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Rapid Report

A novel signalling pathway originating in mitochondria
modulates rat skeletal muscle membrane excitability

Niels @rtenblad and D. George Stephenson
Department of Zoology, La Trobe University, Bundoora, Melbourne, Victoria, 3086, Australia

Single skeletal muscle fibres from rat and cane toad were mechanically skinned and stimulated
either electrically by initiating action potentials in the sealed transverse (t-) tubular system or by ion
substitution causing depolarisation of the t-system to pre-determined levels. Depression of
mitochondrial ATP-producing function with three diverse mitochondrial function antagonists
(azide: 1-10 mMm; oligomycin 1 ug ml™" and carbonyl cyanide 4-trifluoromethoxyphenylhydrazone
(FCCP) 1 uM), under conditions in which the cytosolic ATP was maintained high and constant,
invariably reduced the excitability of rat fibres but had no obvious effect on the excitability of toad
fibres, where mitochondria are less abundant and differently located. The reduction in excitability
linked to mitochondria in rat fibres appears to be caused by depolarisation of the sealed t-system
membrane. These observations suggest that mitochondria can regulate the functional state of
mammalian muscle cells and have important implications for understanding how the balance
between ATP utilisation and ATP production is regulated at the cellular level in general and in
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mammalian skeletal muscle fibres in particular.
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It is vitally important for cells to keep the balance between
ATP utilisation and ATP production and there are several
well-known signalling pathways whereby the rate of ATP
production is regulated by processes associated with a
change in ATP demand. However, in order to ensure that the
rate of ATP utilisation does not exceed the maximum
capacity of ATP production it would be necessary that cells
have a reverse signalling pathway whereby the ATP-
generating capacity restrains the rate of ATP utilisation.
This should be particularly important for cells that have a
high ATP turnover. Contrary to one’s intuition, the
change in cytosolic [ATP] is not an appropriate signal in
such a feedback mechanism because [ATP] must remain
within a narrow range for normal cell function and a
significant depletion of ATP has irreversible deleterious
effects on cell functional integrity.

In intact cells, it is not possible to block ATP production
without causing rapid, marked changes in the
composition of the internal environment with respect to
pH, the concentrations of Ca**, Mg**, inorganic phosphate
and ADP and other modulators of cellular function.
Therefore, changes in cellular function caused by
inhibitors of various ATP-producing pathways cannot be
directly linked to one particular factor. To overcome this

problem we used a mechanically skinned muscle fibre
preparation in which one has direct access to control the
intracellular environment (Moisescu & Thieleczek, 1978;
Lamb & Stephenson, 1994) while maintaining fibre
structural integrity (Lamb et al. 1995) and excitability to
electrical stimulation (Posterino et al. 2000). Using this
skinned fibre preparation, we show that inhibiting the
mitochondrial ATP-producing ability of rat fast-twitch
fibres reduces fibre excitability in a dose-dependent and
reversible fashion under conditions in which the
composition of the cytosolic environment, including
[ATP] is maintained constant. The importance of this new
signalling pathway for cellular function in general, and
muscle function in particular, is considerable.

METHODS

Microdissection of mechanically skinned fibres

Male Long Evans hooded rats (1618 weeks old) were killed by
halothane overdose and cane toads (Bufo marinus) were stunned
by a blow to the head and killed by double pithing, in accordance
with the procedures approved by La Trobe University Animal
Ethics Committee. The extensor digitorum longus (EDL, fast-
twitch) muscle of the rat and the iliofibularis muscle of the toad
were rapidly excised and immersed in paraffin oil. Mechanically
skinned fibre preparations were obtained from the EDL muscle
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and the twitch region of the iliofibularis muscle by rolling back the
sarcolemma using jewellers’ forceps (see Fig. 1A) as previously
described (Fink et al. 1986; Lamb & Stephenson, 1994). The
preparation was then mounted onto a force transducer (SensoNor
801, Norway), stretched to 120 % of slack length and immersed in
astandard rat (or toad, as appropriate) K*-solution mimicking the
cytosol.

Solutions

The standard control solution (K-HDTA solution) contained
(mm): K* 127 (rat) or 117 (toad), Na' 36, hexamethylene-
diamine-tetraacetate (HDTA?) 50, total ATP 8, creatine
phosphate (CrP) 10, total Mg** 8.6 (1 free Mg**), Hepes 90 (rat) or
60 (toad) (pH 7.10 + 0.01) and total EGTA 0.05. The pCa (—logy,
[Ca™]) was adjusted to 7.0 using a Ca**-sensitive electrode (Orion
Research Inc., Boston, MA, USA). In the 0 Na-HDTA solution, all
Na" was replaced by K™ and the Na-HDTA solution was identical
to the K-HDTA solution, except that Na' replaced all K.
Solutions of different [K*] were obtained by mixing K-HDTA and
Na-HDTA solutions in various proportions. In Ca**-activating
solutions HDTA* was replaced with EGTA* /CaEGTA*™ buffer.
The low-Mg** solution was similar to the K-HDTA solution but
contained only 0.8 mM total Mg®* (15 uM free Mg®*). Rat and toad
solutions had osmolalities of 290 + 2 and 255 + 2 mosmol kg,
respectively. All experiments were performed at 24-25°C.
Control and test solutions containing mitochondrial function
antagonists were made by dividing solutions into two and adding
the antagonist to one half. Antagonist concentrations (1-10 mm
azide, 1 ug ml™" oligomycin and 1 M FCCP (carbonyl cyanide 4-
trifluoromethoxyphenylhydrazone)) were selected based on
previously published work and were tested in preliminary
experiments. Azide was added from an 80 mMm stock in K-HDTA,
0 Na-HDTA or Na-HDTA solution as appropriate, and oligomycin
and FCCP were added from concentrated stock solutions in
DMSO (3 mg ml™" and 4 mm, respectively). The [DMSO] used
had no effect on force responses. All chemicals were of analytical
grade. HDTA was obtained from Fluka (Buchs, Switzerland) and
most other chemicals were from Sigma (St Louis, USA)

Fibre activation

Fibre excitation was achieved either by electrical field stimulation
(2 ms pulses at 50 V.cm™) using two platinum wire electrodes
running parallel to the skinned fibre and eliciting action potentials
in the sealed t-system (Posterino et al. 2000) or by replacing the K-
HDTA solution with Na-HDTA solution (ion substitution; Lamb
& Stephenson, 1994). The experiments were performed such that
a twitch response was evoked as soon as possible following
exposure to the antagonist (within about 5 s) and subsequently
every 15s until steady-state twitch responses were obtained
(usually within 90s). At the end of an experiment, the fibres were
exposed to the low-Mg** solution to ascertain the level of Ca®" in
the sarcoplasmic reticulum (SR) and then were maximally
activated in a strongly Ca**-buffered (30 M) solution containing
50 mMm CaEGTA/EGTA. Force responses were recorded at 1 kHz
using a 200 series Powerlab and the results were analysed using
GraphPad Prism software (San Diego, CA, USA).

Statistics

Unless otherwise stated statistical comparisons were made using
one-way analysis of variance (ANOVA) and significant differences
between means were located by Fisher’s PLSD post hoc test.
Statistical significance was accepted at P < 0.05. All values are
given as means * S.E.M.
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RESULTS

Figure 1B shows representative action potential-induced
twitch-force responses elicited by electrical stimulation
(see Methods) in the same mechanically skinned rat fibre
under control conditions and when the mitochondrial
ATP-producing function was impaired with 1 or 5 mm
azide, an inhibitor of oxidative phosphorylation, and 1 um
FCCP which uncouples F1-FO ATP synthase from electron
transport. Note that the twitch response under control
conditions is greater than in the intact muscle fibre
because of the low [EGTA] and lack of parvalbumin in the
myoplasmic environment (see Posterino et al. 2000).
Oligomycin (1 ugml™), a third unrelated type of
mitochondrial inhibitor that inhibits the F1-FO ATP
synthase was also used and the results are summarised in
Fig. 1C. In all instances, the twitch response of the rat
muscle fibres was rapidly (within 90 s) depressed in a dose-
dependent and reversible mode. Thus, inhibition of
mitochondria in rat fibres with 1 and 5mm azide
depressed twitch force by 33 £ 5% (n = 18) and 90 £ 5%
(n = 11), respectively. There was no further decrease in the
twitch response when the [azide] was increased to 10 mMm.
Oligomycin (1 ug ml™', n = 6) depressed rat twitch force
by 58 + 8% and FCCP (1 uM, n=7) by 51 + 6 %. After
exposure to azide (Fig. 1B), the twitch response recovered
almost completely within minutes, whilst recovery after
exposure to FCCP and oligomycin was slower because they
are lipid soluble and wash out more slowly. Importantly,
when the sealed t-system was maximally depolarised by
ion substitution (Fig. 1D) there was no statistically
significant depression of the t-system depolarisation-
induced response after exposure to 1 mm azide, 1 g ml™
oligomycin or 1 um FCCP in the standard solution,
indicating that the inhibition of mitochondrial ATP-
generating function affects events in the excitation—
contraction (E-C) coupling preceding the activation of the
voltage sensors/dihydropyridine receptors (DHPRs).

Another approach demonstrating that the decrease in the
twitch response was related to mitochondria was to apply
the same mitochondrial inhibitors to muscle fibres in
which mitochondria were differently located and occupied
a smaller fractional fibre volume than in rat EDL fibres. In
fast-twitch mammalian fibres most mitochondria are
located transversally to the fibre axis and in close
proximity to the t-tubules (Fig. 1A) while in anuran twitch
fibres mitochondria are located close to the sarcolemma
and in long columns between myofibrils and are also
generally less abundant (Smith & Ovalle, 1973; Mobley &
Eisenberg, 1975; Eisenberg & Kuda, 1976; Davey & Wong,
1980; Ogata & Yamasaki, 1987, 1993; Linnergren et al.
1999). Indeed, from the electron microscopy data
obtained in this laboratory on mechanically skinned rat
EDL and cane toad iliofibularis fibres in connection with a
previous study (Lamb ef al. 1995), we could confirm the
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different arrangement of mitochondria in the twitch fibres
of the two species and estimate that the fractional volume
occupied by mitochondria in the toad fibres was smaller
than that in the rat EDL fibres (2.28 + 1.08 % (n =7) vs.
4.64 £ 0.87% (n = 8), P <0.03; Mann-Whitney one-tailed
test). Figure 2B shows representative results with cane toad
twitch fibres and the results are summarised in Fig. 2C and
D, showing clearly that 1 mm azide, 1 g ml™' oligomycin
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Together, the above observations suggest that mitochondrial
inhibition elicits a signal in mitochondria leading to
decreased excitability of the sealed t-system. The signal is
expected to be weaker in toad than in rat fibres due to the
reduced presence of mitochondria and their different
location away from the t-tubules, thus explaining the lack
of effect of mitochondrial inhibition on action potential-
induced twitch responses in toad fibres.

and 1 gM FCCP had no effect on either the twitch response

L . Several lines of evidence indicate that this mitochondrially
or on the t-system depolarisation-induced response by ion

linked twitch depression is caused by t-system
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Figure 1. Effect of mitochondrial antagonists on the excitability of mechanically skinned rat
EDL fibres

A, schematic representation of mammalian fibre ultrastructure and of the mechanical skinning procedure.
Note that paired long mitochondria are transversely located at the I-band level wrapped around the
contractile apparatus and in contact with SR but clearly separated from t-tubules. B, representative force
responses to electrical stimulation, exposure to low-Mg?* solution and to a maximally Ca’*-activating
solution (pCa 4.5) from one preparation equilibrated in standard K-HDTA solutions with and without
mitochondrial antagonists. C, summary of the twitch-force response data (n = 6-11). D, summary of the
force responses when replacing the K-HDTA solution with a Na-HDTA solution (n = 3-5). Z, Z-line; A,
A-band; I, I-band. Here and in subsequent figures: Con, control; Oligo, 1 g ml™ oligomycin; FCCP, 1 um
FCCP.
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Figure 2. Effect of mitochondrial antagonists on the excitability of mechanically skinned
cane toad muscle fibres

A, representative force responses from one preparation equilibrated in standard K-HDTA solutions with and
without mitochondrial antagonists. Summary of twitch data (B) (n = 6-7) and of force responses when
replacing the K-HDTA solution with a Na-HDTA solution (C) (n =7, 5 and 2 for azide, oligomycin and
FCCP, respectively).
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Figure 3. Effects of t-system depolarisation on force responses in rat fibres

A, summary of twitch-force responses of partly depolarised rat fibres incubated in the presence of 43 mm K*
(Vi about =60 mV) (n =7, 6, 4 and 3 for controls, 1 mm azide, 1 ug ml™' oligomycin and 1 um FCCP,
respectively). B, representative twitch responses at high temporal resolution in the same fibre when partially
depolarised in the 43 mm K solution and when equilibrated in standard myoplasmic solution with 1 mm
azide or 1 ug ml™' oligomycin. Responses were normalised to the same peak height and overlaid. C, action
potential-induced twitch-force responses (continuous line) and force responses induced by t-system
depolarisation with the Na-HDTA solution (dotted line) in rat fibres equilibrated in solutions of different
myoplasmic [K*]. The lower x-axis is the estimated t-system membrane potential (see text). The test twitch
responses were bracketed by twitch responses in the standard K-HDTA solution. Data points were best fitted
by the Bolzmann-equation (F,y.ve = 1/(1 + exp(Fs, — [K'])/slope)), with half-maximal responses (Fs,) at 50
and 27 mM K" and slopes of 12 and 9 mw for the twitch and ion substitution curves, respectively.
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control myoplasmic solution was substituted with test
solutions containing mitochondrial antagonists, there
were either spontaneous twitch-like responses (often
larger than the control twitch responses) or slower and
smaller transient force responses, which decreased in size
over several seconds and then normally disappeared. The
responses are similar to responses when the control
myoplasmic solution is substituted with lower [K']-
containing solutions causing partial depolarisation of the
t-system. Secondly, an initial twitch potentiation over a
period of several seconds was observed in 50, 33 and 29 %
of fibres following exposure to 1 mm azide, oligomycin
and FCCP, respectively. Thirdly, in the presence of azide,
the force—frequency curves obtained with mechanically
skinned rat fibres were reduced in size to 50.9 = 17.2%
(n=4,1 mmMazide) and 9.7 + 2.6 % (n = 3, 2 mM azide) of
controls and shifted to higher frequencies of stimulation
(log ratio of frequencies to generate 50% maximum
tetanic force in azide and in control solutions: 0.60 % 0.20
(n=4 for 1 mm azide) and 0.87 £ 0.27 (n =3 for 2 mm
azide)), and in one instance also displayed a negative slope
at higher frequencies, as it would be expected if the
t-system were partially depolarised. Fourthly, as shown in
Fig. 3A, the effect of the inhibitors on the twitch response
was stronger when the sealed t-system of rat fibres was
initially partially depolarised for several minutes by
incubation in solutions with lower [K'] than in the
standard control solution. This would be expected if the
mitochondrial function inhibitors caused a certain
amount of depolarisation. In order to show this, one can
use the fibre excitability curve shown in Fig. 3C
(continuous line) for the action potential-induced twitch
forces when the preparations were equilibrated in
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solutions of different [K*]. The estimated membrane
potential (V,,) across the t-system is shown on the lower
abscissa assuming that [K'] in the sealed t-system was
3mM and that the ratio between Na®- and K'-
permeability (Py./Px) was 0.01 (Hodgkin & Horowicz,
1959). From the excitability curve one can see that for a
certain depolarisation, there would be a larger percentage
drop in the twitch response if the fibre was partially
depolarised. Figure 3C also shows the (inactivation) curve
(dotted line) obtained for the t-system depolarisation-
induced force responses by Na* substitution as [K'] and
V. were altered. Note that this curve is displaced to
markedly more positive V,, values compared with the
twitch curve because the size of the ion substitution-
induced response depends on the level of voltage
sensor/DHPR inactivation while the size of the action
potential-induced response depends on the level of Na*
channel inactivation (Ruff, 1999). The different positions
on the x-axis of the two curves in Fig. 3C also fully explain
why the action potential-induced twitch responses were
more sensitive to the mitochondrial antagonists than
the depolarisation-induced force responses by ion
substitution in rat fibres (Fig. 1Cand D).

Representative twitch responses obtained in the same fibre
when equilibrated with 1 mM azide, 1 g ml™" oligomycin
under standard conditions, or partially depolarised under
control conditions (43 mMm myoplasmic K*) to cause a
similar level of twitch response depression (Fig. 1C) are
overlaid in Fig. 3B with high temporal resolution after the
peak force responses were normalised. The lack of any
significant difference in the time course of the three twitch
responses in Fig. 3B provides further support for the
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Figure 4. Change in rat fibre excitability after rapidly stopping the Na*-K*-ATPase by Na*

removal from the myoplasmic environment

Twitch-force responses from a representative fibre elicited every 3 sin a 0 Na-solution in the absence and the
presence of 1 mMm azide. The last trace is the normalised response of the change in the level of activation of the
contractile apparatus when changing from a Na-EGTA (pCa 6.0) to a K-EGTA (pCa 6.0) solution. This
change in level of activation is due to the lower Ca** sensitivity in the presence of Na* (Fink et al. 1986) and
approximates the time taken (2-3 s) to remove Na* from the myoplasmic environment.
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conclusion that mitochondrial antagonists cause partial
depolarisation of the t-system, and also indicates that steps
in the E-C coupling (Stephenson et al. 1998) following
triggering of action potentials are not affected by
inhibition of mitochondria.

The extent of t-system depolarisation by mitochondrial
signalling can be deduced from the (continuous line)
curve relating action potential-induced twitches to V,, in
Fig. 3C. From this curve, one can estimate that 1 mMm azide
caused V,, depolarisation of 20 and 16 mV in the fully and
partly polarised fibres, and that 5 and 10 mm azide
depressed V,, by 45 mV whilst 1 ug ml™" oligomycin and
1 um FCCP caused V,, depolarisation of about 30-35 mV
both in the 43 mM K" and in the standard solution.

Important information concerning the mechanism
responsible for the observed depolarisation of the t-system
in the presence of mitochondrial antagonists can be
obtained from the rate of decline of the twitch responses
after rapidly blocking the Na'—K*-ATPase by removing
Na® from the myoplasmic environment (within 2-3 s; see
the description of the last trace in Fig. 4 legend). When
azide was present in solutions, the twitch response was
smaller to start with and, importantly, declined much
faster upon the removal of Na* from the myoplasmic
environment than when azide was absent (Fig. 4). This
indicates that V,, depolarised considerably faster upon
turning off the Na*™—K"-ATPase in the presence of azide.
Thus, the average rate of twitch force decline from 70 to
20 % of maximum twitch response was 4.4 £ 0.4 (n =11)
times faster in the presence of 1 mM azide than in the
control. According to Fig. 3C, this corresponds to a V,,
depolarisation from —67 to —=58 mV. Considering that the
[Na'] and [K'] in the sealed t-system must have changed
by similar amounts in the presence and absence of azide
when V,, changed from —67 to —58 mV, the 4.4-fold faster
depolarisation between these V,, values, indicates that the
rate of Na' loss from the sealed t-tubules, and
consequently the rate of K* entry into the sealed t-system,
must have increased by a similar factor. Assuming that
Py./Px is 0.01 under standard conditions (see above), the
increase in the rate of Na* loss from the t-tubules in the
presence of 1 mM azide implies an increase in Py, by a
factor close to 4.4, increasing Py,/Px to about 0.04, which
fully accounts for the 20 mV depolarisation observed in
the presence of 1 mm azide in the standard K-HDTA
solution (see text and Figs 1Cand 3C).

DISCUSSION

Results obtained in this study with rat EDL and toad
iliofibularis twitch fibres, which differ with respect to
location and fractional volume of mitochondria, and three
molecularly diverse antagonists of mitochondrial function
(each of which may also affect other different cell
structures: see e.g. Cho et al. 1997; Collins & Larson, 2002)
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suggest that mitochondria play a more active role than
previously thought in modulating muscle function. The
observations cannot be explained by: (i) local depletion of
cytosolic ATP and consequently by cytosolic ATP-
dependent processes (ATPases, ionic channels) because
myoplasmic ATP was high, was freely exchangeable with
an almost infinite ATP pool in the bathing solution and
was also buffered with CrP in the presence of endogenous
creatine phosphokinase (Walliman et al. 1977) or (ii)
differences in the ionic composition between test and
control solutions (see Methods).

Evidence is also provided that this loss of fibre excitability
is caused by depolarisation of the t-system due to an
increase in Py, via a signalling pathway originating in
mitochondria. Channels that are relatively permeant to
Na® and may become activated via this mitochondrial
pathway include persistent Na* channels (Gage et al.
1989), voltage-dependent anion channels channels that
have been located in the t-system (Junankar et al. 1995)
and non-selective cationic channels (Sipido & Marban,
1991).

Since there is no tight physical coupling between
mitochondria and the t-system to produce a non-
accessible ‘fuzzy space’ (Eisenberg & Kuda, 1976; Ogata &
Yamasaki, 1993), the signal originating in the mitochondria
when its ATP production-function is impaired must be
converted into a chemical messenger to bridge the gap
between mitochondria and t-system membranes. There is
clear evidence that chemical messengers modulating
cellular activity are produced in the mitochondria (Duchen,
2000), as shown during glucose-stimulated insulin secretion
in the pancreatic #-cells (Maechler & Wollheim, 2000).
Signalling pathways originating in the mitochondria that
would appear compatible with the described observations
are those involving a decrease in GTP level or production
of reactive oxygen species (ROS). However, preliminary
results with high [GTP] in solutions do not support a
GTP-dependent pathway and the depression of twitch
responses with exogenously produced ROS (Posterino et
al. 2003) does not show reversibility as observed in this
study.

In the intact mammalian skeletal muscle, metabolic stress
would be expected to induce depolarisation of the
t-system, which, in turn, would result in reduced force
response as observed with rat diaphragm muscle
preparations (Mainwood et al. 1982), thus reducing the
rate of ATP utilisation and protecting the muscle cell from
irreversible damage.

Finally, results reported in this study offer a direct
explanation for the many observations of plasma
membrane depolarisation by up to 40 mV during
metabolic stress in various tissues such as cardiac muscle
(Hasin & Barry, 1984), neurons (Buckler & Vaughan-
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Jones, 1998; Nowicky & Duchen, 1998), glial cells (Brismar
& Collins, 1993) and endothelium (Park et al. 2002).
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