
 doi:10.1152/ajpregu.90357.2008 
 295:659-668, 2008. First published May 21, 2008;Am J Physiol Regulatory Integrative Comp Physiol

Ascah, Céline Bourcier-Lucas and Yan Burelle 
Martin Picard, Kristina Csukly, Marie-Eve Robillard, Richard Godin, Alexis

 You might find this additional information useful...

52 articles, 23 of which you can access free at: This article cites 
 http://ajpregu.physiology.org/cgi/content/full/295/2/R659#BIBL

including high-resolution figures, can be found at: Updated information and services 
 http://ajpregu.physiology.org/cgi/content/full/295/2/R659

 can be found at: and Comparative Physiology
American Journal of Physiology - Regulatory, Integrativeabout Additional material and information 

 http://www.the-aps.org/publications/ajpregu

This information is current as of September 24, 2008 . 
  

 http://www.the-aps.org/.ISSN: 0363-6119, ESSN: 1522-1490. Visit our website at 
Physiological Society, 9650 Rockville Pike, Bethesda MD 20814-3991. Copyright © 2005 by the American Physiological Society. 
ranging from molecules to humans, including clinical investigations. It is published 12 times a year (monthly) by the American
illuminate normal or abnormal regulation and integration of physiological mechanisms at all levels of biological organization, 

 publishes original investigations thatThe American Journal of Physiology - Regulatory, Integrative and Comparative Physiology

 on S
eptem

ber 24, 2008 
ajpregu.physiology.org

D
ow

nloaded from
 

http://ajpregu.physiology.org/cgi/content/full/295/2/R659#BIBL
http://ajpregu.physiology.org/cgi/content/full/295/2/R659
http://www.the-aps.org/publications/ajpregu
http://www.the-aps.org/
http://ajpregu.physiology.org
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Picard M, Csukly K, Robillard M-E, Godin R, Ascah A,
Bourcier-Lucas C, Burelle Y. Resistance to Ca2�-induced opening
of the permeability transition pore differs in mitochondria from
glycolytic and oxidative muscles. Am J Physiol Regul Integr Comp
Physiol 295: R659–R668, 2008. First published May 21, 2008;
doi:10.1152/ajpregu.90357.2008.—This study determined whether
susceptibility to opening of the permeability transition pore (PTP)
varies according to muscle phenotype represented by the slow oxida-
tive soleus (Sol) and superficial white gastrocnemius (WG). Threshold
for Ca2�-induced mitochondrial Ca2� release following PTP opening
was determined with a novel approach using permeabilized ghost
myofibers. Threshold values for PTP opening were approximately
threefold higher in fibers from WG compared with those from Sol
(124 � 47 vs. 30.4 � 6.8 pmol Ca2�/mU citrate synthase). A similar
phenomenon was also observed in isolated mitochondria (threshold:
121 � 60 vs. 40 � 10 nmol Ca2�/mg protein in WG and Sol),
indicating that this was linked to differences in mitochondrial factors
between the two muscles. The resistance of WG fibers to PTP opening
was not related to the expression of putative protein modulators
(cyclophilin D, adenylate nucleotide translocator-1, and voltage-
dependent anion channels) or to difference in respiratory properties
and occurred despite the fact that production of reactive oxygen
species, which promote pore opening, was higher than in the Sol.
However, endogenous matrix Ca2� measured in mitochondria iso-
lated under resting baseline conditions was approximately twofold
lower in the WG than in the Sol (56 � 4 vs. 111 � 11 nmol/mg
protein), which significantly accounted for the resistance of WG.
Together, these results reveal fiber type differences in the sensitivity
to Ca2�-induced PTP opening, which may constitute a physiological
mechanism to adapt mitochondria to the differences in Ca2� dynamics
between fiber types.

skeletal muscle; fiber phenotype

THE MITOCHONDRIAL PERMEABILITY TRANSITION was initially de-
scribed in isolated mitochondria as a sudden increase of the
inner membrane permeability to solutes in the presence of a
high Ca2� concentration ([Ca2�]) (24). Although initially
thought to be due to unspecific membrane damage, this phe-
nomenon is now widely accepted to actually be caused by the
opening of the PTP, a nonspecific high-conductance protein-
aceous channel of the inner membrane (14, 18, 22, 24, 25, 31,
51, 52). Prolonged opening of the PTP in the large-conduc-
tance mode leads to equilibration of ions and solutes of �1,500
Da across mitochondrial membranes, collapse of membrane
potential (��), mitochondrial swelling, and ATP hydrolysis by
the F0F1ATPase. This sequence of events has drawn consider-

able attention to the PTP as an important player in apoptotic
and necrotic cell death through at least three mechanisms:
1) reduction in cellular ATP levels, 2) increase in cytosolic
Ca2�, and 3) release of several proapoptotic proteins normally
sequestered in mitochondria, including cytochrome c, AIF,
EndoG, Smac/Diablo, and Omi/HtrA2. Experimental evidence
also has indicated that transient opening of the PTP (i.e., pore
flickering) in a low-conductance mode that is permeable to ions
but not to larger molecules may serve physiological regulatory
purposes by fine-tuning �� (33) and acting as a fast Ca2�

release channel that would regulate mitochondrial Ca2� levels
and participate in the amplification/propagation of Ca2� sig-
nals arising from the endoplasmic (ER)-sarcoplasmic (SR)
reticulum located near mitochondria (26, 30, 48).

Very few data are available on the regulation of the PTP in
healthy skeletal muscle (20). One particularity of this tissue is
that depending on the fiber type, large variations exist in the
amount, size, and spatial configuration of mitochondria relative
to the SR and myofibrils (40). Moreover, cellular Ca2� dynamics
are known to differ considerably across fiber types in both
amplitude and frequency (6, 10, 11), which likely expose
mitochondria to different levels of Ca2�. Since Ca2� loading
of the matrix is the most important and obligatory trigger for
PTP opening (51), it is possible that mitochondria have
evolved fiber type-specific mechanisms to adapt Ca2� sensi-
tivity of the PTP to the cellular environment. This question,
which has not been previously addressed, may be of important
clinical relevance, since recent studies have shown that an
increased vulnerability to opening of the PTP develops under
various pathological conditions including denervation atrophy
(15), myopathies related to collagen VI deficiencies (28), and
Duchenne muscular dystrophy (37), as well as bupivacaine-
induced myotoxicity (27).

In the present study we hypothesized that susceptibility to
PTP opening would differ according to muscle phenotype. The
sensitivity to Ca2�-induced PTP opening was therefore mea-
sured in permeabilized muscle fibers from slow- and fast-
twitch muscles with the use of a novel method that allows
monitoring of PTP opening in the whole mitochondrial popu-
lation within small muscle samples while they remain in a
relatively well-preserved cytoarchitectural environment. Be-
cause there is evidence in the literature supporting the exis-
tence of some intrinsic mitochondrial properties across fiber
types, we also evaluated whether potential variations in PTP
sensitivity were associated with differences in respiratory func-
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tion as well as in important factors that modulate Ca2� sensi-
tivity, including ROS production, baseline mitochondrial Ca2�

levels, and expression of putative regulatory and structural
pore components.

METHODS

Animals. All experiments on animals were approved by the Uni-
versité de Montréal Institutional Animal Care Committee and were
conducted according to the directives of the Canadian Council on
Animal Care. The animals used in this study were male Sprague-
Dawley rats (Charles River, Saint-Constant, QC, Canada), weighing
250–400 g, that were housed in an environmentally controlled room
(23°C, 12:12-h light-dark cycle) and provided water and food ad
libitum.

Materials. All chemicals were purchased from Sigma (St. Louis,
MO) with the exception of cyclosporin A (CsA; Tocris, Ellisville,
MO), calcium green-5N (Ca-green), and Amplex red (Molecular
Probes, Eugene, OR).

Preparation of permeabilized muscle fibers. Skinned fibers were
prepared as previously described (9). Briefly, rats were anesthetized
with pentobarbital sodium (5 mg/100 g body wt ip), and the soleus and
medial gastrocnemius were removed and placed into precooled buffer
A (in mM: (2.77 CaK2EGTA, 7.23 K2EGTA, 6.56 MgCl2, 0.5
dithiothreitol (DTT), 50 K-MES, 20 imidazol, 20 taurine, 5.3
Na2ATP, 15 phosphocreatine, pH 7.3 at 4°C). The soleus [Sol: 87%
type I, 15% IIA-IIX, 0% IIB (16)] and the superficial white portion of
the medial gastrocnemius [WG: 6% type I; 45% type IIA-IIX, and
47% type IIB (16)] were quickly freeze-clamped in liquid nitrogen
and stored at �80°C for subsequent enzyme analysis. Thin fiber
bundles from the contralateral Sol and WG were separated along
fiber orientation (in buffer A at 4°C). Muscle fibers were then dis-
sected from each other with needles and incubated with mild shaking
for 30 min in buffer A supplemented with saponin (50 �g/ml). After
this permeabilization procedure, fiber bundles were washed three
times for 10 min in buffer B (in mM: 2.77 CaK2EGTA, 7.23
K2EGTA, 1.38 MgCl2, 3.0 K2HPO4, 0.5 dithiothreitol, 20 imidazole,
100 K-MES, 20 taurine, pH 7.3 at 4°C) supplemented with BSA (2
mg/ml). Fiber bundles were kept on ice in the same solution until
respirometry analysis.

Preparation of permeabilized “ghost” muscle fibers. Ghost fibers
without myosin were prepared as previously described (43) with
minor modifications. Fiber bundles were first permeabilized with
saponin and washed three times in buffer B as described above, and
then washed three times for 10 min in buffer C (in mM: K-MES 80,
HEPES 50, taurine 20, DTT 0.5, MgCl2 10, ATP 10, pH 7.3 at 4°C).
Fibers where then incubated for 30 min with intermittent manual
agitation at 4°C in buffer D (in mM: KCL 800, HEPES 50, taurine 20,
DTT 0.5, MgCl2 10, ATP 10, pH 7.3 at 4°C) to extract myosin,
washed three times in low-EGTA sucrose buffer (in mM: 250 sucrose,
10 Tris base, and 0.1 EGTA, pH 7.4), and kept on ice until use for
Ca2�-induced PTP opening assays.

Preparation of isolated mitochondria. Isolation of mitochondria
was performed as previously described (35) with minor modifications.
The plantar group of muscles was dissected from the surrounding
connective tissue, rapidly removed, trimmed clean of visible connec-
tive tissue, weighed, and placed in 20 ml of ice-cold mitochondrial
isolation buffer (in mM: 150 sucrose, 75 KCl, 50 Tris base, 1
KH2PO4, 5 MgCl2, 1 EGTA, and 0.2% BSA, pH 7.2). All steps were
performed at 4°C. Sol and WG muscles were minced separately with
scissors, incubated for 1 min with Nagarse protease (0.2 mg/ml), and
homogenized using a motor-driven Teflon pestle. The homogenate
volume was completed to 40 ml with cold isolation buffer and
centrifuged at 800 g for 10 min. The supernatant was decanted and
centrifuged at 10,000 g for 10 min. The pellet was resuspended in 40
ml of suspension buffer (in mM: 250 sucrose, 10 Tris base, and 0.1
EGTA, pH 7.4) and centrifuged at 7,000 g for 6 min. This washing

step was repeated twice, and the final mitochondrial pellets were
resuspended in 0.3 ml of suspension buffer for WG and 0.2 ml for Sol,
and protein concentrations were determined using the bicinchoninic
acid method (Sigma).

Respirometry. Fiber bundles (1.0–2.5 mg dry wt) were incubated at
23°C under continuous stirring in 1 ml of buffer B supplemented with
BSA (2 mg/ml). After baseline respiration was recorded in the
absence of respiratory substrates (Vfibers), the following additions
where sequentially made: glutamate-malate (5:2.5 mM; VGM), ADP
(2 mM; VADP), amytal (2 �M) or rotenone (1 �M;), succinate (10
mM; Vsucc), CCCP (1 �M), antimycin-A (8 �M), N,N,N,N-tetra-
methyl-p-phenylenediamine (TMPD)-ascorbate (0.9:9 mM; VTMPD),
and KCN (1.2 mM) (see Figs. 1 and 2). At the end of each test, fibers
were carefully removed from the oxygraphic cell, blotted, weighted,
and frozen at �80°C until the determination of citrate synthase
(CS) activity. Rates of O2 consumption were expressed in nano-
moles of O2 per minute per milligram dry weight or per unit of CS
activity to normalize for differences in mitochondrial content between
fiber types. This protocol allowed the determination on each bundle of
1) basal respiration with complex I donors (VGM), 2) maximal
ADP-stimulated respiration when the respiratory chain is energized
with complex I (VADP) or complex II substrates (Vsucc), and
3) uncoupled respiration (VCCCP) and maximal complex IV activity
(VTMPD). Three ratios were also calculated from these respiratory
rates: the acceptor control ratio (ACR), or VADP/VGM, which repre-
sents the degree of coupling between oxidation and phosphorylation
with complex I substrates; Vsucc/VADP, which represents the ability of
complex II substrates to stimulate phosphorylation above that ob-
served in the presence of complex I donors; and VTMPD/Vsucc, which
represents the excess capacity of complex IV relative to the maximal
rate of oxidative phosphorylation. Dry weight was calculated from
wet fiber weight using a dry-to-wet weight ratio of 0.23 (7). This ratio
has been used previously for permeabilized fibers studies (46), and we
verified its appropriateness in preliminary studies (results not shown).

Ca2� challenge. To determine sensitivity to PTP opening, we
submitted isolated mitochondria to progressive Ca2� loading of the
matrix under energized conditions according to Ichas (26) as de-
scribed previously (15, 36). For this purpose, mitochondria (0.15
mg/ml) were incubated at 23°C in 1.5 ml of Ca2� retention capacity
(CRC) buffer (in mM: 250 sucrose, 10 Tris, 10 MOPS, 0.005 EGTA,
10 Pi-Tris, pH 7.3 at 4°C) containing glutamate-malate (5:2.5 mM) or
succinate-rotenone (5 mM-1 �M). After mitochondrial Ca2� uptake,
we monitored the change in extramitochondrial Ca2� concentration
using the fluorescent probe Ca-green (1 �M; excitation-emission,
505–535 nm). At the beginning of each test, residual Ca2� concen-
tration present in the buffer was adjusted to the same level using a
small amount of EGTA before adding mitochondria. After the addi-
tion of mitochondria, Ca2� pulses (83 nmol/mg protein) were added
at 2-min intervals until mitochondrial Ca2� release caused by opening
of the PTP was observed. CRC was calculated as the cumulative
amount of Ca2� taken by mitochondria before Ca2� release. It has
been established previously that this value represents a reliable index
of the Ca2� threshold for PTP opening in the whole mitochondrial
population studied (15), and we have routinely observed that Ca2�

release is accompanied by complete loss of membrane potential and
high-amplitude swelling (36) of the matrix, which are hallmarks of
permeability transition. Of note, since several factors (such as ROS,
membrane and redox potentials, adenylate concentrations, [Pi], pH,
and substrate selection) influence PTP opening by modulating its
sensitivity to Ca2�, the CRC assay provides an overall measure of
PTP susceptibility but does not allow us to identify the precise
regulatory mechanisms contributing to it.

Sensitivity to PTP opening also was assessed by determining CRC
in mitochondria within permeabilized fibers. Similar measurements
have been reported previously in permeabilized hepatocytes and
various cell lines (13, 17, 23). However, in contrast to these noncon-
tractile cells, muscle fibers possess contractile filaments and a well-
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developed SR. Therefore, binding of exogenous Ca2� to the contrac-
tile filaments (see RESULTS and Fig. 3A), as well as Ca2� uptake by the
SR, could interfere with the measurement of mitochondrial Ca2�

uptake and release. To avoid these potential problems, we determined
CRC in ghost fibers, which are devoid of contractile filaments. In
addition, SR Ca2� uptake was effectively abolished by omitting
adenylates from the incubation medium and by adding oligomycin to
prevent oxidative phosphorylation from residual adenylates, which
may have provided energy to support SR Ca2�-ATPases (see RESULTS

for further details).
For these CRC measurements, ghost fibers (0.3–1.0 mg dry fiber

weight) were incubated at 23°C in a quartz microcuvette with con-
tinuous magnetic stirring in 600 �l of CRC buffer (in mM: 250
sucrose, 10 MOPS, 0.005 EGTA, 10 Pi-Tris, pH 7.3) supplemented
with glutamate-malate (5:2.5 mM) and 0.5 nM oligomycin. After the
addition of fibers and respiratory substrates, a single pulse of 20 nmol
of Ca2� was added. CRC was taken as the total amount of Ca2�

accumulated by mitochondria before Ca2� release caused by PTP
opening. CRC values were expressed per milligram of dry fiber
weight and by unit of CS. [Ca2�] in the cuvette was calculated from
a standard curve relating [Ca2�] to the fluorescence of Ca-green.

Production of ROS. Mitochondrial H2O2 production was measured
in permeabilized fiber bundles and in isolated mitochondria with the
fluorescent probe Amplex red (20 �M; excitation-emission, 563–587
nm). Fiber bundles (0.3–1.0 mg dry weight) were incubated at 37°C
in a quartz microcuvette with continuous magnetic stirring in 600 �l
of buffer Z (in mM: 110 K-MES, 35 KCl, 1 EGTA, 5 K2HPO4, 3
MgCl26H2O, and 0.5 mg/ml BSA, pH 7.3 at 4°C) supplemented with
1.2 U/ml horseradish peroxidase as described previously (1). Isolated
mitochondria were incubated at a final concentration of 0.1 mg/ml in
2 ml of CRC buffer. The rate of H2O2 production was monitored
before and after the addition of glutamate-malate (5:2.5 mM) or
succinate (5 mM) and rotenone (1 �M). Rate of H2O2 production was
calculated from a standard curve established in the same experimental
conditions, except that fibers or isolated mitochondria were absent.

Endogenous mitochondrial Ca2� content. Mitochondria from the
different muscles were isolated as described in Preparation of isolated
mitochondria, except that all buffers were free of EGTA to avoid
chelating Ca2�. Isolated mitochondrial pellets were diluted in 0.6 N
HCl (1:10 wt/vol), homogenized with a Polytron (2 � 10 s at a setting
of 3), and sonicated (2 � 10 s at 40% of maximal power output). After
30 min of incubation in boiling water, samples were centrifuged for 5
min at 10,000 g and the supernatant was recovered. Ca2� content in
the supernatant was determined spectrophotometrically (VERSAmax;
Molecular Devices) using an o-Cresolphthalein Complexone assay
according to the manufacturer’s instructions (TECO Diagnostics).
Results are expressed in nanomoles of Ca2� per milligram of protein (15).

Enzyme assay. For the measurement of CS activity, frozen fiber
bundles (1.0–2.5 mg dry wt) were homogenized with a vibrating
microbead homogenizer in 200 �l of homogenization buffer (in mM:
250 sucrose, 40 KCl, 2 EGTA, and 20 Tris �HCl). Homogenate was
then supplemented with 0.1% Triton X-100 and incubated on ice for
60 min. After centrifugation for 8 min at 10,000 g, the activity of CS
was determined spectrophotometrically as previously described (9,
15) and is reported in milliunits per milligram of dry fiber weight.

Western immunoblot analysis. The protein contents of cyclophilin
D (CypD), adenylate nucleotide translocator-1 (ANT-1), porin [volt-
age-dependent anion channel (VDAC) isoforms 1-3], and subunit VIc
of complex IV [cytochrome oxidase (COX)] were determined in the
isolated mitochondrial fraction. Samples were prepared for SDS-
PAGE by dilutions with reducing sample buffer, followed by a 5-min
immersion in near-boiling water. Proteins (20 �g/lane) were loaded
and resolved on 15% polyacrylamide minigels at room temperature.
The gels were transferred to a polyvinylidene difluoride membrane
(Millipore). Equal sample loading was confirmed by Ponceau S stain
(Sigma). The membrane was fixed for 10 min with 0.05% glutaral-
dehyde in Tris-buffered saline with 0.1% Tween 20 (TBS-T), blocked

in TBS-T supplemented with 5% nonfat milk for CypD and VDAC or
with 5% BSA for ANT-1 and COX at room temperature for 90 min,
and incubated overnight at 4°C with the following primary antibodies
diluted in TBS-T with 5% BSA: anti-CypD (1:1,000 dilution; Calbio-
chem), anti-VDAC1-3 (1:2,000 dilution; Alexis Biochemicals), anti-
ANT-1 (1:1,000 dilution; Calbiochem), and anti-COX (1:2,000; In-
vitrogen). Membranes were then incubated for 45 min at room
temperature in secondary antibody solution [1:200,000 (peroxidase
goat anti-mouse) or 1:75,000 dilution (peroxidase goat anti-rabbit);
Jackson ImmunoResearch]. The expression of CypD, VDAC, and
ANT-1 was normalized against that of COX, which was used as a
loading control. Of note, the activity of COX measured in isolated
mitochondria revealed no difference between Sol and WG (7.39 �
0.431 and 7.77 � 0.780 mU/mg protein, respectively, n 	 5 in each
muscle, P 	 0.67), which further justified its use as an internal
control. Revelation was performed by enhanced chemiluminescence
(Amersham) with film exposure times ranging from 3 to 45 min. Films
were scanned and bands quantified using ImagePro software.

Statistical analysis. Results are means � SE. Statistical differences
between the two muscles were analyzed by means of two-tailed
Student’s t-tests. Significance was assumed at P � 0.05.

RESULTS

Oxidative capacity and respiratory function. Figure 1 pre-
sents the results of respirometry analyses performed on per-
meabilized bundles from the Sol and WG. Basal respiration
rate in the absence of ADP (VGM), maximal ADP-stimulated
respiration in the presence of substrates for complex I (VADP)
and II (VSucc), uncoupled respiration (VCCCP), and complex IV
respiratory activity (VTMPD) were all significantly lower in
fibers from the WG compared with the Sol when expressed per
unit of weight (Fig. 1A). To account for differences in mito-
chondrial density across muscle types, we also expressed
respiration per unit of CS. The validity of this normalization
was confirmed by measuring CS activity in isolated mitochon-
dria and fiber bundles. No significant difference in CS activity
was observed in mitochondria isolated from the two muscles
(7.4 � 0.4 and 7.8 � 0.8 mU/mg protein in Sol and WG,
respectively, P 	 NS), whereas its activity per milligram of
fiber was 2.1-fold lower in the WG than in the Sol (76 � 8 vs.
162 � 27 mU/mg dry fibers, P 	 0.002). As shown in Fig. 1B,
normalization of respiration for mitochondrial density abol-
ished the differences between the two muscles under all respi-
ratory states. The only exception was basal respiration (VGM),
which became greater in WG compared with Sol. There was no
significant differences in the coupling between oxidation and
phosphorylation in the WG compared with the Sol (VADP/
VGM: 4.1 � 1.0 vs. 3.2 � 1.2 in Sol and WG, respectively, P 	
0.16). Similarly, no significant differences were observed be-
tween the two fiber types for the ratio Vsucc/VADP (1.1 � 0.3
vs. 1.0 � 0.4, P 	 0.3) and COX excess capacity (2.2 � 0.7
vs. 2.8 � 1.1, P 	 0.6).

Sensitivity to Ca2�-induced PTP opening. Respiratory func-
tion was also assessed in ghost fibers to determine whether the
procedure used for the extraction of contractile filaments had
adverse effects on mitochondrial function. As shown in Fig. 2,
the respiratory response of ghost fibers to the sequential addi-
tion of substrates and inhibitors was similar to that observed in
permeabilized bundles, suggesting that disruption of myofila-
ments had little effect on mitochondria.

Preliminary experiments were then performed to validate the
experimental conditions used to determine CRC in permeabil-
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ized fibers. More specifically, we first determined whether the
presence of contractile filaments per se could interfere with
measurements of mitochondrial Ca2� uptake/release by bind-
ing Ca2�. This was verified by monitoring the effect of adding
permeabilized (contractile filaments intact) or ghost (contrac-
tile filaments absent) fibers on the fluorescence of Ca-green
under conditions in which Ca2� uptake by mitochondria and
SR was prevented by omitting respiratory substrates and ATP,
respectively. As shown in Fig. 3A, addition of permeabilized
fibers to the incubation medium resulted in a rapid reduction of
residual Ca2� present in solution, which caused an immediate
drop of Ca-green fluorescence. In contrast, this reduction of
fluorescence was not observed when ghost fibers were added,
unless EGTA was added immediately afterward. This obser-
vation suggested that in permeabilized fibers, there was a
significant amount of Ca2� binding to proteins that were no
longer present in ghost fibers due to the extraction of myofila-
ments.

Next, we determined whether changes in the fluorescence of
Ca-green as a result of Ca2� movements from the incubation
medium to the fibers were specifically caused by Ca2� uptake
by mitochondria. This was verified by monitoring the effect of
adding respiratory substrates and inhibitors on Ca2� uptake. As
shown in Fig. 3A, addition of 20 nmol of Ca2� to either
permeabilized or ghost fibers caused an increase in Ca-green
fluorescence. However, in both permeabilized and ghost fibers,
no uptake of Ca2� was observed unless the complex I donors
glutamate and malate were added to energize mitochondria.
Moreover, subsequent addition of the complex I inhibitor
rotenone completely abolished the uptake of Ca2�, which was
restored by adding succinate. The rate of Ca2� uptake then
reached a plateau before a release of accumulated Ca2� was
observed. To confirm that opening of the PTP was responsible
for this Ca2� release, we repeated the experiment in the
presence of CsA, which desensitizes mitochondria to pore
opening by binding CypD (14). As shown in Fig. 3B, CsA
significantly increased the amount of Ca2� (i.e., CRC) and
time required to trigger Ca2� release.

Figure 3, C–E, shows the time required to pore opening and
the CRC measured in fibers from Sol and WG in the presence
of glutamate-malate. In Sol fibers, the average time to pore
opening and CRC values were 253 � 52 s and 5.5 � 1.1 nmol
Ca2�/mg dry weight, respectively. In the WG, these values
were significantly higher (365 � 51 s and 9.0 � 2.6 Ca2�/mg
dry weight, respectively), despite the fact that mitochondrial
volume density was about twofold lower than in the Sol.
Therefore, when expressed per unit of CS, CRC values were
approximately threefold higher in fibers of the WG compared
with those of the Sol, indicating that mitochondria within
fast-twitch glycolytic fibers were significantly less sensitive to
Ca2�-induced PTP opening compared with mitochondria from
slow-twitch oxidative fibers.

Fig. 2. Respiratory rate of permeabilized and ghost fibers. Respirometry traces
were recorded from permeabilized bundles in which the contractile filaments
remained intact (permeabilized) or were extracted by prior incubation in 800
KCl (ghost). The addition of substrates, inhibitors, and uncoupler is indicated
above traces. The traces are representative of 5 independent preparations. The
following additions are shown at the concentrations indicated in Fig. 1 legend:
glutamate-malate (GM), ADP, amytal (2 �M), succinate (Succ), CCCP, AA,
TMPD, and KCN.

Fig. 1. Respiratory function in permeabilized fiber bundles from the soleus
and white gastrocnemius. Rate of respiration (JO2) of permeabilized fiber
bundles from the soleus (Sol) and white superficial portion of the medial
gastrocnemius (WG) was measured following sequential addition of gluta-
mate-malate (VGM; 5:2.5 mM), ADP (VADP; 2 mM), rotenone (Rot; 1 �M),
succinate (Vsucc; 5 mM), CCCP (1 �M), antimycin-A (AA; 8 �M), N,N,N,N-
tetramethyl-p-phenylenediamine (TMPD)-ascorbate (VTMPD; 0.9:9 mM), and
potassium cyanide (KCN; 0.6 mM). Respiration is expressed per mg of dry
fiber mass (A) or per unit of the marker enzyme citrate synthase (CS) (B).
Values are means � SE for n 	 5 independent experiments per muscle. aP �
0.05, significantly different from Sol.
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To confirm these observations, we also performed Ca2�

challenge experiments in isolated mitochondria (Fig. 4). In line
with the results obtained in ghost fibers, mitochondria from
WG energized with glutamate-malate were able to accumulate
121 � 60 nmol Ca2�/mg protein before PTP opening (i.e., 1.4
Ca2� pulse on average; Fig. 4, B and C), whereas mitochondria
isolated from Sol were unable to accumulate more than one-
half of the first Ca2� pulse of 83 nmol/mg protein (Fig. 4, A
and C). In energized conditions, the type of substrate oxidized
is known to influence Ca2�-induced PTP opening, with sub-
strates feeding complex I acting as sensitizers compared with
substrates for complex II (15, 20). To determine whether this
fiber type-specific PTP response was due to a difference in the
sensitizing effect of complex I substrates, we also performed
the experiments in the presence of the complex II donor
succinate in the presence of rotenone. In line with previous
results (15, 20), CRC in the presence of succinate was signif-
icantly higher than in the presence of glutamate-malate. How-
ever, the values observed in mitochondria from WG remained
about twofold higher than those observed in mitochondria from
Sol (456 � 79 vs. 232 � 16 nmol Ca2�/mg protein, respec-
tively).

Expression of PTP-related proteins. Variations in the level
of expression of the PTP regulating protein CypD (3, 5, 39, 44)
across tissues (liver, brain, and heart) (19) or between neurons
from different regions of the brain (8) were reported to corre-
late with the susceptibility of mitochondria isolated from these
tissues/neurons to PTP opening. Similarly, genetic modulation
of ANT-1 expression was shown to alter the sensitivity to
Ca2�-induced PTP opening in the liver (32) and in HeLa cells
(48). For these reasons, the expression of CypD, ANT-1, and
VDAC isoforms 1-3 was measured in mitochondrial extracts.

As shown in Fig. 5, no significant differences in the expression
of CypD, ANT-1, and VDACs were observed between the two
muscle types.

Production of ROS. It is well established that ROS increase
the sensitivity to Ca2�-induced opening of the PTP (51).
Therefore, ROS production, measured as the net mitochondrial
release of H2O2, was measured in the Sol and WG under
conditions of low and high rates of H2O2 production, which
were achieved by providing substrates for complex I and
complex II donors, respectively (Fig. 6). The rate of H2O2

production was similar in fibers from the WG and Sol when
expressed per milligram of weight (results not shown) with
both the complex I donors glutamate-malate and the complex
II donor succinate in the presence of rotenone. As a result, the
production of H2O2 per unit of the mitochondrial marker
enzyme CS was two- to threefold higher in fibers from WG
compared with those of the Sol (Fig. 6A), despite the fact that
the WG displayed the lowest sensitivity to PTP opening. A
similar difference between the two muscles was also observed
in isolated mitochondrial preparations (Fig. 6B).

Endogenous matrix Ca2� content. Since Ca2� accumulation
in the matrix is a key factor triggering pore opening (51), the
endogenous Ca2� levels present before the Ca2� challenge
were determined in mitochondrial extracts. Figure 7A shows
that endogenous Ca2� levels in mitochondria from WG were
56 � 4 nmol/mg protein, approximately twofold lower than in
mitochondria from the Sol (111 � 11 nmol/mg protein). To
take this difference into account, endogenous Ca2� levels were
added to the CRC values measured during the in vitro Ca2�

challenge. As shown in Fig. 7B, differences in endogenous
Ca2� levels across muscle type significantly accounted for the
greater CRC observed in mitochondria from the WG when

Fig. 3. Ca2� uptake kinetics in permeabilized
fiber bundles. A: changes in [Ca2�] in the incu-
bation medium in experiments performed with
permeabilized bundles in which the contractile
filaments were intact (Perm) or had been ex-
tracted by prior incubation in 800 KCl (ghost).
The experiment was started by adding fibers (F),
and the following additions were made as indi-
cated: EGTA (4–8 �M), Ca2� (20 nmol), GM
(5:2.5 mM), Rot (1 �M), and Succ (5 mM). The
inset presents an expended view of the tracing
between 400 and 800 s to better show the effect
of respiratory substrates and inhibitors on Ca2�

uptake. B: typical mitochondrial Ca2� uptake
and release following a single pulse of 20 nmol
Ca2� in ghost fibers from the Sol and WG. The
effect of adding the PTP inhibitor cyclosporin A
(CsA; 1 �M) is shown for the WG only, al-
though a similar effect was observed with the
Sol. C: time required to trigger pore opening,
which represents the time lapse between the
addition of the Ca2� pulse and the time at which
Ca2� release was first noted. D and E: mito-
chondrial calcium retention capacity expressed
per mg of dry fiber mass (D) or per unit of the
mitochondrial marker CS (E). Values are
means � SE for n 	 5 independent experiments
per muscle. aP � 0.01, significantly different
from Sol.
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energized with glutamate-malate. However, this was less the
case when mitochondria were energized with succinate, since
CRC values normalized for endogenous Ca2� remained 
40%
higher in the WG compared with the Sol.

DISCUSSION

In the present study, a novel method was developed to assess
PTP opening under controlled conditions in the whole mito-
chondrial population of small muscle samples while they
remain in a relatively well-preserved cytoarchitectural environ-
ment. Unlike respiratory properties, which appeared to be
similar across fiber type, we found large differences in the
susceptibility to Ca2�-induced PTP opening, with mitochon-
dria from fast, glycolytic WG fibers being significantly more
resistant than their counterparts from slow, oxidative Sol fibers.
This phenomenon was not related to differences in the expres-
sion of important putative structural and regulatory proteins of
the pore and occurred despite the fact that ROS production, a
factor known to favor PTP opening, was highest in the WG
fibers. Our results indicate that the lower levels of endogenous
matrix Ca2� present in mitochondria from fast-twitch fiber
play a significant role in their resistance.

Respiratory function. Quantitative and qualitative differ-
ences in mitochondrial respiratory properties across skeletal
muscle fiber types have been investigated previously (4, 29, 34,

38, 45, 50). Mitochondrial volume density, determined directly
or through the measurement of mitochondrial marker enzymes
such as CS, is approximately twofold greater in muscles
composed predominantly of type I fibers compared with mus-
cles expressing mostly type IIb fibers (9). In contrast, the
activities of CS (34, 50) and several respiratory chain com-
plexes, including COX (34, 45) and ATP synthase (34), are
relatively similar when measured in mitochondria isolated
from oxidative and glycolytic muscles. In addition, mitochon-
dria from glycolytic muscle have similar (34, 38, 41, 45, 50) or
slightly lower capacities for oxidative phosphorylation (29)
compared with mitochondria isolated from slow, oxidative
muscles when energized with substrates feeding complex I or
complex II.

In the present study, respiratory rates per unit of CS, Vsucc/
VADP, and COX excess capacity were similar in fibers from the
WG and the Sol. These results are in agreement with these
previous reports and indicate that variations of mitochondrial
volume density, as opposed to differences in intrinsic mito-
chondrial properties, are the major factors accounting for the
difference in oxidative capacity across fiber types. However,
despite these similarities, some mitochondrial qualitative dif-
ferences across fiber types have been reported previously. For
example, mitochondria from oxidative muscle appear to have a
greater capacity to oxidize fatty acids than their counterparts in
fast fibers (29). In addition, Leary et al. (34) reported that
mitochondria from fast-twitch muscle exhibited a significantly
greater proton leak than their counterparts from slow, oxidative
muscles. In the present study, the fact that the basal rate of
respiration (VGM), which is mainly driven by the proton leak,
was significantly higher in the WG compared with the Sol once
normalized for mitochondrial density (Fig. 1C) is in line with
these data.

Mitochondria ROS production in slow and fast fibers. Un-
like respiratory rates, the net release of H2O2 per milligram of
fiber was comparable in the Sol and WG, under conditions of
both low (glutamate-malate) and high (succinate) superoxide
production (data not shown). Therefore, the production of ROS
per unit of CS was significantly higher in the WG than in the
Sol (Fig. 6A), which is consistent with the greater rate of H2O2

per unit of O2 consumed recently reported by Anderson and
Neufer (1) in permeabilized fibers from the WG compared with
the Sol. Although the mechanisms responsible for this differ-
ence were not investigated in the present study, Anderson and
Neufer (1) reported using permeabilized fibers from the same
muscles, so this could in part be attributable to the fact that
fibers from the WG have a lower total H2O2 scavenging
capacity than those of the Sol. In the present study, the fact that
we observed the same fiber-type differences in permeabilized
fibers and isolated mitochondria clearly indicates that intrinsic
mitochondrial differences (i.e., increased H2O2 production
and/or reduced removal), rather than extramitochondrial fac-
tors present in permeabilized fibers, were responsible for the
potentiation of H2O2 efflux in fast-twitch fibers.

Measurement of PTP opening in ghost fibers. Extraction of
myosin by incubation in presence of high concentrations of
KCl has been used previously to study mitochondrial function.
Electron microscopy and confocal imaging experiments have
shown that this procedure effectively removes myosin and
entirely disrupts contractile proteins, while mitochondria re-
main attached to the cytoskeleton, retain their original local-

Fig. 4. Calcium retention capacity of mitochondria isolated from Sol and WG.
Typical calcium green-5N tracings are shown of mitochondria (0.15 mg/ml)
from the Sol (A) and WG (B) muscles energized with GM (5:2.5 mM).
Tracings show progressive Ca2� accumulation followed by release of accu-
mulated Ca2� secondary to PTP opening. Each spike indicates the addition of
a Ca2� pulse of 83 nmol/mg. Calcium retention capacity measured in several
experiments in the presence of succinate-rotenone (SR) or GM is shown in C
for each muscle. Values are means � SE for n 	 5–6 in each muscle. aP �
0.01, significantly different from the Sol.
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ization within the myocytes, and maintain normal respiratory
parameters (2, 42, 43). However, the present study is the first
to use ghost fibers to determine mitochondrial sensitivity to
Ca2�-induced PTP opening. One advantage of this method
over isolated mitochondria is the small amount of tissue re-
quired (0.2–0.5 mg dry mass), which makes it interesting for
studies in human muscle biopsies or mice skeletal muscle. In
addition, because the whole population of mitochondria is
studied in a relatively preserved environment, possible selec-
tion bias caused by the isolation methods is avoided.

In the present study we found evidence that supports the
validity of this approach. First, we confirmed that disruption of
contractile proteins was not associated with any deleterious
effects on mitochondria, as judged by the absence of deterio-
ration of respiratory function (Fig. 2). Importantly, the uptake
of Ca2� measured was entirely dependent on the presence of
respiratory substrates and was inhibited by rotenone (Fig. 3),
indicating that mitochondria were the major contributor to the
removal of Ca2� in ghost fibers. Another organelle that could
have taken up Ca2� is the SR. However, by omitting adenylates
from the incubation medium and by adding oligomycin to
prevent oxidative phosphorylation, any contribution of SERCA
pumps to Ca2� uptake could be ruled out. Finally, CRC was
considerably increased by CsA, which confirmed that the
release of Ca2�. was caused by opening of the PTP. Of note, in
preliminary studies, we also observed an uptake of Ca2� by
mitochondria in permeabilized non-ghost fibers (Fig. 3A).
However, there was also a significant chelation of Ca2� that
occurred in the absence of respiratory substrates. Because this
phenomenon did not occur in ghost fibers, we believe that it

was caused by the binding of Ca2� to proteins associated with
the contractile apparatus. Given that Ca2� binding to these
proteins varies according to fiber type (6), we suggest that the
use of ghost fibers is preferable.

Sensitivity to PTP opening in fast and slow fibers. Using this
approach, we observed that the time required to trigger PTP
opening following the addition of Ca2� was 
30% longer and
that the CRC per unit of CS was more than three times higher
in the WG compared with the Sol. This resistance of WG fibers
to PTP opening was also observed in isolated mitochondria,
which indicates that it is linked to differences in mitochondrial
factors between the two muscles. To our knowledge, this is the
first study to report fiber-type differences in the intrinsic
susceptibility to Ca2�-induced PTP opening. However, inter-
estingly, muscle fibers with a fast glycolytic phenotype (e.g.,
extensor digitorum longus and esophageal muscles) were re-
ported to be less sensitive to the myotoxic effects of bupiva-
caine, a local anesthetic agent with potent pore-inducing ef-
fects (27). The authors hypothesized that this could be due to
the fact that fast-twitch fibers contain less mitochondria and
rely more on glycolysis to support their energy requirements
than slow-twitch fibers. Although this explanation is plausible,
the present results indicate that this also could be due to the fact
that mitochondria from fast-twitch muscles are intrinsically
less prone to undergo permeability transition in the presence of
Ca2� than their counterparts in slow, oxidative muscles, at
least in this particular condition.

Mitochondrial permeability transition is influenced by sev-
eral parameters (51) that may confer tissue- and cell type-
specific regulation. Variations in the expression of the PTP-

Fig. 5. Cyclophilin D (CypD), voltage-dependent cation channel (VDAC) and adenine nucleotide translocase (ANT) content of mitochondrial fraction from the
Sol and WG. Representative immunoblots of CypD (21 kDa), VDAC (31 kDa), ANT (31 kDa), and subunit VIc of cytochrome oxidase (COX; 9 kDa) are shown
in mitochondrial fractions isolated from the Sol and WG muscles. The expression level of CypD, VDAC, and ANT is normalized against that of COX, which
was used as a loading control. Values represent optical density and are means � SE for n 	 6 in each muscle.
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regulating protein CypD (3, 5, 39, 44) across tissues (liver,
brain, and heart) (19) or between neurons from different
regions of the brain (8) were recently reported to correlate with
the susceptibility of mitochondria isolated from these tissues/
neurons to PTP opening. Similarly, genetic modulation of ANT
expression was shown to alter the sensitivity to Ca2�-induced
PTP opening in the liver (32) and in HeLa cells (48). However,
to our knowledge, the question of whether the expression of
these proteins varies across fiber types has not been investi-
gated previously. The similar expression levels of CypD,
ANT-1, and VDACs observed in mitochondria from the Sol
and WG in the present study clearly suggest that in skeletal
muscle, variations in the expression of these proteins between
cell types cannot account for their different susceptibilities to
permeability transition, as has been reported in neurons for
CypD (8). Of note, although ANT-1 is the main isoform
present in skeletal muscle, ANT-3 is expressed in small
amounts in virtually all tissues (48). Therefore, our data cannot

exclude the possibility that the difference in susceptibility to
pore opening is related to different expression levels of this
isoform across fiber type.

Production of ROS is another factor that could have played
a role, since oxidative stress is well known to promote opening
of the PTP in the presence of Ca2� by their strong oxidizing
action on critical SH residues of pore-forming proteins (51).
However, we observed that mitochondria from the WG were
actually more resistant to Ca2�-induced opening of the PTP,
despite the fact that they produced more H2O2 than their
counterparts from the Sol. These results thus rule out the
contribution of ROS as a mechanism to explain fiber-type
differences in PTP susceptibility and suggest that other, more
influential factors are involved.

Calcium is a critical factor favoring permeability transition
(51). In fast glycolytic fibers, [Ca2�] in the cytosol under

Fig. 7. Endogenous mitochondrial Ca2� content and its contribution to cal-
cium retention capacity. A: endogenous Ca2� content measured in the mito-
chondrial fraction of Sol and WG muscles. B: total calcium retention capacity
expressed as the sum of the contribution of endogenous mitochondrial Ca2�

and the exogenous Ca2� added during the in vitro challenge in isolated
mitochondria. Data are means � SE; n 	 5–6 for each muscle. aP � 0.05,
significantly different from Sol.

Fig. 6. Mitochondrial H2O2 production. H2O2 production was measured in
permeabilized fibers (A) and isolated mitochondria (B) from the WG and SOL
when energized with substrates for complex II (SR, 5 mM:1 �M) or complex
I (GM, 5:2.5 mM). For permeabilized fibers, rates of H2O2 production (JH2O2)
are expressed per unit of the mitochondrial marker enzyme CS, whereas for
isolated mitochondria, rates are expressed per mg of protein. Data are means �
SE; n 	 5 and 9 for each muscle for permeabilized fibers and isolated
mitochondria, respectively. aP � 0.05, significantly different from Sol.
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noncontracting conditions was reported to be lower than in
slow-twitch fibers because of the higher capacity of the SR for
Ca2� uptake and the presence of the cytosolic Ca2�-binding
protein parvalbumin (10, 11, 21). For this reason, the steady-
state Ca2� level in mitochondria at rest may be lower in
fast-twitch fibers, as suggested in the present study by the
twofold lower endogenous Ca2� levels in mitochondrial ex-
tracts from the WG compared with those of the Sol (Fig. 7).
Importantly, the difference (�) in endogenous Ca2� content
between mitochondria from the WG and Sol (� 	 57 nmol
Ca2�/mg protein) was close to the difference in CRC observed
between the two muscles when isolated mitochondria were
energized with glutamate-malate (� 	 40 nmol Ca2�/mg
protein, range 20–73 nmol Ca2�/mg protein), which indicates
that lower endogenous Ca2� levels likely represent an impor-
tant factor responsible for the resistance of mitochondria from
the WG to PTP opening.

However, in the presence of glutamate-malate, CRC is
relatively low due to the sensitizing effect of complex I
substrates on pore opening (20). Therefore, this experimental
condition tends to increase the relative importance of endoge-
nous Ca2� in determining the sensitivity to PTP opening. In
contrast, when succinate is used to bypass complex I, CRC
values are significantly higher (Fig. 4 and Refs. 15, 20), and
endogenous Ca2� levels therefore play a comparatively smaller
role in determining PTP sensitivity (Fig. 6). In this situation,
we observed that the difference in endogenous Ca2� content
could not fully account for the difference in CRC observed
between the WG and the Sol (�endogenous Ca2�: 57 nmol
Ca2�/mg protein vs. �CRC 	 224 nmol Ca2�/mg protein,
range 166–581 nmol Ca2�/mg protein). Therefore, our results
indicate that the difference in endogenous matrix Ca2� levels
does not appear to be the only contributor to this phenomenon
and that other factors, which remain to be identified, are likely
involved.

Perspective and Significance

In summary, our results support the idea that in skeletal
muscle, the sensitivity of the PTP to Ca2�-induced opening
varies according to fiber type. Since transient opening of the
PTP is believed to play a physiological role in the regulation of
mitochondrial (e.g., ��, ROS production, ion homeostasis)
function and cell Ca2� signaling (33), a higher Ca2� threshold
for PTP opening in fast fibers may represent a mechanism to
adapt PTP responses to the higher Ca2� surges that occur
during high-frequency contractions in this fiber type under
physiological conditions of repeated recruitment. Further stud-
ies in intact muscle fibers are required to confirm this hypoth-
esis.

On the other hand, the implication of this phenomenon in
muscle pathology remains unclear. Indeed, under certain con-
ditions such as exposure to bupivacaine, the greater resistance
to PTP opening we observed in fast fibers could clearly
contribute to explain why mitochondrial dysfunction and myo-
toxicity appear to be less important in these fibers than in those
with a slow-twitch phenotype (27). On the other hand, this
resistance of fast fibers is in apparent contradiction with the
observation that in other pathological states such as ischemia-
reperfusion (12, 49) and Duchenne muscular dystrophy (47), in
which PTP opening plays a role in injury (18, 37), type II fibers

appear to be more affected than type I fibers. A likely expla-
nation for this phenomenon is that alterations in cellular factors
that promote PTP opening are greater in fast fibers than in slow
fibers as a result of these pathological states and overwhelm the
capacity of mitochondria to resist to permeability transition.
Clearly, the involvement of mitochondria in cell death depends
on the convergence of several factors, and further studies are
required to better establish their role in various muscle pathol-
ogies. The novel method we have described that allows assess-
ment of PTP sensitivity in small muscle samples will facilitate
these investigations in mouse models of disease and in human
biopsy samples.
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