the ovarian hormones play a significant role in glucose uptake, demonstrating that hormonal status
(menarche, ammenhoria, menopause) needs to be considered in cases of altered glucose metabolism.
Further research examining the mechanisms whereby the female sex steroids may affect glucose
metabolism during exercise and in other stress conditions is warranted.
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THE ROLE OF SK CHANNELS IN THE HYPOXIC RESPONSE OF FETAL ADRENAL
CHROMAFFIN CELLS
D.J. Keating, G.Y. Rychkov and M.L. Roberts, Department of Physiology, Adelaide University,
Adelaide, SA, 5005.

In vivo studies in the sheep have previously demonstrated that hypoxia acts directly on the
immature adrenal to stimulate catecholamine secretion prior to the development of adrenal innervation
(Cheung, 1990). This was thought to occur via closing of oxygen-sensitive potassium (KO2) channels
leading to membrane depolarisation, Ca2+ entry through voltage-gated Ca2+ channels and subsequent
catecholamine secretion. Studies on single cells in vitro have shown the presence of oxygen-dependent
K+ current in sheep chromaffin cells (Rychkov et al., 1998), however the type of K+ channel
responsible for this is a major point of conjecture.

Pregnant ewes between 137 and 142 days gestation (term is 147 ± 3 days) were used for these
experiments. Ewes were killed with intravenous pentobarbitone (8.1 g), the fetal adrenal gland was
removed and the medulla was dissected free of the cortex. Cells were then separated using collagenase
and deoxyribonuclease, plated on glass coverslips and maintained in culture.

Whole cell patch clamp revealed the presence of a Ca2+-dependent K+ current which was
reduced by 36 ± 7% by hypoxia (P<0.05) at 40 mV. The reduction in current amplitude was not due to
a diminished Ca2+ influx as voltage-activated Ca2+ currents did not alter during hypoxia. Apamin (200
nM), a specific blocker of small conductance potassium (SK) channels, reduced peak current at 40 mV
by 36 ± 8% (P<0.01), not significantly different from the reduction caused by hypoxia. In the presence
of apamin, the absolute reduction of the current amplitude by hypoxia was very much reduced,
indicating the likely involvement of SK channels in the oxygen sensing mechanism. TEA (1 mM)
reduced the Ca2+-dependent K+ current and decreased the current suppression due to hypoxia,
indicating that BK channels in these cells are also involved in the oxygen-sensing mechanism.

Cytosolic [Ca2+] was measured using Fluo-3 and confocal microscopy. Hypoxia caused an
influx of Ca2+, with an increase in cell fluorescence of 27 ± 4% above normoxic levels (P<0.05).
Apamin also caused an increase in cell fluorescence (24 ± 2%; P<0.001) which signifies that SK
channels are open at resting membrane potentials. The application of both apamin and hypoxia
together caused an increase in fluorescence of 21 ± 4% (P<0.001), not significantly different from the
influx seen with either apamin or hypoxia alone. No influx of Ca2+ ions resulted from the addition of
TEA (10 mM), indicating that TEA-sensitive channels could not be responsible for the initial hypoxia-
induced depolarisation.

The patch-clamp and fluorescence data together suggest that oxygen-sensitive SK channels are
responsible for the initial depolarisation induced by hypoxia and that oxygen-sensitive BK channels
activated by the initial depolarisation modulate the response.

Cheung, C.Y. (1990) American Journal of Physiology, 258, R1340-R1346.
Rychkov, G.Y., Adams, M.B., McMillen, I.C. & Roberts, M.L. (1998) Journal of Physiology, 509,

887-893.
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TEMPERATURE DEPENDENCE OF CLC-1 CHLORIDE CHANNEL GATING
RELAXATIONS
B. Bennetts, M.L. Roberts, A.H. Bretag* and G.Y. Rychkov, Department of Physiology, Adelaide
University, Adelaide, SA, 5005, and *Centre for Advanced Biomedical Studies, University of South
Australia, Adelaide, SA, 5005.

ClC-1 channel activity is characterised by two separate gating processes of the same
voltage-dependence, that can be dissected by virtue of their time course.  Over a fast time-scale
(milliseconds) each of the channels twin-pores are individually gated by voltage-sensitive chloride
binding, while a slower process (operating over a course of tens of milliseconds) inactivates both pores
simultaneously.  In contrast, ‘slow’ gating in the Torpedo homologue, ClC-0 has reciprocal voltage
dependence to the ‘fast’-gating mechanism.  ClC-0 type slow, hyperpolarisation-activated gating is
strongly dependent on temperature, with an activation enthalpy (∆H‡) of ~290 kJ mol-1, corresponding
to a Q10~40 (Pusch, Ludewig & Jentsch, 1997).

The aim of the current experiments was to assess the nature of ClC-1 gating transitions using
temperature as a probe.  Currents carried by WT hClC-1 transiently expressed in HEK 293 cells were
measured using the whole-cell configuration of the patch-clamp technique.  Current relaxations
remained the sum of two exponentials and a steady-state offset at all temperatures.  Both fast and slow
components of current deactivation became faster with increasing temperature.  Fast gating had an
apparent activation enthalpy of 84±3 kJ mol-1, with a corresponding Q10 of 3.  The temperature
dependence of the slow gating transition was only modestly greater, with ∆H‡ 99±5 kJ mol-1,and a Q10
of 4.  Apparent open probability as a function of membrane potential (Po(V)) was shifted by
approximately +20 mV in the temperature range from 20 to 30°C.  The temperature dependence of the
ClC-1 fast and slow gating relaxations intimates that the transitions are associated with relatively
simple changes in protein conformation.  The slow-gating process that simultaneously inactivates both
ClC-1 pores is only moderately temperature dependent, in distinct contrast to ClC-0 slow gating.
Hyperpolarisation activated gating resembling the ClC-0 slow-gating transition can be induced in
ClC-1 under conditions of low internal, and external pH (Rychkov et al., 1996).  Hyperpolarisation
activated gating of ClC-1 channel activity was recorded at pHI 6.2, and pHo 5.5.  The Po(V) of this
gating process was fitted with a Boltzmann distribution with half-saturation voltage -31±1mV,
yielding a gating valence of ~1.3.  Activating current was single-exponential in nature at all
temperatures, and had ∆H‡ 140±20 kJ mol-1, with a corresponding Q10 of approximately 9.
Deactivation of the current at +60mV followed a double-exponential time course, with ∆H‡ 101±2 kJ
mol-1 and Q10 of 4 for the fast component, and ∆H‡ 140±20 kJ mol-1 and Q10 approximately 9 for the
slow component.  The half-saturation voltage of Po(V) for this gating process was independent of
temperature.  Hyperpolarisation activated gating of ClC-1, induced by high internal and external
proton concentration has a strong dependence on temperature indicating that the transition involves a
complex conformational rearrangement within the protein.  In this respect, although the temperature
dependence of this gating process is comparitively shallow, the pH-dependent hyperpolarisation
activated gate of ClC-1 appears to be the counterpart of slow gating in ClC-0 chloride channel.

Pusch, M., Ludewig, U. & Jentsch, T.J. (1997) Journal of General Physiology, 109,105-116.
Rychkov, G.Y., Pusch, M., Astill, D., Roberts, M.L., Jentsch, T.J. & Bretag, A.H. (1996) Journal of

Physiology, 497.2, 423-435.
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FUNCTIONAL CHARACTERISATION OF RAT P2X7-EGFP FUSION PROTEINS
Megan Smart, David Williams, David Bowser, Rekha Panchal and Steve Petrou, Department of
Physiology, University of Melbourne 3010, Australia.

The cytolytic P2X7 purinoceptor is an ATP-gated cation channel that can undergo conversion to
a non-selective pore permeable to large organic molecules such as NMDG+ and ethidium bromide
(Petrou et al., 1997). This "pore-dilation" has important implications in a number of immune responses
and may even be involved in the development of the stroke penumbra.  The aim of the present study
was to examine the functional consequences of N or C-terminal EGFP (Enhanced Green Fluorescent
Protein) fusion on the rat P2X7 receptor (rP2X7R) as a prelude to future studies on the regulation of
pore-dilation.

Fusion constructs were made using C1 (EGFP-rP2X7R) and N1 (rP2X7R-EGFP) EGFP fusion
vectors (Clontech).  Functional characterization of channel and pore formation was conducted using
confocal imaging and electrophysiological techniques.  HEK-293 and COS-7 cells were transfected
and fusion proteins were visualized (BioRad MRC-1024).  ATP or BzATP in the presence of ethidium
bromide (25 µM) were applied and the emissions of EGFP and ethidium were viewed in separate
detector channels to monitor ethidium uptake (indicative of pore formation) and cellular localization of
the EGFP tagged rP2X7R. rP2X7R-GFP. cRNA encoding fusion and wild-type receptors was injected
into Xenopus oocytes (oocytes were isolated from Xenopus laevis using AEESC approved procedures)
and electrophysiological properties were compared.

Two days following transfection of rP2X7R-EGFP in HEK-293 and COS-7 cells clear evidence
of membrane localization was seen. With EGFP-rP2X7R a similar distribution was found in HEK-293
but in COS-7 cells the fusion protein was distributed diffusely throughout the cytoplasm. The
functional consequences of GFP fusion in mammalian cells were assessed by a standard dye-uptake
assay for pore-formation.  In HEK-293 cells transfected with either fusion construct, addition of ATP
or BzATP resulted in ethidium uptake within 3-10 minutes.  Uptake rates were significantly enhanced
when temperatures were increased from 22oC to 37oC.  The time course and extent of ethidium uptake
in cells expressing fusion constructs was identical to that seen in cells expressing rP2X7R alone and no
ethidium uptake was seen in control (non-transfected) cells. Thus, EGFP tagged rP2X7Rs appear to
localize to the membrane and retain the pore forming phenotype. Electrophysiological studies revealed
that the inward current elicited upon agonist addition of the rP2X7R-EGFP fusion protein did not
differ to that of the rP2X7R receptor suggesting that channel function was not altered by fusion. In
conclusion, the channel and pore properties of the rP2X7R and GFP fusion proteins are identical to
rP2X7R, making these EGFP fusions a powerful tool for future analysis of pore formation.

Petrou S., Ugur M., Drummond R.M., Singer J. & Walsh J. (1997)  FEBS Letters, 411, 339-345.
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RELEASE OF MITOCHONDRIAL Ca2+ VIA THE PERMEABILITY TRANSITION
ACTIVATES ENDOPLASMIC RETICULUM Ca2+ UPTAKE
D.N. Bowser, S. Petrou, R.G. Panchal, M.L. Smart and D.A. Williams, Department of Physiology, The
University of Melbourne, Victoria 3010 Australia

Communication between the endoplasmic reticulum (ER) and mitochondria is thought to be
important in the regulation of intracellular free Ca2+ [Ca2+]i and, amongst other functions, initiating
cell death.  We used new genetically expressed and targeted Ca2+ sensors (cameleons) to investigate
the movement of Ca2+ between the ER and mitochondria of intact cells and focussed on the role of the
mitochondrial permeability transition (MPT), in this interaction. We hypothesized that release of Ca2+

from mitochondria using an MPT agonist (atractyloside) would cause release of ER Ca2+, perpetuating
cellular Ca2+ overload and initiating cell death.

The cDNA for yellow cameleon 2.1 (YC2.1) and endoplasmic reticulum targeted cameleon-3ER
provided by Roger Tsien (Howard Huges Medical Institute, University of San Diego). We constructed
a mitochondrial targeted YC2.1 (YC2.1mito) by amplifying YC2.1 by the polymerase chain reaction
(PCR) with primers encoding a mitochondrial targeting sequence (COX8). Human embryonic kidney
293 cells were transiently transfected with mitochondria and ER-targeted cameleons and were imaged
with time resolved confocal microscopy.

Atractyloside-induced opening of the MPT
resulted in specific loss of mitochondrial Ca2+

over a 4 min period that could be blocked by
cyclosporin A (Figure).  The ER initially (30 sec)
sequestered this Ca2+ and later released it (60 sec
post-MPT), leading to cellular Ca2+ overload
(Figure).   This cycle of ER sequestration and
subsequent release could be totally abolished by
blocking ER specific Ca2+-ATPases using
cyclopiazonic acid.  We conclude that the ER
plays an important role in moderating changes in
intracellular Ca2+ following MPT and may play a
key role in cell death initiated by mitochondrial
mechanisms.

Supported by the National Heart Foundation (Australia) and National Health and Medical Research Council
(Australia)
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THE EFFECTS OF VARIOUS MUTATIONS WHICH CONVERT RECOMBINANT
GLYCINE RECEPTOR CHANNELS TO BEING CATION SELECTIVE
Angelo Keramidas*, Andrew J. Moorhouse*, Kerrie D. Pierce†, Peter R. Schofield† and Peter H.
Barry*, *School of Physiology and Pharmacology, University of New South Wales, Sydney, 2052, and
†The Garvan Institute for Medical Research, 384 Victoria Rd., Darlinghurst, Sydney, 2010, Australia

Using the patch-clamp technique, we have already shown how three point mutations in the M2-
pore region of the glycine receptor channel (GlyR) could convert the, normally anion-selective,
glycine receptor channel to being cation selective (Keramidas et al., 1999, 2000).  This set of
mutations, referred to as the 'Selectivity Triple Mutant (STM)', was the reverse set of mutations that
was able to change the selectivity of the nicotinic acetylcholine channel (Galzi et al., 1992).  The triple
mutations were of the cytoplasmic alanine 251 to a glutamate (A251E), the threonine 265 to a valine
(T265V) and the deletion of the cytoplasmic proline 250 (P250∆).  In that study and in the present one,
GlyRs were expressed in HEK293 cells and whole cell and single channel currents were examined
using patch clamp techniques at 20 oC.  The STM, which had extremely small glycine activated
currents and no clearly discernible single channel currents, needed very high GlyR expression to get
measurable responses, had a PCl/PNa permeability ratio of 0.27 and no measurable calcium
permeability.  Following the above study, the responses to three other sets of GlyR mutations were
also explored.

First, as we had predicted (Keramidas et al., 2000), the T265V mutation in the STM was actually
counter-productive for channel activation and a Selectivity Double Mutation (SDM) of the GlyR,
including only the A251E and P250∆ mutations, was more sensitive to glycine, even more cation
selective, had much larger whole cell currents than the STM and more clearly-defined single channel
currents.  The SDM was also somewhat permeable to Ca2+, with PCa/PNa = 0.34, and single channel
currents were outwardly rectifying.  The latter response was consistent with the positively charged
extracellular ring of arginines (R271) still lining the pore and reducing the concentration of cations in
the extracellular GlyR vestibule.  When this positively charged R271 was then mutated to a neutral
alanine (SDM+R271A), there was an increase in single channel conductance for inward current,
eliminating rectification, and an increase in Ca2+ permeability (PCa/PNa = 0.74).  A subsequent
mutation of the R271 to a glutamate to form a negative ring (SDM+R271E), continued to increase
single channel conductance for inward current, converted the rectification to inward and further
increased Ca2+ permeability (PCa/PNa = 0.83).

We have therefore shown that the two mutations (T265V and P250∆) are sufficient to convert
the GlyR to cation selectivity and that mutating the extracellular positively charged ring to either a
neutral or a negative one increased conductance for inward currents, as predicted from electrostatic
considerations, and increased the calcium permeability of the channel.

Galzi, J.L., Devillers-Thiéry, A., Hussy, N., Bertrand, S., Changeux, J.P. & Bertrand, D. (1992)
Nature, 359, 500-505.

Keramidas, A., Moorhouse, A.J., Schofield, P.R. & Barry, P.H. (1999) Proceedings of the Australian
Physiological and Pharmacological Society, 30, 55P.

Keramidas, A., Moorhouse, A.J., French, C.R., Schofield, P.R. & Barry, P.H. (2000) Biophysical
Journal, 78, 247-259.
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DIVERGENT REGULATION OF INTERMEDIATE-CONDUCTANCE CALCIUM-
ACTIVATED POTASSIUM CHANNELS BY PROTEIN KINASES AND ATP HYDROLYSIS
Craig B. Neylon, Theresa D'Souza and Peter H. Reinhart, Department of Neurobiology, Duke
University Medical Center, Durham, North Carolina, USA.

The smooth muscle intermediate-conductance KCa Channel (SMIK) is a recently cloned member
of the IK1 gene family implicated in growth of vascular tissue during development and in pathological
disease states (Neylon et al., 1999). Analysis of the SMIK amino acid sequence reveals several
potential mechanisms for modulation by ATP. First, multiple protein kinase consensus sites for protein
kinase A (PKA), protein kinase G (PKG) and tyrosine kinases indicate that SMIK channels may be
modulated by phosphorylation. Second, a sequence of 14 residues is found close to the C-terminus that
is loosely reminiscent of a Walker A motif, the ATP binding site found in many ATP-regulated
proteins. Thus, the aim of the present study was to investigate the role of ATP and protein kinase-
induced phosphorylation in the regulation of SMIK channels. In these studies, wild type or mutant
SMIK cRNA was injected into Xenopus oocytes and macroscopic currents on inside-out membrane
patches recorded 4-10 days later.

In the presence of maximal concentrations of Ca2+ (10 µM), macroscopic currents ran down
significantly (>60%) after patch excision but were restored upon inclusion of Mg/ATP (1 mM) in the
bath solution. This enhancement of SMIK currents by ATP was Mg2+-dependent and did not occur in
the absence of Ca

2+ or in uninjected oocytes. SMIK currents were not enhanced by non-hydrolysable
analogs (AMP-PPP, AMP-PCP) or ATP-γS suggesting that the effect requires ATP hydrolysis. These
results suggest that ATP regulates SMIK by direct interaction with an ATP hydrolysis site on the
channel, however point mutation of the critical Walker A lysine residue (K400A) in SMIK did not
attenuate the effect of ATP. Thus, the mechanism of ATP enhancement of SMIK currents is at present
unknown.

Application of the catalytic subunit of PKA produced a 50-80% inhibition of current. This effect
is Mg/ATP-dependent, but absent after boiling the kinase. In contrast, PKG produced a slight (20%)
enhancement of SMIK currents. As several putative protein kinase consensus sites (PKA/PKG) are
present in the proximal portion of the C-terminus, where calmodulin is thought to interact, it was
hypothesized that protein kinases modulate SMIK by phosphorylating the calmodulin-binding domain
(CBD). Thus, the putative CBD (54 amino acids) of SMIK was expressed as a GST fusion protein and
the ability for it to be phosphorylated by PKA and PKG assessed in in vitro assays. [33P]-
phosphorylated bands were found in both PKA- and PKG-treated samples. Individual mutations of the
three PKA/G sites did not abolish phosphorylation indicating that it can occur at multiple sites,
however it was absent after mutation of all three consensus sites. We next examined whether mutation
of all three sites in the full length channel had any effect on modulation by PKA. The degree of
inhibition by PKA was identical for both triple mutant and wild-type channels. Thus, we have
demonstrated that both PKA and PKG phosphorylate SMIK within the CBD, however this mechanism
is unlikely to be responsible for the individual effects of these kinases on channel gating.

In conclusion, we have demonstrated that SMIK channels are regulated in divergent ways by
protein kinases and ATP hydrolysis. Protein kinase signaling pathways may thus constitute a major
mechanism of smooth muscle regulation by virtue of their effect on the gating properties of SMIK
channels.

Neylon, C.B., Lang, R.J., Fu, Y., Bobik, A. & Reinhart, P.H. (1999) Circulation Research, 85,
e33-e43.
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Cl--DEPENDENCE OF GATING OF MYOTONIC MUTANTS OF THE ClC-1 CHLORIDE
CHANNEL
E.C. Aromataris, G.Y. Rychkov, B. Bennetts, A.H. Bretag and M.L. Roberts, Department of
Physiology, University of Adelaide, Adelaide, S.A. 5000; Centre for Advanced Biomedical Studies,
University of South Australia, Adelaide, S.A. 5000

Autosomal dominant myotonia congenita (Thomsen’s disease) is caused by missense mutations
in the gene encoding the major skeletal muscle Cl- channel, ClC-1.  These mutations shift the voltage
dependence of ClC-1 gating to more positive potentials, and this accounts for the reduced chloride
conductance (GCl) seen in myotonic muscle fibres.  A remarkably similar myotonia can be produced
with 2-(4-chlorophenoxy)propionic acid (CPP), the effect of which has been attributed to a decreased
affinity of Cl- for the ClC-1 gating site where it normally binds to enable channel opening (Aromataris
et al., 1999).

Considering the similarity in channel characteristics produced by CPP and dominant negative
mutations, the aim of this study was to determine if these mutations affected the Cl-dependence of
gating of ClC-1.  Two recently identified point mutations (F307S and A313T) (Kubisch et al., 1998)
which cause Thomsen’s disease were introduced into hClC-1 by standard two-step PCR based site-
directed mutagenesis, expressed in HEK293 cells and analysed by patch-clamping.  The Cl- and
voltage dependent gating of these mutants was analysed and compared to wild type (WT) hClC-1.
Voltage of half maximal activation (V1/2) for WT in standard bath conditions of 178 mM Cl- was -90 ±
0.7 mV.  This was shifted by +74 mV to depolarising potentials in the F307S mutant and +113 mV in
the A313T mutant.  The Po of WT and mutant ClC-1 was also dependent on the concentration of Cl- in
the bath solution with an approximately 60 mV shift per decade change in Cl- concentration recorded
for WT and both mutant channels.  CPP produced a shift in Po to depolarising potentials in both the
WT and mutant channels.  CPP applied externally at 3 mM concentration, shifted V1/2 of WT channel
by ~50 mV, but in F307S and A313T mutant channels the shift was much smaller. The Kd for CPP on
WT hClC-1 was 1.3 ± 0.5 mM while in the  mutant channels it increased to  4.6 ± 0.4 mM for F307S
and 7.5 ± 1.2 mM for A313T.  At any given value of V1/2 in either the mutant channels or in WT in the
presence of CPP more Cl- was necessary in the bath solution to open the same number of channels in
the membrane indicating a decrease in affinity for the gating site.  Both the myotonic mutations and
CPP predominantly affected the slow time constant of current deactivation and the relative amplitude
of that component.  This result is consistent with an effect of both on the slow ‘common’ gate of ClC-1.

The results of this study suggest that CPP and these dominant myotonic mutations in ClC-1
reduce GCl via a similar mechanism and are consistent with a decreased affinity of the ClC-1 gating
site for Cl-.

Aromataris, E.C., Astill, D.St.J., Rychkov, G.Y., Bryant, S.H., Bretag, A.H., & Roberts, M.L. (1999)
British Journal of Pharmacology, 126, 1375-1382.
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AN ATP-SENSITIVE K+ CONDUCTANCE IN INTRACARDIAC GANGLION NEURONES
FROM ADULT RATS
Ron Hogg and David J. Adams, Department of Physiology and Pharmacology, University of Queensland,
Brisbane, Queensland 4072, Australia.

A change in neuronal activity when the ATP-sensitive K+ (KATP) channel opener cromakalim
was administered to adult canine intracardiac neurones in situ via their local blood supply suggests that
intrinsic cardiac neurones express a KATP channel (Thompson et al., 1998). The KATP channel is
regulated by intracellular ATP and serves to transduce changes in cell metabolism into changes in
membrane potential.

We have identified a KATP conductance in isolated neurones from adult (≥6 week old) rat
intracardiac ganglia. Adult rats were humanely killed by cervical dislocation and exsanguination.
Membrane currents and voltage responses were recorded in dissociated neurones using the perforated-
patch, whole cell recording configuration. In symmetrical (140 mM) K+ solutions, externally applied
levcromakalim (3 µM) activated an inward current at negative membrane potentials, in a concentration
dependent manner, with an EC50 of 1.6 µM. The levcromakalim-induced current reversed close to 0
mV and was completely inhibited by 10 µM glibenclamide. Under current clamp conditions in
physiological salt solutions, activation of KATP channels by levcromakalim caused a ~15 mV
hyperpolarization from the resting membrane potential. Bath application of glibenclamide (10 µM)
depolarized the neurone, indicating a KATP conductance is activated under resting conditions. In
contrast, in intracardiac neurones isolated from neonatal rats, levcromakalim (10 µM) failed to activate
a conductance change (n=7) and glibenclamide (10 µM) did not affect the resting membrane potential.
The KATP conductance in adult rat intracardiac neurones was also activated under hypoxic conditions,
whereby changing the perfusing solution to one which was bubbled with 100% N2 for at least 2 hours
previously, induced an inward current at negative membrane potentials which exhibited a similar I-V
relationship to the levcromakalim-induced current. This hypoxia-induced current was blocked by 10
µM glibenclamide.

The activation of KATP channels in mammalian intracardiac neurones may contribute to changes
in neural regulation of the heart and cardiac function during ischaemia-reperfusion.

Thompson, G.W., Horackova, M. & Armour, J.A. (1998) American Journal of Physiology, 275, 
H1434-1440.



34P Proceedings of the Australian Physiological and Pharmacological Society (2000) 31(2)

THE RELATIONSHIP BETWEEN FRACTION OF CROSS-BRIDGES ATTACHED AND
FORCE PER CROSS-BRIDGE IN ISOMETRIC CONTRACTION OF MOUSE FAST- AND
SLOW-TWITCH MUSCLE
C. J. Barclay, Department of Physiology, Monash University, Clayton, Victoria 3800, Australia.

The amount of force produced by myosin cross-bridges in muscle during contraction is a
variable of fundamental importance to understanding mechanisms of contraction. In this study, the
relationship between force per cross-bridge and the fraction of cross-bridges attached in an isometric
contraction was estimated for fast and slow muscles of the mouse. The novel feature of this estimate
was that it was based on data relating to the energetics of contraction during shortening.

Adult mice were rendered unconscious by inhalation of carbon dioxide and then killed by
cervical dislocation. The soleus and EDL muscles were removed from the animal and small bundles of
fibres were dissected from the muscles. Experiments were performed in vitro at 25°C. The energetic
cost of contractile filament movement during shortening of fibre bundles was determined from
measurements of power output and rate of heat production during isovelocity contraction. These data
were used to estimate the amount of filament sliding generated for each ATP used by cross-bridges
(Worthington & Elliott, 1996) at a range of shortening velocities. The rate of ATP use was estimated
from measurements of rate of enthalpy output (power output + rate of heat output). The amount of
filament sliding was calculated from shortening velocity.

For both muscles, filament displacements per ATP used increased with shortening velocity and
were greatest at the highest shortening velocities used (~0.8 × maximum shortening velocity, Vmax).
The maximum values were ~1.3 nm for soleus and 0.9 nm for EDL. At a given velocity, either
absolute or relative to Vmax, more filament movement was generated for each ATP used in soleus
muscle than EDL. These results can be accounted for by a mechanism in which more movement is
generated by each cross-bridge cycle in soleus and/or more cross-bridges are attached in EDL than
soleus at a particular velocity.

The relationships between force and velocity and between filament displacement per ATP and
velocity were used to estimate the force produced per actin filament and to determine the possible
combinations of cross-bridge force output and fraction of cross-bridges attached during isometric
contraction. The possible relationships between force per cross-bridge and fraction of attached cross-
bridges were similar for the two muscle types. If the force per cross-bridge is about 4 pN, as suggested
by several types of experiment (Huxley, 2000), then 20 to 25 % of cross-bridges would be attached in
an isometric contraction, with the figure being ~5 % greater in soleus than EDL.

Huxley, A.F. (2000) Philosophical Transactions of the Royal Society of London B, 355, 433-440.
Worthington, C.R. & Elliott, G.F. (1996) International Journal of Biological Macromolecules, 18, 123-
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EFFECT OF TWO DIFFERENT PORTIONS OF THE II-III LOOP OF THE
DIHYDROPYRIDINE RECEPTOR ON SINGLE RYANODINE RECEPTORS
Claudia S. Haarmann, Derek R. Laver* and Angela F. Dulhunty, John Curtin School of Medical
Research, Australian National University, Canberra, ACT 2601

Mutagenesis experiments have shown that the 18 amino acid (aa) sequence 725Phe-742Pro of the
II-III loop of the α-subunit of the dihydropyridine receptor is essential for skeletal muscle type
excitation-contraction-coupling (ECC) (Nakai et al., 1998). Saiki et al. (1999) have shown that the
37 aa sequence 724Glu-760Pro of the DHPR II-III loop (peptide C), which contains the essential
segment, has no effect by itself on ryanodine receptor (RyR) activity as determined by measurements
of Ca2+-release, [3H]ryanodine binding, and methyl coumarin acetamide (MCA) fluorescence.
However, it was capable of reversing the increase in activity of the RyR by the 20 aa II-III loop
segment 671Thr-690Leu (peptide A). We investigated the modulation of single RyR channels by
peptide C alone as well as in combination with peptide A to determine possible mechanisms by which
the interplay of these two peptides with the channel protein can occur.

Sarcoplasmic reticulum vesicles containing skeletal RyR of rabbits (killed by captive bolt prior
to muscle removal) were incorporated into an artificial planar lipid membrane, with solutions
(cis/trans): 100 µmol/l CaCl2, 10 mmol/l TES, 230 mmol/l caesium methanesulfonate (CsMS), 20
mmol/l CsCl. Channel activity was recorded at –40 mV.

Exposure of the RyR to 5 µmol/l peptide A leads to activation of the RyR as reported previously
(Dulhunty et al., 1999). Peptide C alone had a biphasic effect on RyR activity. At a concentration of
about 15 µmol/l it produced ~4-fold activation. At higher µmol/l concentrations a distinctive inhibition
occurred characterised by few openings to only low conductance levels. The ratio of channels that
inhibited upon exposure to peptide C was concentration dependent. Removal of peptide C from the
bath solution and/or exposure of inhibited RyRs to activators (peptide A, ATP, Caffeine) led to a slight
increase in channel activity, but in only about 50% of the experiments did channel activity return to
>10% of the control current. Peptide C, in 7 out of 10 channels, was able to inhibit RyRs that had been
activated by peptide A. The kinetics of the inhibition indicate that peptide C inhibited these channels
by a mechanism that was not merely a reversal of the peptide A activation process.

In this single channel study we have discovered new mechanisms by which peptide C interacts
with the RyR. The apparently disparate findings by Sakai et al. (1999) and us can be explained by
these mechanisms. Simultaneous activation and inhibition of different RyRs by peptide C could result
in no overall effect of peptide C on Ca2+ release and [3H]ryanodine binding. Peptide A might prevent
only the activation of the RyR by peptide C (yet to be investigated) and not the inhibition by peptide C.
If so, “reversal” of the activation by peptide A would be better described as a suppression of activation
by peptide C. These mechanisms might also occur during ECC.

Dulhunty, A.F., Laver, D.R., Gallant, E.M., Casarotto, M.G., Pace, S.M. & Curtis, S. (1999)
Biophysical Journal 77, 189-203.
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CREATINE TRANSPORTER PROTEIN CONTENT, LOCALIZATION AND GENE
EXPRESSION IN RAT SKELETAL MUSCLE
R. Murphy*, G. McConell†, D. Cameron-Smith*, K. Watt*, L. Ackland‡, B. Walzel¥, T. Wallimann¥ and
R. Snow*,  *School of Health Sciences and the ‡Centre for Cellular and Molecular Biology, Deakin
University, Burwood, 3125 Australia, †Department of Physiology, Monash University, Clayton, 3168,
Australia. Institute of Cell Biology and ¥ETH-Hönggerberg, CH-8093 Zürich, Switzerland

The present study examined the gene expression and cellular localization of the creatine
transporter (CreaT) protein in rat skeletal muscle. Tissue was collected from previously killed male
Wistar rats (n=6). Soleus (SOL), red (RG) and white gastrocnemius (WG) were analyzed for CreaT
mRNA (Real Time RT-PCR), CreaT protein (Western blot) and total creatine (TCr) content
(enzymatically). Cellular location of the CreaT protein was visualized using immunohistochemical
analysis of muscle cross-sections. TCr was higher (P≤0.05) in WG than both RG and SOL, and RG
was higher than SOL. Total CreaT protein content was greater (P≤0.05) in SOL and RG compared
with WG. Two bands (55 and 70 kDa) of the CreaT protein were found in all muscle types as seen in
the Figure.

Both the 55 kDa  (CreaT-55) and the 70 kDa (CreaT-70) bands were present in greater (P≤0.05)
amounts in SOL and RG compared with WG. SOL and RG had a greater amount (P≤0.05) of CreaT-
55 than CreaT-70. Immunohistochemistry revealed that the CreaT was mainly associated with the
plasma membrane in muscle types investigated, although some internal fluorescence was evident.
CreaT mRNA expression per µg of total RNA was similar across the three muscle types. As in
previous studies, we have identified a difference in the TCr content in different fiber types in rat
skeletal muscle.  In the present study we have shown that there may be an enhanced potential to
transport Cr across the sarcolemma in the predominantly slow twitch (SOL) compared with fast twitch
(WG) fibers. A recent study (Opt’Eindje et al. 1999) reported that, following Cr loading in rats, TCr
content was increased in SOL but not altered in WG muscle. Furthermore, using incubated rat muscle
strips, Willott et al. (1999) demonstrated that, at normal extracellular Cr concentrations, (e.g. 100 µM)
SOL displayed a greater rate of Cr uptake than the extensor digitorum longus muscle. Interestingly, at
high extracellular Cr levels (1 mM) the rate of Cr uptake was similar between both muscles. These
data support the concept that an elevation in intracellular Cr results in a decreased expression of the
CreaT protein. These data indicate that rat SOL and RG have an enhanced potential to transport Cr
compared with WG despite a higher TCr in the latter.

Op't Eijnde, R., Richter, E.A., Kiens, B. & Hespel, P. (1999) Journal of Sports Science, 17, 561-562.
Willott, C.A., Young, M.E., Leighton, B. Kemp, G.J., Boehm, E.A., Radda, G.K. & Clarke, K. (1999)
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FIBRE TYPE PROFILE AND FUNCTIONAL ASPECTS OF THE RETRACTOR MAMMAE
MUSCULATURE OF THE FEMALE MARSUPIAL SMINTHOPSIS DOUGLASI PRIOR TO
AND DURING LACTATION
Michael F. Patterson, Gabriela M.M. Stephenson* and D. George Stephenson, School of Zoology, La
Trobe University, Bundoora, Victoria, 3083 and * School of  Life Sciences and Technology, Victoria
University of Technology, P.O. Box 14428, MCMC, Melbourne, Victoria, 8001.

The retractor mammae muscle is a specialised muscle terminating in the mammary tissue of
female marsupials.  It is subjected to altered functional demands during development of pouch young,
particularly in pseudo-pouched marsupials, and is therefore expected to undergo changes to its fibre
type profile over the time course of lactation. We have used the largest of the pseudo-pouched
marsupials, the dasyurid Sminthopsis douglasi, to examine fibre type profiles (using Ca2+/Sr2+-
activation characteristics and myosin heavy chain (MHC) typing) of retractor mammae muscles at
three critical time points during lactation: 36-39 days (very small young permanently attached to teat),
51-53 days (mass of young greatest while still attached to teat) and 68-71 days (weaning age).

Animals were killed by suffocation following exposure to halothane in accordance with La
Trobe University animal ethics procedures.  Retractor mammae muscles were carefully removed,
blotted on filter paper and placed under paraffin oil.  Skinned fibre preparations were mounted
between a force transducer and a pair of jewellers forceps and activated using experimental solutions
containing different ionized concentrations of Ca2+ (7.2<pCa<4.7) or Sr2+ (6.4<pSr<3.5) as described
previously (Fink et al., 1986). Solutions had a free Mg2+ concentration of 1 mmol/1 and were matched
for all other ionic species as well as for ionic strength. All experiments were performed at 22±1 °C.
Following the contractile experiments, single fibres were saved and their MHC isoforms separated on
SDS-PAGE using the protocol of Bortolotto et al. (2000).

Contractile results showed the presence of a large number of hybrid fibres, which was
substantiated using MHC typing. In the non-suckled state, 62% (18/29) of fibres were classified
according to Ca2+ and Sr2+ activation properties as hybridfast, i.e. fibres exhibiting both fast and slow
activation properties, but mainly fast.  Remarkably, we were unable to identify any hybridfast fibres in
36-39-day suckled animals, but there was a concomitant increase in the number of fast-type (fast
activation properties only) fibres (7/9 fibres) as well as an increase in hybridslow (primarily slow with
some fast activation properties) fibres (2/9 fibres).  For 51-53-day suckled animals, the shift in fibre
profile was away from the fast-type (3/7 fibres) and hybridslow (0/7 fibres) fibres to include hybridfast
(1/7 fibres) and, more significantly, an increase in slow-type (slow activation properties only) fibres
(3/7 fibres).  Finally, in 68-71-day suckled animals, there were fewer slow-type fibres (4/18 fibres) and
hybridfast fibres (1/18 fibres) and a much higher percentage of fast-type fibres (13/18 fibres).

The fast-to-slow-to-fast cycle of adaptation of the muscle fibres seen here is indicative of the
ability of the retractor mammae musculature to undergo changes in its fibre type profile in response to
altered weight bearing demands as pouch young increase in size.

Bortolotto, S.K., Cellini, M., Stephenson, D.G. & Stephenson, G.M.M (2000) American Journal of 
Physiology,  (in press).
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FUNCTIONAL PROPERTIES OF PERMEABILIZED FIBRES FROM THE SKELETAL
MUSCLES OF AGED RATS
David R. Plant and Gordon S. Lynch, Muscle Mechanics Laboratory, Department of Physiology, The
University of Melbourne, Victoria, 3010, Australia.

Aging is associated with a progressive loss of motor function, a slowing of muscle movements,
and a decline in muscle strength.  These age-related changes in muscle properties contribute to the
increased incidence of fall-related injuries in the elderly, that often resulting in a loss of functional
independence.  Although some studies have investigated these age-related effects at the single muscle
fibre (cellular) level (Thompson & Brown, 1999; Frontera et al., 2000) and reported decreases in the
maximum force producing capacity (Po) and maximum velocity of shortening (Vmax), other potential
contributing factors have not been evaluated critically.  These include a possible age-related decrease
in the number of participating crossbridges during contraction as well as changes in the function of the
sarcoplasmic reticulum (SR) of isolated fibres (Wang et al., 2000).  In this study we investigated the
Ca2+-activated contractile characteristics of fast muscle fibres from young and old rats.  The purpose
was to examine the effect of aging on: 1) Ca2+-sensitivity, determined from the force-pCa relationship;
and 2) the rigor force response of isolated fibres, to estimate the number of crossbridges participating
in the maximum force response.

All experiments were approved by the Animal Experimentation Ethics Committee of The
University of Melbourne.  Young (4 months of age, n = 6) and old (25 months of age, n = 6) male rats
were anaesthetised deeply with sodium pentobarbitone (60 mg kg-1, i.p) and the extensor digitorum
longus (EDL, fast-twitch) muscle surgically excised. The rats were then killed. Membrane
permeabilized fibres were dissected from muscles that had been stored in a glycerol-based chemical
skinning solution (-20°C) for up to 6 weeks.  Maximum Ca2+-activated force (Po), Ca2+-sensitivity,
and rigor force were determined using well-described techniques (Lynch et al., 1995).

No differences were observed in Po, specific Po (kN m-2), Ca2+ sensitivity, or rigor force of
permeabilized fibres from fast-twitch muscles of young compared with old rats.  The steepness of the
force-pCa relationship (indicative of the level of cooperative interactions within the thin filaments)
was decreased in fibres from old compared with young rats (P < 0.05).  The results indicate that the
underlying mechanisms responsible for the deficit in maximum Po of intact skeletal muscles of old
compared with young rats, are not associated with the force producing capacity of the contractile
apparatus, but likely to be attributed to age-related impairments in excitation-contraction coupling,
possibly the release of Ca2+ from the SR.  Further studies comparing the SR Ca2+ release response of
mechanically skinned fibres from the muscles of young and old rats will test this hypothesis.

Frontera, W.R., Suh, D., Krivickas, L.S., Hughes, V.A., Goldstein, R. & Roubenoff, R. (2000)
American Journal of Physiology (Cell Physiology), 279, C611–C618.
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MEMBRANE CHOLESTEROL MANIPULATION AFFECTS EXCITATION-
CONTRACTION COUPLING IN TOAD SKELETAL MUSCLE
Bradley S. Launikonis and D. George Stephenson, Department of Zoology, La Trobe University,
Plenty Road, Bundoora, Victoria, 3083.

Cholesterol is unevenly distributed between the plasma and internal membranes of eukaryotic
cells, including muscle cells.  Cholesterol is known to affect the physical properties of cell membranes
and also the function of several ion channels, pumps and receptors (Yeagle, 1985; Bastiaanse et al.,
1997).  However, it is not known whether membrane cholesterol content affects the normal excitation-
contraction (E-C) coupling process in skeletal muscle.  Therefore, we investigated the importance of
membrane cholesterol content to E-C coupling in toad skeletal fibres with the cyclic oligosaccharide,
methyl-β-cyclodextrin (MβCD), which is widely used to manipulate membrane cholesterol content
without causing damage to the lipid bilayer.

Cane toads were stunned with a blow to the head and then doubled pithed.  Either intact bundles
of fibres or mechanically skinned fibres were prepared from the iliofibularis muscle.  The preparations
were either attached to a force transducer or were loaded with fluorescent dyes and examined under the
confocal microscope.  The intact fibre bundles were bathed in a Na+-based solution and stimulated
electrically.  Skinned fibres were bathed in a high [K+] solution and subsequently the sealed t-system
was depolarized in a Na+-based solution.  To study the Ca2+ handling properties of the sarcoplasmic
reticulum (SR), the SR was loaded with Ca2+ in the presence of 0.5 mmol/l CaEGTA/EGTA and
released with 30 mmol/l caffeine in the presence of 0.5 mmol/l EGTA.  The area under the caffeine-
induced force response was used as an indicator of Ca2+ content.

In skinned fibres, depletion of membrane cholesterol with MβCD caused a dose- and time-
dependent decrease in t-system depolarization-induced force responses (TSDIFR).  TSDIFRs were
completely abolished within 2 min in the presence of 10 mM MβCD but were not affected after 2 min
in the presence of a 10 mM MβCD: 1 mM cholesterol complex.  There was a very steep dependence
between the change in TSDIFRs and the MβCD: cholesterol ratio at 10 mM MβCDtotal, indicating that
the inhibitory effect of MβCD was due to membrane cholesterol depletion and not to a
pharmacological effect of the agent.  Tetanic responses in bundles of intact fibres were abolished after
3-4 h in the presence of 10 mM MβCD.  The duration of TSDIFRs increased markedly within 2 min
after the application of 10 mM MβCD and 10 mM MβCD: cholesterol complexes.  The Ca2+ handling
abilities of the SR were also modified after 10 min exposure to 10 mM MβCD and the Ca2+-activation
properties of the contractile apparatus were minimally affected by 10 mM MβCD.  Confocal imaging
revealed that the integrity of the t-system was not compromised by either intra- or extracellular
application of 10 mM MβCD and that a high [Ca2+] gradient was maintained across the t-system.
Membrane cholesterol depletion also caused rapid depolarization of the polarized t-system as shown
independently by spontaneous TSDIFRs induced by MβCD and by changes in fluorescence intensity
of an anionic potentiometric dye in the presence of MβCD.  This rapid depolarization of the t-system
by cholesterol depletion was not prevented by blocking of the Na+-channels with TTX (10 µM) and
the L-type Ca2+-channels with Co2+ (5 mM).

The results demonstrate that cholesterol is important for maintaining the functional integrity of
the t-system and SR, probably by having specific effects on different membrane proteins that may be
directly or indirectly involved in E-C coupling.

Bastiaanse, E.M.L., Höld, K.M. & Van der Laarse, A. (1997) Cardiovascular Research, 33, 272-283.
Yeagle, P.L. (1985) Biochimica et Biophysica Acta, 822, 267-287.
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MYOSIN HEAVY CHAIN ISOFORM EXPRESSION AND Ca+2-STIMULATED ATPase
ACTIVITY IN SINGLE SKELETAL MUSCLE FIBRES OF THE TOAD Bufo marinus
Long Thanh Nguyen and Gabriela M.M. Stephenson, Muscle Cell Biochemistry Laboratory, School of
Life Sciences and Technology, Footscray Campus, Victoria University, PO Box 14428, Melbourne City
MC, Vic 8001, Australia

Electrophoretically typed fibres from Rectus abdominis (RA) muscle of the cane toad Bufo
marinus were used to test the hypothesis that in amphibian skeletal muscle there is a close relationship
between Ca2+-stimulated ATPase activity and MHC isoform composition. This hypothesis was
formulated on the basis of histochemical data obtained by Rowlerson and Spurway (1988) with single
skeletal muscle fibres from Rana temporaria and Xenopus laevis.

Eight adult (bw. 230 - 343 g) and 4 juvenile (bw. 11-14 g) toads were double pithed after 1h
exposure to 4oC to induce a comatose state, in accordance with procedures approved by the AEEC at
Victoria University. Single fibres were dissected under oil, as described in Nguyen et al. (1998), from
pelvic sections of RA muscles.  Electrophoretic analysis of MHC isoform composition was carried out
on all fibres (214) examined in this study using the Alanine-SDS-PAGE method of Nguyen and
Stephenson (1999). According to Nguyen and Stephenson (1999), toad skeletal muscles contain four
MHC isoforms: three twitch (BmHC1, BmHC2 and BmHC3) and one slow/tonic (BmHCT). A
number of fibres (146) were divided in two segments, one was used for MHC analysis and the other
for Ca2+-stimulated ATPase measurements. Ca2+-stimulated ATPase activities were determined in
skinned fibres at pCa ~ 4.8, using the method of Chifflet et al. (1988) with slight modifications.

Based on MHC isoform composition, the fibre population examined in the present work
comprised 4 types of pure fibres (T, t1, t2 and t3), expressing one MHC isoform only (BmHCT,
BmHC1, BmHC2 and BmHC3), 4 types of 2MHC-hybrid fibres (T + t3, T + t1, t1 + t2, t2 + t3) co-
expressing 2 MHC isoforms and 3 types of 3MHC-hybrid fibres (T + t1 + t3, T + t3 + t2, t1 + t2 +
t3), co-expressing 3 MHC isoforms. The hybrid fibres represented the largest proportion  (65%) of the
total number of fibres examined. The value (mean ± SE) of Ca2+-stimulated ATPase (mmol Pi/L
fibre/min) in pure fibres from RA muscles of the cane toad decreased in the order: t1 (64.30 ± 8.08),
t2 (49.40 ± 1.98), t3 (28.14 ± 1.42) and T (8.72 ± 2.24), suggesting that fibre types t1, t2, t3 and T,
correspond to fibre types F1, F2, F3 and T5 reported by Rowlerson and Spurway (1988).   The study of
Rowlerson and Spurway (1988) contains no information on Ca2+-stimulated ATPase activities in fibres
expressing more than one MHC isoforms.  In our study, MHC isoform composition and ATPase
activity were found to be related in fibres co-expressing tonic and twitch MHC isoforms, but not in
fibres co-expressing twitch MHC isoforms only.

The results of this study strongly suggest that (i) the majority of fibres in RA muscle of the cane
toad express more than one MHC isoform and (ii) in RA muscle of the cane toad, the relationship
between MHC isoform expression and Ca2+-stimulated ATPase depends on the MHC isoform
complement expressed by the fibre.

Chifflet, S., Torriglia, A., Chiesa, R. & Tolosa, S. (1988) Analytical Biochemistry, 168, 1-4.
Nguyen, L.T., Stephenson, D.G. & Stephenson, G.M.M.  (1998) Journal of Muscle Research and Cell

Motility, 19, 631-638.
Nguyen, L.T. & Stephenson, G.M.M. (1999) Journal of Muscle Research and Cell Motility, 20, 687-

695.
Rowlerson, A.M. & Spurway, N.C. (1988) Histochemical Journal, 20, 657-673.
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INTERHEMISPHERIC DISSOCIATION OF MOTOR AND SENSORY CORTICAL
ORGANISATION IN HEMIPLEGIC CEREBRAL PALSY
G.W. Thickbroom*‡, M.L. Byrnes*, S.A. Archer*, L. Nagarajan† and F.L. Mastaglia*‡, *Centre for
Neuromuscular and Neurological Disorders, University of Western Australia, Australian
Neuromuscular Research Institute, QEII Medical Centre, Nedlands, WA6009, †Department of
Neurology, Princess Margaret Hospital for Children and ‡Department of Medicine, University of
Western Australia.

There have been a number of physiological studies of motor recovery in hemiplegic cerebral
palsy, which have identified the presence of novel ipsilateral projections from the undamaged
hemisphere to the affected hand.  However little is known regarding the afferent projection to sensory
cortex and its relationship to the reorganized cortical motor output.  We used transcranial magnetic
stimulation (TMS) to investigate the corticomotor projection to the affected and unaffected hands in a
group of 7 subjects with hemiplegic cerebral palsy, and also performed functional magnetic resonance
imaging (fMRI) studies of the patterns of activation in cortical motor and sensory areas following
active and passive movement of the hands.

Both TMS and fMRI demonstrated a normal contralateral motor and sensory projection between
the unaffected hand and the cerebral hemisphere.  However, in the case of the affected hand, the TMS
results indicated either a purely ipsilateral projection, or a bilateral projection in which the ipsilateral
pathway had the lower motor threshold, whereas passive movement resulted in fMRI activation in the
contralateral hemisphere.

These results demonstrate that there is a significant fast-conducting corticomotor projection to
the affected hand from the ipsilateral hemisphere in this group of subjects, but that the predominant
afferent projection from the hand is still directed to the affected contralateral hemisphere, resulting in
an interhemispheric dissociation between afferent kinesthetic inputs and efferent corticomotor output.
The findings indicate that there can be differences in the organization of sensory and motor pathways
in cerebral palsy, and suggest that some of the residual motor dysfunction experienced by these
subjects could be due to an impairment of sensorimotor integration at cortical level as a result of
reorganization in the motor system.



42P Proceedings of the Australian Physiological and Pharmacological Society (2000) 31(2)

DEVELOPMENT AND EVALUATION OF AN ALFENTANIL-MORPHINE MIXTURE TO
OPTIMISE POSTOPERATIVE ANALGESIA
G.L. Ludbrook, R.N. Upton, H. Douglas and P. Macintyre, Department of Anaesthesia and Intensive
Care, University of Adelaide and Royal Adelaide Hospital, North Tce, Adelaide, South Australia,
5005, Australia.  (Introduced by J. Ludbrook).

A common strategy for the treatment of acute post-operative pain is to use intermittent
intravenous boluses of an opioid, such as morphine, administered at fixed intervals and titrated to
analgesic effect.  Dose regimens, however, are often empirically determined and restricted by the
kinetic limitations of an individual opioid (Upton et al., 1997).  Pharmacokinetic modelling, targeting
brain concentrations, has previously been shown to be effective in devising optimal dose regimens for
anaesthetic agents acting in the CNS (Ludbrook & Upton, 1997).  The aim of this study was to use
similar techniques to devise an optimal opioid dose regimen for the treatment of acute post-operative
pain, and to test its efficacy in the clinical setting.

The ideal characteristics of an opioid were considered to be rapid onset and slow offset of
analgesia.  As no opioid in clinical use seemed suitable, kinetic analysis of a combination of two
opioids, alfentanil and morphine, was performed.  It was assumed that the apparent CNS equilibrium
half-times for alfentanil and morphine were 1 and 34 minutes, respectively, and that 10 mg of
morphine and 0.75 mg of alfentanil were equipotent.  Simulations, using a compartmental kinetic
model and the “Scientist” program, were used to determine the effect on the profile of CNS
concentrations of varying opioid proportions and dosing intervals.  Kinetic analysis suggested a
mixture of alfentanil:morphine in the proportions 7.5:0.5 mg, administered at 2 minute intervals,
would allow achievement of target brain concentrations approximately 3 times faster than with
conventional morphine pain protocols, but with a similar duration of effect in both cases.  The
theoretical optimal dose regimen was then compared to a standard morphine pain protocol.  Patients
undergoing elective surgery were randomised to receive either technique in recovery post-operatively.
Pain was assessed using pain scores.  The times until the patient reported being “comfortable”, and
until discharge from recovery, were recorded.

57 patients were studied, with 4 excluded because of interruptions in drug administration.  One
Way ANOVA revealed the groups were well matched for age, weight, sex and initial pain scores
(P=0.52, 0.08, 0.94 and 0.86, respectively).  Predictors of time to comfort were determined using
general MANCOVA and the Visual General Linear Modeling module of the “Statistica” program.
The total dose of drug (P<0.001) and the type of drug used (P =0.013), but not age (P =0.064), weight
(P =0.91), initial pain score (P =0.25) or sex (P =0.45),  were significant predictors of the time until
the patient reported being “comfortable”.  The time taken to reach this point was 25 (SD 16) minutes
for the mixture and 38 (SD 12.8) minutes for morphine, with a trend towards shorter times until
discharge from recovery if the mixture was used (102 vs 125 minutes).

The use of kinetic analysis targeting the CNS allowed the development of a “virtual” drug, with
a profile of effects not possible with any existing single agent.  Use of this dose regimen can reduce the
time a patient spends in pain post-operatively, and it has the potential to allow earlier discharge from
the operating suite.

Ludbrook, G.L. & Upton, R.N. (1997) British Journal of Anaesthesia, 79, 505-513.
Upton R.N., Semple T.J. & Macintyre P.M.  (1997) Clinical Pharmacokinetics, 33, 225-244.
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CORTICOMOTOR REORGANISATION AND MOTOR RECOVERY AFTER STROKE
M.L. Byrnes, G.W. Thickbroom and F.L. Mastaglia, Centre for Neuromuscular and Neurological
Disorders, University of Western Australia, Australian Neuromuscular Research Institute, Department
of Medicine, University of Western Australia,

As part of an investigation of the neurophysiological basis for motor recovery after stroke we
performed transcranial magnetic stimulation studies of the corticomotor projection to the hand in 22
patients (29-72 yrs of age) with an anterior circulation stroke who recovered normal or near-normal
motor function in the upper limb.  Eleven patients were studied within 1 month of the stroke and 8 of
these were then studied serially at 3 - 6 month intervals.  Eleven patients who had suffered a stroke 6
months - 20 years previously were also studied.  In addition to measurements of cortical excitability,
long-latency intracortical inhibition and corticospinal conduction, the motor representation of the
abductor pollicis brevis muscle was mapped on both the affected and unaffected side.

Cortical excitability and motor evoked potential (MEP) amplitude were commonly reduced on
the affected side even after motor recovery in both the cortical and subcortical cases but particularly
the latter.  Evidence of cortical reorganisation, as shown by topographic shifts in the corticomotor
maps, was frequently found in both patients with cortical and subcortical stroke who recovered motor
function in the hand.  The map shifts were present as early as 2 weeks in some patients with
subcortical stroke.  Map position returned progressively towards normal over the next 1-3 years in half
the patients studied serially but was still abnormal in some patients studied 3-20 years after the stroke.
Evidence of reorganisation on the unaffected side was also found in some patients with cortical stroke
but not in subcortical cases.

The present findings indicate that cortical reorganisation commonly occurs both in patients with
cortical and subcortical stroke who recover motor function.  Whereas in patients with subcortical
lesions reorganisation occurs only on the affected side, in cortical cases the changes may be bilateral.
We postulate that cortical reorganisation is one of the mechanisms underlying the recovery of motor
function after stroke and may compensate for persisting impairment of conduction in motor pathways
in patients with subcortical lesions.
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LOSING SPEED TO GAIN CONTROL? THE INFLUENCE OF MUSCLE RECEPTOR
ORGANS ON TAILFLIPPING IN CRAYFISH (CHERAX DESTRUCTOR)
Zen Faulkes and David Macmillan, Department of Zoology, University of Melbourne.

Animal movement results from the interaction of internal motor pattern generators and external
sensory influences. Invertebrates (e.g., crayfish) provide excellent opportunities to study this
interaction at the level of small cellular level. In crayfish, muscle receptor organs (MROs) are
identified proprioceptors that respond to the flexion of a single abdominal joint. It has been
hypothesised that the MROs mediate local resistance reflexes (e.g., Fields, 1966), but they do not
appear to do so in intact, freely behaving crayfish (McCarthy & Macmillan, 1999). The stretch-
sensitive sensory neurons of the MROs run the entire length of the nerve cord (Bastiani & Mulloney,
1988; Macmillan & Vescovi, 1997), and some tailfan motor neurons receive direct input from MRO
stretch receptors (Vescovi et al. 1997). These facts suggest that MROs are involved in coordinating
whole body movements, particularly ones involving the tailfan. One such behaviour is tailflipping,
which incorporates both repeated abdominal flexion and opening and closing of the tailfan.

Crayfish (Cherax destructor) were purchased from local suppliers. Animals were anaethestised
by chilling on ice for 30 minutes prior to surgery to ablate the MROs or implant electromyogram
(EMG) recording electrodes. External markers on the abdomen were used to locate the MROs. A small
hole was drilled in the abdominal exoskeleton, and the nerve leading from the MROs to the abdominal
nerve cord was cut. We ablated the MROs in abdominal segments 2-5 in this way; the remaining
MROs in abdominal segments 1 and 6 could not be ablated without damaging the abdominal muscles.
We recorded (EMGs) from the lateral abductor muscle of the exopodite (tailfan appendage). Crayfish
were affixed to a post and induced to tailflip by gently squeezing the legs or tailfan with forceps. The
EMGs were recorded digitally on computer, then rectified and smoothed prior to measurement.

MRO ablation significantly affected the period of tailflipping (ANOVA, n = 18, df = 2,15,
F = 3.83, P < 0.05), as shown in the Table. Tailflipping was faster in individuals without MROs.

MROs Mean period ± SD n
Ablated 147 ± 26 ms 5
Intact, no surgery 249 ± 77 ms 8
Intact, sham surgery 233 ± 76 ms 5

The result suggests that crayfish use MROs to monitor and adjust abdominal position during
tailflipping. Although tailflipping is most often used to escape from threat and is expected to be rapid,
it appears that speed is sacrificed for increased control of the behaviour.

Bastiani, M.J. & Mulloney, B. (1988) Journal of Neuroscience, 8, 1254-1263.
Fields, H.L. (1966) Journal of Experimental Biology, 44, 455-468.
McCarthy, B.J. & Macmillan, D.L. (1999) Journal of Experimental Biology, 202, 171-181.
Macmillan, D. & Vescovi, P.J. (1997) Journal of Experimental Zoology, 279, 243-253.
Vescovi, P.J., Macmillan, D.L. & Simmers, A.J. (1997) Journal of Experimental Zoology, 279, 228-
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LEVELS OF IMMUNOREACTIVITY FOR SYNAPTOSOMAL-ASSOCIATED PROTEIN OF
25kDa (SNAP-25) ARE HIGHER IN PERIVASCULAR AXONS OF AUTONOMIC
VASODILATOR NEURONS THAN IN ADJACENT VASOCONSTRICTOR AXONS
J.L. Morris, C.E.Y. Lindberg and I.L. Gibbins, Department of Anatomy & Histology, Centre for
Neuroscience, Flinders University, GPO Box 2100, Adelaide, S.A. 5001, Australia.

Soluble N-ethylmaleimide-sensitive fusion protein (NSF), NSF attachment proteins (SNAPs),
and their receptors located on membranes of synaptic vesicles and nerve terminals (SNAREs), together
constitute the basic molecular machinery for the exocytotic release of neurotransmitters (Söllner et al.,
1993). It is now known that botulinum toxins interfere with neurotransmitter release by cleaving
specific SNARE proteins. Early studies showed that botulinum toxins interrupt neurotransmission
from different classes of autonomic neurons to varying degrees (see MacKenzie et al., 1982).
Therefore, we have begun to examine the role of SNARE proteins in neurotransmission from
functionally distinct classes of autonomic neurons by examining immunoreactivity (IR) for the target-
SNARE, SNAP-25, in vasoconstrictor and vasodilator axons in two vascular beds.

Guinea-pigs (n=55) were killed by stunning and exsanguination before removal of the brain,
lingual arteries or uterine arteries. Proteins were extracted in 0.1% sodium dodecyl sulphate prior to
polyacrylamide gel electrophoresis (SDS-PAGE), and were transferred to nitrocellulose for
demonstration of SNAP-25-IR using Sternberger SMI81 or Chemicon MAB331 monoclonal
antibodies recognizing the N-terminus of SNAP-25, or Affinity Bioreagents PA1-740 rabbit antibody
recognizing the C-terminus of SNAP-25. IR was detected using secondary antibodies conjugated to
horse-radish peroxidase followed by enhanced chemiluminescence. Arteries were fixed and processed
for cryostat sectioning and fluorescence immunohistochemistry. Transverse sections were triple-
labelled for IR to tyrosine hydroxylase (TH), vasoactive intestinal peptide (VIP) and SNAP-25.
Confocal microscopy was used to capture a single optical section of one field at the adventitia-medial
junction containing both VIP-IR (vasodilator) and TH-IR (vasoconstrictor) varicose axons, from six
sections per artery, from four animals. BioRad PIC files were imported into NIH Image as RGB
stacks, and the levels of SNAP-25-IR (average optical density per pixel) in VIP-IR and TH-IR
varicosities were recorded.

SDS-PAGE and immunoblotting with each SNAP-25 antibody revealed a single protein band at
25kDa in extracts of brain, lingual artery and uterine artery. The optical density of the SNAP-25-IR
band was consistently greater in extracts of the lingual artery than in extracts of the uterine artery.
Immunohistochemistry clearly demonstrated SNAP-25-IR in all VIP-IR varicosities in both arteries,
but SNAP-25-IR was more variable in intensity in TH-IR varicosities. The mean level of SNAP-25-IR
in VIP-IR varicosities in each artery was significantly higher than the mean level of SNAP-25-IR in
adjacent TH-IR varicosities (Sternberger antibody, F(1,523) =172, P<0.0001; Chemicon antibody,
F(1,698) =142, P<0.0001). Only a small proportion of TH-IR varicosities had high levels of SNAP-25-
IR, particularly in the uterine artery. The mean intensity of SNAP-25-IR in TH-IR varicosities relative
to adjacent VIP-IR varicosities was significantly lower in the uterine artery than in the lingual artery
(Sternberger antibody, F(1,523) =12, P=0.001; Chemicon antibody, F(1,698) =18, P<0.0001).

These results demonstrate that IR for SNAP-25, a SNARE protein considered to be essential for
calcium-dependent exocytotic release of neurotransmitters, is present at different levels in varicose
axons of functionally distinct classes of autonomic neurons. Such variations in SNAP-25 levels may
reflect a different probability of neurotransmitter release (see Barden et al., 1999) from varicosities of
different classes of perivascular axons, or a differential role of SNAREs in transmission from
autonomic neurons utilizing different co-transmitters.

Barden, J.A., Cottee, L.J. & Bennett, M.R. (1999) Journal of Neurocytology, 28, 469-480.
MacKenzie, I., Burnstock, G. & Dolly, J.O. (1982) Neuroscience, 7(4), 997-1006.
Söllner, T., Whiteheart, S.W., Brunner, M., Erdjument-Bromage, H., Geromanos, S., Tempst, P. &

Rothman, J.E. (1993) Nature, 362, 318-324.
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SLOW SYNAPTIC POTENTIALS IN DESCENDING INTERNEURONS OF THE
MYENTERIC PLEXUS IN GUINEA-PIG ILEUM STIMULATED BY DISTENSION
P.D.J. Thornton and J.C. Bornstein, Department of Physiology, University of Melbourne, Vic. 3010,
Australia

Many interneurons and motor neurons in the myenteric plexus of guinea-pig ileum respond to
distension of the intestine oral to their cell body with a burst of fast excitatory synaptic potentials
(EPSPs) indicating that they lie in a descending reflex pathway.  However, despite the widespread
finding that electrical stimulation of internodal strands evokes slow EPSPs in many myenteric neurons,
there has been little direct evidence that such synaptic responses can be seen as a result of
physiological stimuli.  Nevertheless, pharmacological studies of the descending reflex pathways
suggest that tachykinins, which would be expected to cause slow EPSPs, may play a significant role in
these pathways (Johnson et al., 1998). This study was therefore aimed at determining if sEPSPs can be
recorded in response to a distending stimulus, identifying the neurons that exhibit this response and
determining whether tachykinins are involved.

Guinea-pigs were killed by stunning, followed by exsanguination. Segments of ileum were then
removed, opened along the mesenteric border and partly dissected to expose the myenteric plexus at
the anal end of a region in which the mucosa was intact.  The preparation was placed in a partitioned
organ bath enabling the cleared region to be superfused separately from the intact region.  Distensions
were applied to the intact region and recordings were made from neurons in the anal chamber.  This
allowed application of the antagonists to impaled cells, while leaving transmission in the rest of the
reflex pathway unaffected.  In addition, biocytin was added to the recording electrode to allow impaled
cells to be characterized morphologically, and neurochemistry identified.

In 56 cells tested, 8 myenteric S-neurons gave a response characteristic of a slow EPSP. They
had a depolarizing amplitude ranging from 5-10 mV, a rise time of 1-2 s, decay time of 15-60 s, no
increase in cell conductance and increased excitability in that they evoked action potentials in some
cells.  In 7 of these neurons, a control slow EPSP could also be evoked by a 10 pulse 10 Hz train of
electrical stimuli applied to a circumferentially directed internodal strand. The role of tachykinins in
these slow EPSPs was tested by applying the NK1 tachykinin receptor antagonist SR 140 333 (100
µM, 4 neurons) or the NK3 tachykinin receptor antagonist SR 142 801 (100 µM, 2 neurons) to the
recording chamber of the organ bath. Neither antagonist affected the slow EPSPs evoked by either
distension or electrical stimulation.  All 8 neurons that exhibited slow EPSPs in response to distension
had descending axons and 6 of these neurons had side branches in other myenteric ganglia indicating
that they were probably interneurons.  Immunoreactivity for nitric oxide synthase was identified in 6 of
the 8 neurons that had reflexly evoked slow EPSPs.

The results suggest that slow EPSPs are evoked by distension in a population of descending
interneurons that are immunoreactive for nitric oxide synthase. However, these slow EPSPs are
unlikely to be mediated by a tachykinin, raising the question as to the nature of the neurotransmitter
responsible for this response.

Johnson, P.J., Bornstein, J.C. & Burcher, E. (1998) British Journal of Pharmacology, 124, 1375-1384.
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LOW-VELOCITY-EXCITATORY/HIGH-VELOCITY-SUPPRESSIVE CELLS IN CAT
STRIATE CORTEX
W. Burke*, W.J. Waleszczyk*,  C. Wang *, J. Young*, M.B. Calford† and B. Dreher*, *Institute for
Biomedical Research, The University of Sydney, NSW 2006, Australia and †School of Biomedical
Sciences, University of Newcastle, Callaghan, NSW 2308, Australia.

Substantial morphological and functional evidence indicates that area 17 (striate cortex, area V1)
apart from the so-called X and W-inputs receives also direct input from the so-called Y relay cells in
the dorsal lateral geniculate nucleus (see for review Orban, 1984).  Despite this only a very small
proportion of area 17 neurones responds to fast-moving visual stimuli (cf. Burke et al., 1992).  There is
some functional evidence indicating that the apparent paucity of area 17 neurones responding to high-
velocity visual stimulation is largely due to inhibitory interactions within area 17 (see for review
Orban, 1984) and/or suppressive feedback from area 18 (Alonso et al., 1993).

In the present study we have recorded single neurone activity from area 17 of eight anaesthetized
(0.5 - 0.8% halothane in 67/33% of N2O/O2; EEG & ECG monitored continuously), paralyzed
(gallamine triethiodide; i.v. 7.5 mg/kg/hr) and artificially respired adult cats. The concentration of
halothane was adjusted to  maintain slow-wave EEG record and keep the heart rate below 180
beats/min.  In seven of these cats under ketamine (30 mg/kg, i.m)/Rompun (3 mg/kg, i.m) anaesthesia,
we have made sharply circumscribed (~ 12o in diameter) laser lesions of one retina.  Single unit
activity from area 17 was recorded 6 - 53 months after placement of the lesions.  In every animal
studied (including the cat without the retinal lesion) we recorded some cells which exhibited unusual
velocity response profiles.  These cells gave excitatory responses to optimally oriented elongated light
bars moving across their receptive fields at velocities in the range of 2 - 20o/s.  Most of the cells
responded poorly to the same stimuli moving at moderate velocities (40 - 100o/s) while stimuli
moving at high velocities (over 100o/s) evoked purely suppressive, non-directionally selective
responses.  All the cells exhibited a substantial "spontaneous" activity (5 - 15 spikes/s) and had
receptive fields at least 5o from the area centralis.  Furthermore, most of them, if not all, were located
in the infragranular layer 5.  In animals with retinal lesions all these cells were recorded from outside
the lesion projection zone.

Recently, we have encountered cells with rather similar receptive field properties in the deep
superficial layers and stratum griseum intermediale of cat superior colliculus (SC; Waleszczyk et al.,
1999).  In view of the prominence of the X-input to area 17 we would argue that low-velocity-
excitatory/high-velocity-suppressive (LVE/HVS) cells in area 17 receive their excitatory input
predominantly from the X- information channel and their suppressive input from the Y-information
channel.  Furthermore, in view of their location predominantly, if not exclusively, in layer 5 where the
cortico-tectal cells are located we would argue that LVE/HVS cells in area 17, like those in the SC,
might play an important role in activation of "fixation/orientation" and "saccade" premotor cells in the
SC.

Alonso, J. M., Cudeiro, J., Pérez, R., Gonzalez, F. & Acuña, C. (1993) Experimental Brain Research,
93, 363 - 366.
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EFFECTS OF ACTIVATION OF DESCENDING PATHWAYS ON RESPONSES IN THE
AUDITORY PERIPHERY
D. Robertson and W.H.A.M. Mulders, The Auditory Laboratory, Department of Physiology, The
University of Western Australia, Nedlands, WA 6907.

The existence of a descending projection from the mammalian superior olivary complex (SOC)
to the peripheral auditory receptor organ has been known for many years. The effects of activation of
this "olivocochlear" system on the peripheral responses to sound has been studied primarily by
electrical stimulation of the axons of the final output neurones at the floor of the IVth ventricle. More
recently, anatomical tracing  techniques have revealed that the olivocochlear neurones in the SOC
receive direct descending input from higher centres, notably the auditory cortex and inferior colliculus.
The effects of activation of these higher centres has not been systematically studied.

We chose to study the effects of electrical stimulation of the inferior colliculus on the peripheral
responses to sound. Guinea pigs were anaesthetized with Hypnorm (fentanyl, 0.14 mg/kg; fluanisone,
4.5 mg/kg, i.m.) and Nembutal (pentobarbitone, 30 mg/kg i.p.) after a premedication with atropine
(i.m.). Responses to brief tone bursts were monitored by a wire electrode placed near the round
window of the cochlea. Electrical stimuli were delivered at varying depths in the inferior colliculus,
using bipolar tungsten electrodes. Before electrical stimulation, animals were paralyzed by
intramuscular injection of Pancuronium (0.2 mg). Heart rate was continuously monitored and
supplementary doses of both Hypnorm (as above, every h) and Nembutal (15 mg/kg every 2 h) that
were known to maintain deep surgical anesthesia in unparalyzed animals were routinely given. Heart
rate never increased after paralysis, over the long term, nor during, or immediately after electrical
stimulation.  At the end of the experiments, animals were killed while still anaesthetized by
intracardiac perfusion of fixative.

We found that electrical stimulation of the central nucleus and external cortex of the inferior
colliculus produced changes in the neural and receptor potentials of the cochlea that were qualitatively
indistinguishable from those elicited by stimulation of the olivocochlear axons at the floor of the IVth
ventricle. Stimulation of the dorsal cortex of the inferior colliculus produced no effect. The effects of
inferior colliculus stimulation were eliminated by surgical transection of the olivocochlear axons at the
floor of the Ivth ventricle. We conclude that the descending pathways from inferior colliculus to the
superior olivary complex produce sufficient activation of the olivocochlear neurones to affect the
functioning of the peripheral receptor.  Thus neural centres higher than the superior olive may
participate in centrifugal control of auditory processing by affecting the earliest stages of transduction.
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MICROINJECTION OF ANGIOTENSIN II INTO THE NUCLEUS OF THE SOLITARY
TRACT ATTENUATES BAROREFLEX-MEDIATED CHANGES IN CARDIAC
SYMPATHETIC NERVE ACTIVITY IN A WORKING HEART-BRAINSTEM
PREPARATION OF THE RAT
Andrew Allen*, Pedro Boscan†, Sergey Kasparov† and Julian F.R. Paton†, *Howard Florey Institute,
University of Melbourne, Vic., 3010, Australia and †Physiology Department, School of Medical
Sciences, University of Bristol, Bristol BS8 1TD, U.K.

Angiotensin II (Ang II) acts in the nucleus of the solitary tract (NTS) to attenuate the reflex vagal
bradycardia following baroreceptor stimulation (Paton & Kasparov, 1999). In the present study we
determined whether Ang II in the NTS could also affect the cardiac sympathetic motor component of
the baroreceptor reflex response.

An in vitro working heart-brainstem preparation (WHBP) was prepared from Wistar rats (80-120
g). Following deep halothane anaesthesia, animals were transected sub-diaphragmatically,
decerebrated and perfused retrogradely, via the descending aorta, with Ringer’s solution plus ficoll
(1.25%) at 33oC. Inferior cardiac sympathetic nerve activity (ICN) was monitored via a suction
electrode. Activity was integrated and values expressed as percentages. Baroreceptor reflexes were
stimulated by increasing perfusion pressure.  Measurements of induced changes in heart rate and ICN
activity were made from the linear portion of the input:output function curve. Ang II (500 fmol) was
microinjected bilaterally into the NTS. Values quoted are mean ± SEM.

Basal perfusion pressure and heart rate were 72±5 mmHg and 316±18 bpm respectively (n=5).
Phrenic nerve activity showed an incrementing discharge pattern indicative of adequate cerebral
perfusion and oxygenation. The ICN exhibited ongoing activity that was modulated by inspiratory
drive.  Stimulation of the baroreceptors produced a marked depression of activity in the ICN by -
41.8±4% from control (100%; n=5). Following microinjection of Ang II into the NTS there was an
initial transient increase in ICN (15.0±5%). After this returned to baseline the baroreceptor reflex
mediated inhibition of ICN was attenuated to –26.6±4% (P<0.05; Students t-test). The baroreceptor
reflex inhibition of ICN activity recovered after a 10-15 min washout period. Losartan (an AT1

receptor antagonist; 20 µM; n=5) prevented the Ang II induced attenuation of the baroreceptor reflex
inhibition of ICN activity.

We conclude that Ang II at the level of the NTS attenuates the baroreceptor reflex-induced
inhibition of sympathetic activity destined for the heart.

Paton, J.F.R. & Kasparov, S. (1999) Journal of Physiology, 521.1, 213-225.

Research funded by the British Heart Foundation, Wellcome Trust and University of Bristol and the Australian
NH&MRC.
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THE RELATIONSHIP BETWEEN FLYING EXPERIENCE AND CARDIOVASCULAR
PERFORMANCE DURING +Gz STRESS IN FIGHTER PILOTS
D.G. Newman* and R. Callister, Faculty of Medicine and Health Sciences, University of Newcastle,
NSW; and *Department of Human Biology and Movement Science, RMIT University, VIC.

Fighter pilots frequently report that their ability to tolerate applied G loads increases with regular
exposure.  Our previous work (Newman et al., 1998; 2000) has shown that the cardiovascular system
of +Gz-adapted fighter pilots responds differently to an orthostatic challenge than non-pilots.  This
paper presents the results of an investigation into the relationship between jet flying hours (as a marker
of +Gz exposure) and the arterial blood pressure response to head-up tilt (as a marker of cardiovascular
performance during +Gz stress).

 14 male fighter pilots from RAAF base Williamtown participated in this study. Nine pilots had
more than 1000 hours jet flying experience and 5 pilots had less than 500 hours jet flying experience.
All pilots rested quietly in a supine position and then underwent a rapid (4 s) head-up tilt to +75
degrees. Arterial pressure was measured noninvasively on a beat-to-beat basis using a Finapres
(Ohmeda) Blood Pressure Monitor during 2 minutes of supine rest and for 30 seconds in the upright
position. For each subject, the change in MAP from mean resting values was obtained for the first 30
heart beats of the head-up tilt period. The average of the MAP tilt values were plotted against their
flying hours, and the MAP responses across the 30 s of tilt were compared between the experienced
and less experienced pilots.

 There was a strong correlation (r=0.87, P<0.01) between the MAP response to tilt and jet flying
hours.  Comparison of the experienced (>1000 hours) and less experienced (<500 hours) pilots’
responses to tilt indicates that the experienced pilots increased MAP more during the initial active tilt
and maintained MAP at a higher level throughout the 30 s tilt.  There were no significant differences
between the two groups in terms of age, height or weight.

The results of this study support the anecdotal experience of fighter pilots and suggest that high
performance flying experience is an important factor in determining the cardiovascular response to
acceleration stress. These findings are important in the search for better ways of protecting pilots from
the hazards of high +Gz flight.

Newman, D.G., White, S.W. & Callister, R. (1998) Aviation, Space and Environmental Medicine, 69,
446-451.

Newman, D.G., White, S.W. & Callister R. (2000) Aviation, Space and Environmental Medicine, 70,
255-259.
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DIFFERENT PATTERNS OF PRE- AND POST-GLOMERULAR RESISTANCE RESPONSES
TO REFLEX SYMPATHETIC ACTIVATION
K.M Denton and W.P. Anderson, Department of Physiology, Monash University, Victoria 3800,
Australia.

This study investigates the effects of recruitment of nerves on renal segmental resistances. The
bursting behaviour of nerve activity can be differentiated into frequency (rate of firing) and amplitude
(recruitment of nerves) responses. Increasing levels of hypoxia result in graded increases in renal
sympathetic nerve activity (RSNA) amplitude that is associated with progressive renal
vasoconstriction (Leonard et al., 2000), but the effects of RSNA on segmental renal vascular
resistances are not known. This is of particular interest given our recent identification of two distinct
nerve types that are differentially distributed to afferent and efferent arterioles (Luff et al., 1991).
Therefore we have estimated glomerular capillary pressure (Pgc) in 3 groups of rabbits exposed to
room air (n=6), 14% (n=6) or 10% oxygen (n=8).

Male rabbits (3.0 ± 0.1 kg) were anaesthetised with pentobarbitone (120 mg/kg bolus plus 0.2
mg/kg/min i.v.) and ventilated. Ear artery and vein catheters were placed for the measurement of mean
arterial pressure (MAP) and infusion of fluids. Via a flank incision the left kidney was exposed, the
renal nerves placed on recording electrodes and the kidney prepared for micropuncture (Denton &
Anderson, 1991). Effective renal blood flow (ERBF) and glomerular filtration rate (GFR) were
measured via the clearance of 14C para-aminohippurate and 3H-inulin, respectively. Pgc was estimated
as stop-flow pressure (Denton & Anderson, 1991). Measurements were made over two 60 min periods
before and after exposure to one of the gases. The rabbits were then killed by anaesthetic overdose.
Values are mean ± SEM. Data was compared using analysis of variance (*P < 0.05 change from
control).

Total RSNA increased in response to 14% O2 (89 ± 22 %, P < 0.05) and 10% O2 (162 ± 34 %, P
< 0.05). MAP did not change in
response to either level of
hypoxia. The renal function
results are given in the figure. No
significant changes in any
variable were seen in response to
room air. During 14% O2 ERBF
fell but GFR was maintained by
an increase in filtration fraction
(FF) due to an increase in Pgc

indicating preferential post-glomerular vasoconstriction. However, during 10% O2 there was no
change in FF and GFR fell due to a decrease in Pgc indicating a greater pre-glomerular component to
the vasoconstriction.

In conclusion, graded reflex activation of RSNA resulted in different patterns of response in
renal function, compatible with differential neural control of pre- and post- glomerular resistance.

Denton K.M. & Anderson W.P. (1991) Pflugers Archiv - European Journal of Physiology, 419, 235-
242.

Leonard B.L., Malpas S.C., Denton K.M., Madden A.C. & Evans R.E. (2000) American Journal of 
Physiology, (in press).

Luff S.E., Hengstberger S.G., McLachlan E.M. & Anderson W.P. (1991) Journal of Neurocytology,
20, 781-795.
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INFLUENCE OF RENIN-ANGIOTENSIN SYSTEM BLOCKADE AND DIETARY SODIUM
INTAKE ON CARDIOMYOCYTE GROWTH AND CONTRACTILITY
P. Trongtorsak, C.D. Griffiths, T.O. Morgan and L.M.D. Delbridge, Department of Physiology,
University of Melbourne, Parkville, Victoria, 3010, Australia.

Angiotensin-II and dietary sodium are known to play important roles in the regulation of
myocardial growth (Schmeider et al., 1996).  The anti-hypertrophic effects of angiotensin-converting
enzyme inhibitors (ACE-I) and angiotensin-II receptor (AT-1) antagonists have been established. Salt
restriction has also been shown to reduce cardiac mass experimentally (Morgan et al., 1998).  We have
previously shown that combined ACE-I and AT-1 antagonist treatment produces a more marked
suppression of cardiac growth with reduced dietary Na (Griffiths et al., 1999). This study investigates
the alterations in cardiomyocyte excitation-contraction coupling which occur in association with
cardiac growth suppression by renin-angiotensin system (RAS) blockade and low Na intake.

Male Sprague-Dawley rats (10-11 weeks) were fed high (4% w/w) or low (0.2%) w/w) Na-
containing chow, with tap water for 14 days. From day 7, RAS blockade was achieved by combined
daily treatment with ACE-I and an AT-1 antagonist (perindopril 6 mg/kg & losaratan 10 mg/kg, i.p.).
At the end of the treatment period, animals were anaesthetized (pentobarbitone sodium, 60 mg/kg,
i.p.), hearts removed and isolated ventricular cardiomyocytes prepared by enzymatic dissociation.
Compared with the high Na treatment group, RAS blockade combined with Na restriction produced a
significant (P<0.05) suppression of cardiac growth evidenced by reduced wet heart weight (1.55±0.04
vs 1.72±0.05 g) and cardiac index (3.92±0.07 vs 4.24±0.11 g/kg).  Parallel differences in
cardiomyocyte size were observed by determining the mean dimensions of 50 myocytes per animal
(n=7 for each group).  Myocytes from the low Na group had significantly smaller width (26.6±0.6 vs
29.7±0.06 µm) and length (112.3±2.3 vs 118.9±1.4 µm) compared to the high Na treatment group.

High resolution optical techniques were used to measure the isotonic shortening of single
cardiomyocytes under standardised conditions (36°C, 3 Hz stimulation and 1 mM Ca2+ Hepes buffer).
The basal steady-state contractile performance of myocytes from the low Na treatment group was
depressed compared to myocytes from the high Na treatment group (n=50, 51). The maximal cell
shortening attained during the contractile cycle (6.40±0.17 vs 7.32±0.16 % resting length) and the
maximal rate of shortening (3.85±0.14 vs 4.29±0.11 cell length/s) were significantly reduced, and the
contractile cycle time was abbreviated (89.5±2.8 vs 96.8±2.3 ms). Myocytes were exposed to the Na-H
exchanger blocker, HOE694 (40 µM, Hoechst Marion Roussel) for 10 min.  HOE694 had a
significantly greater negative inotropic effect on myocytes from the low Na treatment group. Maximal
shortening of myocytes was reduced to 52±2% of initial value in the low Na group (n=8) compared to
a reduction to 69±3% of initial level in the high Na group (n=10).

These studies demonstrate that the suppression of cardiac growth which occurs with combined
RAS blockade and dietary Na restriction is associated with reduced cardiomyocyte size.  Growth
suppression is linked with comparatively impaired cardiomyocyte basal contractility, and with
increased susceptibility to in vitro block of the Na-H exchanger.  These responses may represent a
functional shift in cardiomyocyte pH homeostasis in the environment of chronically altered
angiotensin-II signalling.

Griffiths, C.D., Delbridge, L.M.D. & Morgan, T.O. (1999) Proceedings of the Australian Physiological
and Pharmacological Society, 27(2), 76P.

Morgan T.O., Aubert, J-F. & Wang, Q. (1998) Kidney International, 54 (suppl. 67), S213-S215.
Schmieder, R.E., Langenfeld, M.R.W., Friedrich, A.F., Vapaatalo, H. & Karppanen, H. (1996)

Circulation 94, 1304-1309.

Supported by the NH&MRC of Australia. HOE694 generously donated by Dr H-J Lang, Hoechst Marion
Roussel, Germany.
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THE ROLE OF ANGIOTENSIN II IN ISCHEMIA AND PRECONDITIONING IN ISOLATED
RAT HEART
X-H. Xiao and D.G. Allen, Department of Physiology F13, University of Sydney, NSW 2006, Australia.

Angiotensin II (AII) antagonists reduce the myocardial damage caused by ischemia and
reperfusion (Werrmann & Cohen, 1996) suggesting that AII has a role in causing ischemic damage.  It
is also known that the inhibition of the cardiac Na+/H+ exchanger (NHE1) reduces myocardial damage
(Karmazyn et al., 1999) and we recently suggested that ischemic preconditioning was also caused by
inhibition of NHE1 (Xiao & Allen, 1999). Another recent discovery is that NHE1 is partially regulated
by endogenously released AII (Cingolani et al., 1998). These disparate findings can be explained if AII
is a key regulator of NHE1 and if its release is increased after ischemia but reduced after a
preconditioned ischemia. We have tested this novel hypothesis.

Rats were anaesthetized with pentobarbitone and the hearts were isolated and developed pressure
(DP) was recorded. Some hearts were preconditioned with three cycles of 5 min-ischemia. Reperfusion
injury was assessed by DP recovery on reperfusion and by the magnitude of reperfusion contracture

(RC).
Panel A shows

that 30 min ischemia
and reperfusion
damaged the heart:
the DP recovery was
17 ± 2% of pre-
ischemia level and
the RC was 65 ± 5
mm Hg (n = 7).

Panel B shows that the functional recovery was improved by the application of the AII receptor
blocker (losartan; 10 µM): the DP recovery was 55 ± 4% and RC was 35 ± 6 mmHg (n = 6).
Preconditioning also improved the functional recovery (not shown): the DP recovery was 72 ± 5% and
RC was 25 ± 5 mmHg (n = 6). Panel C shows that when AII (1 µM) was applied to preconditioned
heart the preconditioning effect was lost: DP recovery was only 26 ± 4% and the RC was 60 ± 5
mmHg (n = 8). Panel D shows that when AII was simultaneously applied with an NHE1 inhibitor
(HOE 642; 10 µM) in preconditioned hearts, the effect of preconditioning was restored: the DP
recovery was 75 ± 7% and the RC was 15 ± 3 mm Hg (n = 6).

Thus an AII receptor blocker protects the heart from ischemic damage; AII reverses
preconditioning protection and this effect is eliminated by NHE1 inhibition. These results point to a
direct role for locally produced AII in regulating NHE1 and in ischemic damage. Direct measurements
of AII are needed to confirm this proposal.

Cingolani, H.E., Alvarez, B.V., Ennis, I.L. et al. (1998) Circulation Research, 83, 775-780.
Karmazyn, M., Gan, X.T., Humphreys, R.A. et al. (1999) Circulation Research, 85, 777 –786.
Werrmann, J.G. & Cohen, S.M. (1996) Journal of Cardiovascular Pharmacology, 27 (2), 177-182.
Xiao, X-H. & Allen, D.G. (1999) Circulation Research, 85, 723-730.
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INTRACELLULAR ACIDOSIS PROTECTS AGAINST Ca2+ OVERLOAD-INDUCED Ca2+

WAVES IN RAT VENTRICULAR MYOCYTES
C.D. Balnave* and R.D. Vaughan-Jones, University Laboratory of Physiology, University of Oxford,
Parks Road, Oxford OX1 3PT

In myocytes loaded with the fluorescent Ca2+ indicator fluo-3, spontaneous localised release of
Ca2+ through channels in the sarcoplasmic reticulum (SR), known as a Ca2+ spark, can be detected.
We have previously shown that acidosis reduces spontaneous Ca2+ spark frequency due to inhibition
of the SR Ca2+ release channel (Balnave & Vaughan-Jones, 1999).

Under conditions in which the SR becomes overloaded with Ca2+, Ca2+ sparks summate to
produce waves of Ca2+ release that propagate throughout the myocyte.  In whole hearts Ca2+ waves
may induce damaging cardiac arrhythmias.  Therefore, we investigated whether acidosis can protect
myocytes by inhibiting Ca2+ wave generation.

Rats were killed by cervical dislocation and ventricular myocytes enzymatically isolated from
the hearts and loaded with fluo-3 AM (10 µM).  Myocytes were superfused with HEPES-buffered
solutions (pH 7.4) at room temperature (~22° C).  Ca2+ overload was achieved by increasing the Ca2+

concentration of the superfusate from 1 mM to 10 mM.  An intracellular acid load of ~0.75 pH units
was imposed by adding sodium acetate (80 mM) to the superfusate for one minute.  A confocal
microscope (Leica DM IRBE) was used in line-scan mode to continuously record changes in the
intracellular calcium concentration ([Ca2+]i) during a one minute collection period.  Images were taken
before and one minute after the introduction of the acid load.  In a parallel series of experiments
carboxy SNARF-1 was used to measure pHi.

No Ca2+ waves were observed in cells prior to the increase in superfusate [Ca2+].  When Ca2+

overload was induced cells produced Ca2+ waves at regular intervals.  However, when an acid load
was then introduced, Ca2+ wave frequency initially decreased, but then gradually increased throughout
the collection period to a significantly higher level.

One plausible explanation for the increase in Ca 2+ wave frequency over time is that the removal
of H+ from the cell via Na+-H+ exchange progressively increases the [Na+]i, which may in turn affect
Na+-Ca2+ exchange and cause Ca2+ loading at rest and inhibit Ca2+ removal during a Ca2+ wave.  To
investigate this hypothesis we added the specific Na+-H+ exchange inhibitor HOE 694 (30 µM) to the
superfusate.  Acidosis in the presence of HOE 694 significantly reduced Ca2+ wave frequency and
maintained it at a low level throughout the collection period.

The results provide evidence that, during Ca2+ overload, intracellular acidosis can be both
protective, by directly inhibiting SR Ca2+ release, and harmful, by indirectly modifying sarcolemmal
Ca2+ flux.

Balnave, C.D. & Vaughan-Jones, R.D. (1999) Journal of Physiology, (in press).
__________________________________________________________________________________
Supported by The Welcome Trust and the BHF of Great Britain.  CDB supported by an NH&MRC of Australia
C.J. Martin Fellowship (977306).
*Present address: Department of Physiology, University of Sydney, NSW 2006, Australia.
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SIMULATION OF STEADY-STATE AND TRANSIENT MECHANICS IN CARDIAC
MUSCLE FOLLOWING TROPONIN I PHOSPHORYLATION
G.H. Rossmanith, Biomedical Systems Research Group, Division of Information and Communication
Sciences, Macquarie University, NSW 2109, Australia

Adrenaline accelerates cardiac mechanics through the PKA mediated phosphorylation of
troponin I (Turnbull et al., 1999; Kentish et al., 2000).  This acceleration has been reported under
conditions of steady activation (Hoh et al., 1988), and in response to an abrupt decrease in [Ca++]
(Kentish et al., 2000).  It is of interest to see whether a model that can simulate acceleration of
mechanics under steady activation (Rossmanith &Tjokorda, 1998) is also sufficient to simulate the
accelerated relaxation of tension initiated by an abrupt decrease in [Ca++].

Cross-bridge kinetics under steady activation have been probed by means of measurements of
dynamic stiffness initiated by small-amplitude changes to muscle length, and in particular by the
frequency, fmin, of the length-change that results in minimum stiffness.  Fmin has been shown to
increase by approximately 50% in response to adrenaline. Kentish et al. (2000) reported that the
tension relaxation following flash photolysis of diazo-2 is well fitted by a bi-exponential decay, and
that the acceleration in relaxation occurs principally because of an increase in the slow rate constant
with the fast rate constant being only minimally affected.

For steady activation, the change in fmin can be simulated by increasing the rate of detachment
of cross-bridges from the force-producing state.  If the abrupt decrease in [Ca++] is modeled by simply
preventing cross-bridges from reattaching, relaxation of tension occurs.  It was found that this
relaxation profile matched the experimental data: it consisted of two exponential processes with ‘slow
and ‘fast’ rate constants; the increase in cross-bridge detachment required to simulate the shift in fmin
resulted in speeding up of the slow exponential process whilst only slightly changing the fast
component.  However the amplitudes of these exponential processes were not well fitted. In particular,
the amplitude of the fast exponential process was too small, leading to an overall slower relaxation of
tension than reported. What was not included in this simple model were factors like calcium kinetics
induced by an abrupt decrease in [Ca++], or cooperativity between cross-bridges, and these factors
could well play a part in determining the profile of tension relaxation.

Hoh, J.F.Y., Rossmanith, G.H., Kwan, L.J. &  Hamilton, A.M. (1988) Circulation Research,  62(3),
452-461.

Kentish, J.C., Palmer, S., Leiden, J.M, Martin, A.F., McCloskey, D.T. & Solaro, R.J. (2000)
Biophysical Journal, 2162-Pos.

Rossmanith, G.H. & Tjokorda, O.B. (1998) Clinical and Experimental Pharmacology and Physiology, 25,
522-535.

Turnbull, L., Hoh, J.F.Y., Ludowyke, R. & Rossmanith, G.H. (1999) Proceedings of the Australian
Physiological and Pharmacological Society, 30(2), 18P.
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EFFECTS OF SUBSTRATES AND INSULIN ON THE EFFICIENCY OF RAT PAPILLARY
MUSCLES
D.T. Beakley and C.L. Gibbs, Department of Physiology, Monash University, Clayton, Victoria, 3800,
Australia.

It has been reported recently in working rat heart preparations that the provision of insulin or the
addition of ketones to physiological buffer containing 10 mM glucose increases mechanical efficiency
by increasing the work output per beat (Sato et al., 1995).  There are also conflicting reports as to
whether propionyl-L-carnitine (PLC) can improve mechanical efficiency.

We decided to take advantage of the maintained mechanical performance of isolated papillary
muscles to test the hypothesis that the provision of certain substrates and insulin can alter mechanical
contractility and efficiency.  Papillary muscles were dissected from the left ventricle of adult rats that
had been killed humanely.  The muscles were mounted on a thermopile containing antimony-bismuth
thermocouples to measure heat production (Baxi et al., 2000) and were made to work against a range
of different afterloads.  All experiments were carried out at 27°C, with preparations being stimulated in
trains of 10 contractions at 0.2 Hz at different afterloads.  The resting (non-beating) metabolism of the
hearts were measured and the net mechanical efficiency and the contractile efficiency, see Suga (1990)
were measured.  There were 4 substrate combinations (i) 10 mM glucose, (ii) 10 mM glucose + 100
nM insulin, (iii) 10 mM glucose + 4 mM D-b-hydroxybutyrate + 1 mM acetoacetate, and (iv) 10 mM
glucose + 2mM propionyl-L-carnitine.  A random allocation of the different substrate combinations
was made using a Latin square design.  Analysis of variance was performed on the data to test for
differences between the various solutions and differences were considered statistically significant at
P<0.05.

The resting heat (basal metabolism) declines exponentially with time (22% over 4-6 h) but none
of the substrates altered its magnitude.  The work per beat, the enthalpy and the mechanical efficiency
were essentially unchanged in the four substrates (P>0.05). Maximum work output occurred with
afterloads in the 0.4 to 0.6 P/Po range, where Po = isometric force.  The mean work per beat was close
to 1.1 mJ g-1.  A force-length-area (FLA) analysis of the isotonic data showed that contractile
efficiency was also unchanged (P>0.05).

There are obviously clear energetic differences between the effects of different substrates in
buffer-perfused isolated hearts working at 5 Hz and 37°C and papillary muscles working at 0.2 Hz and
27°C.

Baxi, J., Barclay, C.J. & Gibbs, C.L. (2000)  American Journal of Physiology, 278, H1545-H1555.
Sato, K., Kashiwaya, Y., Keon, C.A., Tsuchiya, N., King, M.T., Radda, G.K., Chance, B., Clarke, K.

& Veech, R.L. (1995)  FASEB, 9, 651-658.
Suga, H. (1990)  Physiological Reviews, 70, 247-277.
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REGULATION OF CARBOHYDRATE OXIDATION DURING EXERCISE AND HEAT
STRESS
P.U. Saunders*, M.J. Watt†, A.P. Garnham†, L.L. Spriet‡, M. Hargreaves†, and M.A. Febbraio*,
*Department of Physiology, The University of Melbourne, Parkville, 3010, †The School of Health
Sciences, Deakin University, Burwood, 3125, Vic., Australia, and ‡The Department of Human Biology
and Nutritional Sciences, The University of Guelph, ON, Canada.

Muscle glycogenolysis and carbohydrate oxidation are both increased by heat stress during
prolonged exercise (Febbraio et al., 1994). Glycogen phosphorylase and pyruvate dehydrogenase, the
key enzymes which regulate glycolytic flux and carbohydrate oxidation respectively, are maximally
activated 1 min after the onset of moderate intensity exercise (Howlett et al., 1998). Thus, the aim of
this study was to examine the effect of heat stress on muscle metabolism at the onset of moderate
intensity exercise.

Six active men (26.0 ± 5.0 yrs, 75.0 ± 6.7 kg, VO2 peak = 3.55 ± 0.39 l min-1, mean ± SD)
reported to the laboratory on two occasions in the morning after an overnight fast. Subjects positioned
a rectal thermometer, a basal blood sample was obtained after a catheter was positioned in the
antecubital space of one arm, and a resting muscle temperature was obtained from the vastus lateralis.
After this time, subjects entered an environmental chamber set at either 20oC (CT) or 40oC (HT)
(relative humidity 35% for both trials) and rested for 20 min, before a pre-exercise blood sample, rectal
(Trec) and muscle (Tmus) temperature measures were made and a muscle biopsy was obtained. Subjects
then commenced cycling exercise for 20 min at a power output eliciting ~70% VO2 peak. Muscle
biopsies were obtained at 1 min and 5 min of exercise. Together with the pre-exercise sample, these
were analysed for adenosine-5'-triphosphate (ATP), creatine (C), phosphocreatine (PCr), glucose-6-
phosphate (G-6-P), pyruvate (pyr), lactate (mLa-) and acetyl coA (ACoA). Muscle glycogen (Gly) was
measured pre-exercise and at 5 min. In addition to those obtained at rest, blood samples were obtained
at 5 min intervals throughout exercise for subsequent measurement of plasma adrenaline (Adr).  Tmus
and Trec were also measured at 1, 5 and 20 min of exercise. Although Tmus was similar at rest, 20 min
of passive exposure to heat increased (P<0.05) Tmus in HT compared with CT. This difference was
maintained throughout exercise. Neither Trec nor Adr were different at rest, pre-exercise or at 1 and 5
min but Trec was higher (P<0.05) and Adr tended to be higher (P=0.051) after 20 min of exercise in
HT compared with CT. In addition, neither ATP nor Pyr were affected by treatment or exercise.
Although C, G-6-P, mLa- and ACoA increased (P<0.05) and PCr and Gly decreased (P<0.05) when
comparing concentrations at 1 and 5 min with those pre-exercise, no differences were observed when
comparing HT with CT.

The results of the present study demonstrate that heat stress does not alter intramuscular
metabolism at the onset of exercise. It is likely, therefore, that as exercise in the heat progresses and
the difference in circulating adrenaline is augmented, the activation of the enzymes which regulate
carbohydrate utilisation are increased resulting in enhanced glycogen use.
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EFFECT OF SIMULATED MODERATE ALTITUDE EXPOSURE ON SKELETAL MUSCLE
METABOLITES AND pH REGULATION IN HIGHLY TRAINED ATHLETES
R.J. Aughey*, M.J. McKenna*, C.J. Gore†, A.G. Hahn‡, D.T. Martin‡, M.J. Ashenden‡, S.A. Clark‡,
A.P. Garnham¶, A.D. RobertsΨ and G.J. Slater‡, *Victoria University of Technology, Melbourne;
†Australian Institute of Sport, Adelaide; ‡Australian Institute of Sport, Canberra; ¶Deakin University,
Melbourne; ΨCanberra University, Canberra.

Athletes commonly use altitude exposure in an attempt to enhance aerobic exercise performance.
The aims of this study were to investigate whether hypoxic exposure would in fact increase muscle
anaerobic metabolism, H+ buffering capacity, improve exercise acid-base regulation and exercise
performance. Six well-trained athletes slept by night (mean 9.5 h night-1) at simulated moderate
altitude (3000m, FIO2 = 15.48 %) for 23 nights (Live High & Train Low, LHTL) and lived and trained
by day in Canberra (altitude ~600 m). 7 control athletes lived, trained and slept in Canberra (C).
Subjects completed an exercise trial comprising 4 × 4 min submaximal workrates, 4 min rest and 2 min
at 5.6 W kg-1, 4 d before and 3 d after LHTL. A vastus lateralis muscle biopsy was taken at rest and
after exercise and analysed for in-vitro H+ buffering capacity (βm), [H+], and glycogen, lactate, ATP,
PCr and Cr contents. V

•
O2peak was measured 5 d before during d 11 and 2 d after LHTL, where the

subjects completed the above exercise test with an additional 2min, completing as much work (kJ2min)
as possible. Total work (kJ2min) was maintained after LHTL, although V

•
O2PEAK was reduced (7%,

P<0.05). The submaximal efficiency of LHTL group was improved 0.8% from PRE (18.9 ±2.7%) to
POST (19.7 ±2.4%), (p=0.007). Lactate post exercise tended to be lower after LHTL compared with C
(p= 0.06). LHTL did not modify muscle [H+], or other metabolites at rest or at fatigue. However,
resting muscle ßm was increased by 17.5 ± 4.9% after LHTL (see Table).

PRE LHTL POST LHTL PRE CONT POST CONT
V
•

O2peak  (l min-1) EX 5.08±0.34 4.78±0.36* 4.95±0.45 4.87±0.44
Total work (kJ2min) EX 50.0±4.2 49.2±4.2 50.5±6.0 50.3±5.8

RE 71.1±3.8 67.3±5.5 69.0±4.4 66.4±4.8[H+]
(nmol L-1) EX 156.6±22.8 139.9±20.4 162.3±21.9 140.5±20.5
βm (µmol H+ g dw-1 pH-1) RE 138.4±13.3* 162.7±14.2* 145.6±14.8 145.7±8.8

RE 28.6±0.8 28.6±0.6 28.7±1.2 28.7±1.0ATP
(mmol kg dw-1) EX 18.0±0.5 18.1±0.5 18.0±0.3 17.9±0.4

RE 87.9±0.7 87.9±0.5 89.1±1.9 89.0±1.9PCr
(mmol kg dw-1) EX 62.5±0.9 62.3±0.7 62.9±0.7 63.0±1.1

RE 576±98 571±79 611±68 599±56Glycogen (glucosyl units)
(mmol kg dw-1) EX 245±15 247±10 235±19 227±27

RE 5.9±2.9 6.0±2.5 4.9±0.6 4.9±0.5lactate
(mmol kg-1) EX 44.5±7.1 40.1±12.1 47.5±2.5 48.2±3.4
Anaerobic ATP Production
Rate (mmol kg dw s-1)

0.57±0.08 0.51±0.16 0.62±0.03 0.63±0.05

RE 0.177±0.010 0.174±0.013 0.168±0.014 0.166±0.015Protein
(mg mg muscle-1) EX 0.175±0.013 0.174±0.012 0.168±0.012 0.166±0.014

Data are mean ± SD, Post>Pre * P<0.05

In conclusion, LHTL for 23 nights at 3000m did not enhance muscle anaerobic metabolism,
despite an increase in mechanical efficiency and a decrease in V

•
O2 during exercise., Despite the

increase in muscle ßm, muscle pH regulation was not improved. This increase in ßm with hypoxic
exposure may be related to some other function than pH regulation.


