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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
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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.



Proceedings of the Australian Physiological and Pharmacological Society (2000) 31(2) 11P

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.


