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Abstract

During myogenic differentiation the short mitochondria of myoblasts change into the extensively

elongated network observed in myotubes. The functional relevance and the molecular mechanisms

driving the formation of this mitochondrial network are unknown. We now show that

mitochondrial elongation is required for myogenesis to occur and that this event depends on the

cellular generation of nitric oxide (NO). Inhibition of NO synthesis in myogenic precursor cells

leads to inhibition of mitochondrial elongation and of myogenic differentiation. This is due to the

enhanced activity, translocation and docking of the pro-fission GTPase dynamin-related protein-1

(Drp1) to mitochondria, leading also to a latent mitochondrial dysfunction that increased

sensitivity to apoptotic stimuli. These effects of NO inhibition were not observed in myogenic

precursor cells containing a dominant-negative form of Drp1. Both NO-dependent repression of

Drp1 action and maintenance of mitochondrial integrity and function were mediated through the

soluble guanylate cyclase. These data uncover a novel level of regulation of differentiation linking

mitochondrial morphology and function to myogenic differentiation.
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Mitochondria are highly dynamic organelles that continuously and reversibly rearrange their

structure through the tightly-regulated processes of fission and fusion of their inner and

outer membranes.1,2 Mitochondrial fission is regulated by the GTPase dynamin-related

protein-1 (Drp1) that cycles from the cytosol to mitochondria, where it binds to Fis1, an

integral outer membrane protein, whereas fusion requires the activity of three large GTPase

proteins, mitofusin-1 and 2, and optic atrophy-1 (Opa1).3 Mitochondrial dynamics

participate in a cell’s response to fluctuations in oxygen and nutrient availability,4,5 and

contribute to regulation of the development and activity of a number of tissues and organs.
6-8

Despite the recognized role played by mitochondria in the overall skeletal muscle function,

including its repair after damage,9-11 the role of mitochondrial fission and fusion in skeletal

muscle bioenergetics and development has not been investigated. Interestingly, during

myogenic differentiation the short mitochondria of the myoblasts change into the extensive

elongated network observed in the myotubes,12 suggesting that they may have a role in

myogenesis.

We report here that inhibition of mitochondrial fission, with the consequent formation of a

mitochondrial network, is required for myogenic differentiation and that this is dependent on

inhibition of Drp1 function. Furthermore, we report that endogenous nitric oxide (NO)

generated by the muscle-specific neuronal NO synthase (NOS) inhibits Drp1-dependent

mitochondrial fission, and by this inhibition allows the process of myogenesis to occur. The

action of NO was reversible (with a fast onset and offset), physiological, as it was mediated

by cyclic GMP (cGMP), and was accompanied by profound changes in the mitochondrial

bioenergetics that have a role in myogenesis. Thus NO, by suppressing the activity of Drp1,

allows the formation of the mitochondrial network and the changes in cell bioenergetics

needed for myogenesis to occur.

Results

NO regulates myogenesis and mitochondrial elongation in differentiating myogenic
precursor cells through cGMP

We examined the effects of endogenous generation of NO on myogenic differentiation and

on changes in mitochondrial morphology. Myogenic precursor cells, freshly isolated from

the muscles of newborn mice, were transiently transfected with a red fluorescent protein

targeted to mitochondria (mitoDsRed) and were induced to differentiate.13 Differentiating

primary myogenic precursor cells (Figure 1a) expressed progressively the differentiation

markers Mef-2A, Myo-D, myogenin and sarcomeric myosin (MyHC) (Figure 1b and

Supplementary Figure S1b). In parallel morphological studies, mitochondria that were round

in shape in proliferating cells were found to become progressively elongated, forming an

extensive branched network at 12 h of differentiation (see Figure 1a and Supplementary

Figure S1a for quantification of mitochondrial elongation, and Supplementary Figure S2 for

the 3D reconstructions). These changes in mitochondrial morphology were accompanied by

changes in the expression of proteins regulating mitochondrial fission and fusion, namely

Drp1, mitofusins and Opa1 (Figure 1c and Supplementary Figure S1b). The increased

expression of these proteins was not due to mitochondrial biogenesis as expression of other

mitochondrial proteins such as cytochrome c and cytochrome c oxidase did not change,

neither did we detect an increase in mtDNA (Figure 1c and data not shown). nNOS protein
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expression in differentiating cells was unchanged whereas NOS activity was increased,

indicating that myogenic differentiation triggers NOS activation (Figure 1d). The increased

NOS activity was accompanied by increased generation of cGMP, a physiological

messenger generated by NO through activation of guanylate cyclase (Figure 1e).14 Both

NOS activity and cGMP generation were inhibited by the NOS inhibitor Nω-nitro-L-arginine

methylester (L-NAME) (Figure 1d and e). We examined the role of endogenous NO and

cGMP generation on myogenic differentiation and mitochondrial morphology. L-NAME and

the guanylate cyclase inhibitor H-(1,2,4)-oxadiazolo[4,3-]quinoxalin-1-one (ODQ) inhibited

both expression of myogenic markers (Figure 1b) and elongation of mitochondria (Figure 1a

and Supplementary Figure S1). Inhibition of NO or cGMP generation did not modify the

expression of the mitochondria-shaping proteins or of mtDNA (Figure 1c and data not

shown). The neuronal NOS splice variant μ is particularly important in muscle physiology.15

Silencing of the enzyme using a specific siRNA inhibited the expression of myogenic

differentiation markers and elongation of mitochondria (Supplementary Figure S3),

indicating that NO generation and the consequent elevation of cGMP are required for both

mitochondrial elongation and myogenesis.

Changes in mitochondrial morphology may be the consequence of toxic cellular effects. In

differentiating myoblasts neither L-NAME nor ODQ induced significant changes in the basal

rate of apoptosis, as assessed up to 72 h of differentiation by measuring phosphatidylserine

exposure to the plasma membrane in 7-amino actinomycin-D (7AAD)-excluding cells (Figure

2a) and the number of trypan blue-excluding (viable) cells (Figure 2b). Consistently, we did

not observe activation of caspase-3 and 9 (Figure 2c). Likewise, neither ODQ nor L-NAME

induced spontaneous apoptosis in proliferating, undifferentiated myoblasts (not shown).

These results rule out a toxic action by L-NAME and ODQ.

NO/cGMP stimulate myogenesis through inhibition of mitochondrial fission

Myogenic precursor cells were co-transfected with vectors coding for mitoDsRed and

cytosolic YFP (pEN1YFP). After induction of differentiation for 6 h we used real-time

confocal microscopy and transmission electron microscopy to investigate the effects of L-

NAME and ODQ on mitochondrial morphology. Differentiation for this period resulted in

the majority of mitochondria being in the elongated form (Figure 3b and c). However, both

L-NAME and ODQ induced mitochondrial fragmentation within minutes after their addition,

which persisted throughout the time of the analysis (40 min) and was confirmed at the

ultrastructural level (see Figure 3a and Supplementary Figure S4 for electron microscopy

images, and Supplementary Figure S5 for the films). The NO donor (Z)-1-[2-(2-

aminoethyl)-N-(2-ammonioethyl) amino]diazen-1-ium-1,2 diolate (DETA-NO) and the

membrane-permeable cGMP mimic 8Br-cGMP reversed the effects of L-NAME and ODQ,

respectively, indicating the cGMP dependency of NO’s action (Figure 3b and c). These

results indicate that changes in mitochondrial morphology are due to the actions of NO/

cGMP.

Mitochondrial dynamics depend on the processes of fission and fusion.1,2 We investigated

whether NO/cGMP regulates fission, fusion or both processes. To examine mitochondrial

fusion, we performed a polyethylene glycol fusion assay on myoblasts differentiated for 6 h.

Neither L-NAME nor ODQ changed the rate of mitochondrial fusion, as monitored by

measuring the appearance of double mtRFP/mtGFP-positive mitochondria in the

heteropolykaryons in the presence of cycloheximide for a further 6 h after polyethylene

glycol addition (Figure 4a and b). However, a dominant-negative (K38A) mutant of Drp116

prevented the effects of L-NAME and ODQ on mitochondrial morphology (Figure 4c). This

mutant also prevented the slowing of myogenic differentiation induced by L-NAME and

ODQ, and enhanced the myogenic process, most likely by inhibiting basal Drp1 function
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(Figure 4d and Supplementary Figure S6). These results show that mitochondrial elongation

by NO is due to reduced fission and that this modulation regulates myogenesis.

NO/cGMP control Drp1 localization and activity

To investigate how NO regulates the function of Drp1 through cGMP we monitored the

activity and sub-cellular localization of Drp1 in differentiating myoblasts. Sub-cellular

fractionation and immunoblotting for Drp1 showed that mitochondrial Drp1 localization was

significantly increased by L-NAME and ODQ (Figure 5a). In addition, ODQ and L-NAME

increased the interaction between Drp1 and its mitochondrial receptor Fis1, as shown by co-

immunoprecipitation (Figure 5b and data not shown). Finally, L-NAME and ODQ increased

the binding of Drp1 to GTP, an assay that measures GTPase activity in intact cells, as shown

by pull-down experiments using GTP-conjugated beads (Figure 5c). DETA-NO or 8Br-

cGMP reversed all the effects of L-NAME and ODQ. Of note, we did not detect any

significant changes in the mitochondrial and cytosolic calcium concentrations upon NOS or

guanylate cyclase inhibition, thereby ruling out calcium overload as a trigger for fission

under these conditions (not shown). Drp1 is known to be regulated by means of protein

kinase-A and C through phosphorylation. We investigated whether NO/cGMP acting

through G-kinase induced phosphorylation of Drp1. As shown in Figure 6a myogenic

differentiation was accompanied by phosphorylation of Drp1, which was prevented by both

L-NAME and ODQ. In addition, DETA-NO and 8Br-cGMP induced the phosphorylation of

the protein in a manner that was prevented by the G-kinase inhibitor KT5823 and enhanced

by BAY41-2272, which activates guanylate cyclase independently of NO (Figure 6b). These

experiments indicate that NO/cGMP phosphorylates Drp1 through G-kinase and inhibits its

function during myogenic differentiation.

NO/cGMP maintain mitochondrial membrane potential in differentiating myoblasts

We investigated whether changes in mitochondrial morphology and dynamics affected the

bioenergetics of differentiating myoblasts, using the F1F0 ATP synthetase inhibitor

oligomycin; this is used as a sensitive test of latent mitochondrial dysfunction in intact cells.
17 In proliferating myogenic precursor cells and in control differentiating myoblasts (6 h)

oligomycin increased the mitochondrial membrane potential, as indicated by an increase in

the mitochondrial fluorescence of the potentiometric dye tetramethyl rhodamine methyl

ester (TMRM) followed by real-time imaging (Figure 7a); this is as expected for healthy

mitochondria.17 By contrast, in L-NAME- or ODQ-treated differentiating myoblasts,

addition of oligomycin led to progressive mitochondrial depolarization, which was fully

normalized by Drp1 K38A (Figure 7a and data not shown), establishing a link between

changes in mitochondrial dynamics and mitochondrial membrane potential. L-NAME and

ODQ had no effects on the mitochondrial membrane potential in proliferating cells (not

shown). These findings suggest that if NO or cGMP is depleted during myogenesis the

fragmented mitochondria that result will show a latent mitochondrial dysfunction.

NO/cGMP regulate mitochondrial respiration and ATP generation in differentiating
myoblasts

We next investigated the effects that the latent dysfunction observed in mitochondria had on

the bioenergetic parameters of differentiating myoblasts, in which NO or cGMP generation

was inhibited. Total OXPHOS-ATP, measured in the presence of the glycolysis inhibitors

fluoride and iodoacetate, was significantly reduced in ODQ- or L-NAME-treated

differentiating cells as compared with that in untreated controls. The effects of L-NAME or

ODQ were abolished by Drp1 K38A (Figure 7b and data not shown). The amount of ATP

generated normally by glycolysis was low in each treatment group, with no significant

changes induced by ODQ/L-NAME or Drp1 K38A (Figure 7c).
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We analyzed cell respiration (time 6 h) measuring total, oligomycin-resistant (proton leak)

and maximal (uncoupled) oxygen consumption in proliferating and differentiating myogenic

cells. ODQ and L-NAME did not significantly alter total, oligomycin-resistant or maximal

oxygen consumption in proliferating cells (not shown), whereas they reduced all respiratory

parameters in the differentiating cells (Figure 7d). Neither L-NAME nor ODQ had any effect

on the residual, mitochondrial-independent oxygen consumption (ROC in Figure 7d). To

further assess the functional relevance of the changes induced by L-NAME and ODQ on

respiration, we measured the ratios of oligomycin-resistant to maximal oxygen consumption

and coupled respiration (total minus oligomycin-resistant oxygen consumption) to maximal.

These rates give an estimate of whether changes in total respiration can ultimately affect the

ability of the mitochondria to use the proton-motive force to synthesize ATP. In ODQ- or L-

NAME-treated cells, the ratio of oligomycin-resistant to maximal respiration was reduced,

whereas the ratio of coupled respiration to maximal was increased (Figure 7e and data not

shown). These data indicate that cells try to compensate for the reduced respiratory capacity

induced by impairment of NO or cGMP signaling with enhanced coupling of electron

transport with oxidative phosphorylation. All changes induced by L-NAME or ODQ were

prevented by Drp1 K38A, indicating that impairment of respiratory function induced by L-

NAME or ODQ in differentiating myogenic precursor cells is a consequence of changes in

mitochondrial dynamics. The use of selective inhibitors of the electron transport chain

showed that L-NAME and ODQ decrease mitochondrially generated ATP regardless of

which mitochondrial complex was stimulated (Figure 7f and data not shown), suggesting

that cytochrome c oxidase, the terminal component of the respiratory chain, is the likely

target. As with the other parameters investigated, mitochondrial complex activities were

restored by Drp1 K38A.

NO/cGMP and mitochondrial dynamics: a quality-control check for myogenesis

To investigate the functional role of the induction of fission and the resulting impaired

mitochondrial function, we examined cell sensitivity to oxidative stress. In differentiating

myoblasts, apoptosis induced by H2O2 was significantly increased in cells in which NO/

cGMP signaling was blocked by L-NAME or ODQ (Figure 8). Such increased sensitivity

was Drp1-dependent, as shown by its absence in the K38A mutant. No differences in H2O2-

induced apoptosis were observed in proliferating cells exposed to ODQ or L-NAME (not

shown). These results indicate that in differentiating myoblasts impairment of NO/cGMP

signaling and the ensuing changes in mitochondrial function lead to an increased sensitivity

to apoptogenic stimuli.

Discussion

In this study we show that inhibition of NOS activity prevents the elongation of

mitochondria and myogenesis, indicating that NO has a determinant role in these processes

by controlling the function and activity of the mitochondrial fission protein Drp1. Indeed

expression of the dominant-negative form of Drp1 K38A reversed the effects on both

control of mitochondrial dynamics and myogenesis, which occurred due to removal of NO.

These effects were specific to differentiating myoblasts as NO had no effect on

mitochondrial shape or activity in the proliferating myogenic precursor cells. The effects of

NO were dependent on the activation of guanylate cyclase and the generation of cGMP,

which is activated by nanomolar concentrations of NO.18 This indicates that the process

described takes place under physiological conditions.

NO/cGMP acted selectively on mitochondrial fission, directly controlling Drp1 GTPase

activity, translocation to mitochondria and interaction with Fis1. Drp1 activity is known to

be tightly regulated through phosphorylation by both cyclin-dependent kinase-1 and the

cAMP-dependent protein kinase, and through dephosphorylation mediated by calcineurin.
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19,20 Our results show that NO phosphorylates Drp1 through G-kinase. This kinase-

dependent mechanism of control of Drp1 suggests the need for additional tight levels of

regulation of the enzyme, and stresses the importance of this mechanism and the biological

relevance of its control by NO. Furthermore, the fact that NO regulates the activity and not

the expression of Drp1 points toward a dynamic role of fission control by NO that may be

relevant to fine-tuning the process of myogenesis.

In neurons high, cytotoxic concentrations of NO have been reported to promote fission and

apoptosis and may contribute to the pathogenesis of Alzheimer’s disease.21,22 This effect is

mediated by S-nitrosylation of Drp1,23 that is, a mechanism different from the cGMP/G

kinase-dependent phosphorylation we show here and that activates rather than inhibits the

enzyme. These findings, although apparently contradictory to the results reported here, are

in keeping with the concept that NO is a double-edged messenger that, depending on its

concentration and mechanism of action, can have opposing effects on a particular

mechanism or target.24,25 Likewise, the role of Drp1 and fission differ depending on the cell

type, due to differences in the cell management of mitochondrial morphology and function.

Drp1-null embryos fail to undergo developmentally regulated apoptosis during neural tube

formation in vivo, whereas embryonic fibroblasts have normal apoptotic responses,26

The specific role of NO in regulating myogenesis physiologically through a mitochondrially

linked mechanism raises the question of the biological significance of such control. A

possible answer lies in the NO-dependent bioenergetic changes taking places in the

mitochondria of differentiating myoblasts and in their pathophysiological consequences that

we describe here.

Although the mitochondrial membrane potential was maintained in cells in which fission

was taking place as a result of the lack of NO/cGMP, its collapse after treatment with the

F1F0 ATP synthetase inhibitor oligomycin and the low rate of ATP generation observed in

these conditions showed that mitochondrial respiration is impaired. Such reduced activity

was a consequence and not a cause of mitochondrial fission as it was reversed by Drp1

K38A. The functional consequence of such a metabolic defect was evident when apoptosis

was induced, so that cells in which fission was taking place were more sensitive to an

apoptogenic stimulus. It is possible that mitochondria and NO act as a quality-control check

of myogenesis. Indeed activation of NOSs depends crucially on the correct architecture of

cells and on intracellular signaling pathways that may be disrupted in damaged cells.18,27

The metabolic changes subsequent to the NO/cGMP-dependent changes in mitochondrial

dynamics appear to follow changes in cytochrome c oxidase activity. A recent study

highlighted how this enzyme is regulated by cAMP, with important metabolic consequences,
22 in a manner analogous to the Drp1-mediated, cGMP-dependent mechanism described

here. These observations uncover new and significant mechanisms of regulation of

cytochrome c oxidase, with biological consequences that add to the complexity, and

recognize the importance of this enzyme for cell pathophysiology.28-30

Previous studies have shown that expression of NOSs is developmentally regulated and that

NO acts at various levels in the process of myogenesis, by increasing the secretion of

follistatin and follistatin-1-like proteins,31-33 and cooperating with insulin-like growth

factor-II.34 In addition, it favors the activation, proliferation and engraftment of myogenic

stem cells.13,35,36 We now show that NO controls the early events in myogenic

differentiation. It appears therefore that NO presides over several crucial steps of muscle

differentiation that are important in repair, and may explain why NO-based therapies appear

to work effectively in reducing muscle damage in muscular dystrophy.31,35
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The fact that the action of NO is mediated through inhibition of mitochondrial fission and

changes in the metabolic status of mitochondria is of great physiological importance in

muscles. In particular, NO controls mitochondrial respiration through reversible inhibition

of cytochrome c oxidase, acting as an acute sensor for changes in the oxygen concentration.
37,38 In addition, it stimulates mitochondrial biogenesis39,40 a key event occurring in muscle

hypertrophy and muscle repair that also contributes to the definition of the slow twitch-

oxidative versus fast twitch-glycolytic nature of muscle fibers.9,11,15,41 We now describe a

third action aimed at regulating mitochondrial dynamics and the resulting changes in

bioenergetics. Oxygen sensing and mitochondrial fission are regulated acutely by NO,

whereas mitochondrial biogenesis requires sustained changes in NO concentration.38,39

Understanding whether these actions of NO are independent from each other or are causally

linked, in particular if the acute NO-regulated effects on mitochondria influence

mitochondrial biogenesis, may lead to a better understanding of the role of NO in

modulating the mitochondrial behavior, giving new insights into the importance of energy

metabolism in the control of muscle development and regeneration. In view of the role of

NO and mitochondrial dysfunction in muscle degenerative diseases,35,42-44 these findings

will be crucial for designing novel therapeutic approaches to these pathological conditions.

Materials and Methods

Cell culture and treatment

Myogenic precursor cells were prepared as previously described.45 Briefly, muscle

fragments were digested with 2% collagenase-II and dispase (Sigma, St. Louis, MO, USA

and Gibco-Invitrogen, Carlsbad, CA, USA) for 10 min at 37 °C with gentle agitation. The

dispersed cells were then collected, pooled, centrifuged, resuspended in Iscove’s modified

Dulbecco’s medium supplemented with 20% fetal bovine serum, 3% chick embryo extract,
45 100 U/ml penicillin, 100 μg/ml streptomycin and 50 μg/ml gentamycin, and plated onto

matrigel, (BD-Bioscience, San Jose, CA, USA)-coated dishes at a density of 104 cells ×

cm2. Contamination by non-myogenic cell was reduced by pre-plating the cell suspensions

onto plastic dishes where fibroblasts tend to adhere more rapidly. Differentiation was

induced by changing the medium to Iscove’s modified Dulbecco’s medium supplemented

with 2% horse serum.

Drug treatments were as follows: myogenic precursor cells were differentiated for 6 h and

then treated with L-NAME (1 mM), ODQ (1 μM), DETA-NO (30 μM) and 8Br-cGMP (1

mM), alone or in combination, except for time-course differentiation experiments in which

drugs were added immediately after changing to differentiation medium.

DNA constructs and cell transfections

Drp1 was purchased from OriGene Technologies (Rockville, MD, USA) and sub-cloned

into pcDNA4/myc-His (Invitrogen, Carlsbad, CA, USA) using the following primers

containing the sequences for two restriction sites: EcoRV (5′-
CGGATATCGTCATGGAGGCGCTAATTCCT-3′) and XhoI (5′-
CCTCGAGGTCACCAAAGATGAGTCTCC-3′). PCR conditions, using the Pfu high-

fidelity polymerase (Stratagene, La Jolla, CA, USA), were 95 °C for 2 min, then four cycles

as follows: 95 °C for 30 s, 50 °C for 30 s, 72 °C for 5 min and then 25 cycles as follows: 95

°C for 30 s, 60 °C for 30 s and 72 °C for 5 min. The 2208-bp fragment thus obtained was

sub-cloned into the pcDNA4/myc-Hys (Invitrogen) XhoI-EcoRV-linearized vector,

upstream from the Myc tags.

Drp1 K38A was generated through site-directed mutagenesis of pcDNA4-Myc-Drp1 by

using a QuikChange II Site-directed Mutagenesis kit (Stratagene, La Jolla, CA, USA). The
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endogenous Drp1 stop codon was removed using the following primers: 5′-
GGAGACTCATCTTTGGTCCTCGAGTCTAGAGGGCCCG-3′ (sense) and 5′-
CGGGCCCTCTAGACTCGAGGACCAAAGATGAGTCTCC-3′ (antisense). The second

mutagenesis step to obtain Drp1 K38A was performed using the following primers: 5′-
GGGAACGCAGAGCAGCGGAGCGAGCTCAGTG-3′ (sense) and 5′-
CACTGAGCTCGCTCCGCTGCTCTGCGTTCCC-3′ (antisense). The constructs were

sequence-verified using a Big Dye Terminator Sequencing kit (version 3.1; Applied

Biosystems, Foster City, CA, USA) run on an Applied Biosystems ABI 3100 Avant Genetic

Analyzer.

To obtain the constructs pEYFP-N1-Drp1 and pEYFP-N1-Drp1K38A, the original OriGene

construct was digested with NotI and the DrpI fragment was sub-cloned in NotI-linearized

pEYFP-N1 (Invitrogen) downstream from YFP. Site-specific mutagenesis was performed

first to remove a stop codon in the EYFP sequence using the following primers: 5′-
CTCGGCATGGACGAGCTGTACAAGAGCAAGGCCGCGAATTC-3′ (sense) and 5′-
GAATTCGCGGCCTTGCTCTTGTACAGCTCGTCCATGCCGAG-3′ (antisense). Drp1

K38A was finally obtained with a second mutagenesis step as described above. The final

constructs were verified by sequencing, as described above.

Cell transfections were performed with the FuGENE HD reagent (Roche Diagnostics,

Rotkreuz, Switzerland) according to the manufacturer’s instructions. The cells were used 24

h after transfection in the various experimental settings described.

To silence nNOS we used the ‘ON-TARGETplus SMARTpool siRNA’ system developed

by Thermo Scientific Dharmacon Laboratories (Lafayette, CO, USA) in which silencing is

obtained by transfection of 40 nM of a pool of four different siRNAs. The nNOS-silencing

siRNAs used in the pool were 5′-AGAUCGACAGCUUUGGUGG-3′; 5′-
AAUGACGUUGGGUUGGAUC-3′; 5′-UUGGAUAAGGCCGCUCUGC-3′; 5′-
GAUUCCUGUGUCUUUCAUC-3′. Transfections were performed using the INTERFERIN

polyplus transfection reagent from Euroclone (Euroclone Siziano (PV)).

Immunoblotting

The extracted proteins (50 μg) were separated by 4–12% sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) (NuPAGE; Invitrogen) and transferred

onto nitrocellulose membranes (Perkin Elmer, Waltham, MA, USA) as described.46 The

membranes were probed using the following antibodies (Abs): anti-calnexin (1 : 5000;

Genetex Inc, San Antonio, TX, USA); anti-Mfn2 (1 : 200; Abnova, Taipei, Taiwan); anti-

Mfn1 (1 : 200, Abnova); anti Drp1 (1 : 1000; BD Transduction Laboratories); anti-COX-

IV(oxidative phosphorylation Complex-IV subunit-IV, 1 : 400; Ibridoma Bank Iowa City,

Iowa); anti-Myc (1 : 1000; Cell Signaling, Boston, MA, USA); anti-Myo-D (1 : 500;

Ibridoma Bank Iowa City, Iowa); anti-sarcomeric myosin MyHC (1 : 10; Developmental

Studies Hybridoma Bank); anti myogenin (1 : 10; Developmental Studies Hybridoma Bank);

anti Mef2A (1 : 500; Santa Cruz Biotechnology); anti-GAPDH (AbD; Serotec, Oxford, UK)

and anti-Opa1 (1 : 1000; BD Transduction Laboratories).

Assay of NOS activity

The time course of NOS activity was assayed in intact cells by measuring the conversion of

L-[3H]-arginine into L-[3H]-citrulline.46 In brief, the reaction was performed using 145 mM

NaCl, 5 mM KCl, 1 mM MgSO4, 10 mM glucose, 1 mM CaCl2 and 10 mM HEPES (pH

7.4). A mix of 10 μCi/ml L-[3H]-arginine and 10 μM cold arginine was added at various time

points and the reaction was stopped after 5 min by washing with ice-cold phosphate-

buffered saline (PBS) supplemented with 5 mM L-arginine and 4 mM EDTA. A 0.5-ml
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volume of 100% cold ethanol was added to the dishes and left to evaporate before a final

addition of 20 mM HEPES (pH 6.0). L-NAME-treated cells were run in parallel as a control

for specificity. L-[3H]-citrulline was separated from L-[3H]-arginine by DOWEX 50X8-400

chromatography. The L-[3H]-citrulline formed was normalized to protein content, which was

evaluated by the bicinchoninic acid procedure (BCA; Perbio, Bezons, France).

Measurement of cGMP generation

At each time point myogenic precursor cell cultures were incubated for 30 min at 37 °C

either in growth medium or in differentiation medium with 0.5 mM of the phosphodiesterase

inhibitor 3-isobutyl-1-methylxanthine, supplemented with 1 mM L-NAME, or a vehicle.46

The reaction was terminated by rapid removal of the medium and washing with ice-cold

PBS. The cells were lysed by addition of ice-cold trichloroacetic acid (final concentration:

6%). After ether extraction, cGMP levels were measured using a radioimmunoassay kit and

normalized to protein content.

Confocal and time-lapse microscopy

For confocal z-axis stacks of the mitochondrial network, coverslips were placed on the stage

of an UltraVIEW ERS Spinning-Disk Confocal microscope equipped with a stage incubator

(OkoLab, Quarto, ITALY) and an EM-CCD Hamamatsu (Hamamatsu City, Shizuoka,

Japan) C9100, allowing us to follow highly dynamic processes. Cells expressing mtDsRed47

were excited using the 514-nm line of an HeNe laser with exposure times of 100 ms using a

× 63 immersion objective. Stacks of 20 images, separated by 1 μm along the z-axis, were

acquired for steady-state and time-resolved 3D imaging. The total acquisition time for each

stack was 1.1 s for the 20 planes to minimize reconstruction artifacts caused by

mitochondrial movement. Reconstruction of the stacks was performed using the Volocity

software.

For confocal imaging of fixed cells, 16-mm-diameter round coverslips were placed on the

stage of a Leica TCS SP2 Laser-Scanning Confocal microscope equipped with an

electronically controlled and freely definable Acousto-Optical Beam Splitter. Images were

acquired with ×63 magnification oil-immersion lenses at 1024 × 1024 pixel resolution. The

cells were excited with the 543-nm line for mtDsRed and the emitted light was collected

with 570 long-pass filters. Morphometric analyses were performed using imagetool 3.0

(University of Texas Health Science Center, San Antonio, USA). Images of cells expressing

mitoGFP or mitoDsRed47 were thresholded by using the automatic threshold function. For

each identified object, the major-axis length and the roundness index were calculated. Cells

were scored with elongated mitochondria when >50% of the objects in the image (i.e.,

mitochondria) had a major axis longer than 5 mm and a roundness index below 0.5

(maximum value is 1).

Serial images (z-stacks) of mitoDsRed-expressing myogenic cells were acquired with a

Leica TCS SP2 Laser-Scanning Confocal microscope and collected with a z-step of 0.5 μm.

Image analysis and processing was performed with the public domain software

MBF_ImageJ for Microscopy (http://www.macbiophotonics.ca/index.htm). Single-channel

surface-rendered images were processed using ImageJ running the VolumeJ plugin48 as

described by Collins et al.49

Electron transmission microscopy

After the various treatments, the myogenic precursor cell pellets were prepared for electron

microscopy, as described by Nisoli et al.39 In brief, thin sections were obtained using a MT-

X ultramicrotome (RMC, Tucson, AZ, USA), stained with lead citrate and examined using a
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transmission electron microscope (Philips CM10; Eindhoven, The Netherlands). A

minimum of 50 cells from each treatment were assessed.

Apoptotic cell death analysis

For cell death experiments, cells were plated in six-well dishes, exposed to the treatments

indicated in the section ‘Cell culture and treatment’ and treated in the presence or absence of

30 μM H2O2 for 4 h at 37 °C. The cells were detached and stained with tetramethyl

rhodamine isothiocyanate–annexin-V (1 : 20) and (1 : 5) (BD Biosciences) according to the

kit manufacturer’s instructions and analyzed by flow cytometry using a FACStar Plus

(Becton Dickinson, Franklin Lakes, NJ, USA) as described by Sciorati et al.13 Cells staining

positive for annexin-V and excluding 7AAD were considered apoptotic. Cell death was also

assessed by the trypan blue exclusion assay of cell viability and by detecting activated

caspase-3 and caspase-9 with specific Abs (Cell Signaling-New England Biolabs, Ipswich,

MA, USA).

PEG fusion assay

Fusion experiments were performed as described by Cipolat et al.47 In brief, 5 × 105 mouse

myogenic precursor cells were transfected either with mitoGFP or with mitoDsRed alone.

After 24 h, cells labeled with different fluorescent proteins were co-plated at a 1 : 1 ratio

onto 13-mm-diameter round coverslips. Differentiation was induced for 6 h after which the

cells were treated with L-NAME or ODQ for 1 h; fusion was induced by a 60-s treatment

with a 50% (wt/vol) solution of polyethylene glycol (PEG) 1500 in PBS (Sigma), followed

by extensive washes in DMEM supplemented with 10% fetal calf serum. To inhibit de novo

synthesis of fluorescent proteins, 30 min before PEG treatment cells were incubated with the

protein synthesis inhibitor cycloheximide (20 μg/ml, Sigma), which was subsequently added

in all solutions and tissue culture media until cells were fixed for 30 min with ice-cold 3.7%

(vol/vol) formaldehyde in PBS. After two washes with PBS, the coverslips were mounted on

slides using the Anti-Fade Reagent (Molecular Probes). For imaging of polykaryons, fixed

cells on 13-mm-diameter round coverslips were placed on the stage of a Bio-Rad (Hercules,

CA, USA) MRC 1024 Laser Scanning Confocal microscope. The cells were excited with the

488-nm laser line for yellow fluorescent protein and the 568-nm line for mitoDsRed, and the

emitted light was collected with 515/30 band-pass and 570 long-pass filters, respectively.

The intensity of double-labeling in the polykaryons was quantified in three different

experiments using the ‘Colocalizer’ plugins of ImageJ software.

Sub-cellular fractionation

Myogenic precursor cells were scraped in 400 μl of homogenization medium (0.3 M

sucrose, 10 mM MES K+, 1mM K2EGTA, 1 mM Mg2SO4, protease inhibitors (pH 7.4)) and

homogenized with 25 strokes of a ball-bearing homogenizer on ice before centrifugation at

1000 × g for 10 min at 4 °C. The resulting low-speed pellet containing nuclei and unbroken

cells was discarded. The post-nuclear supernatant (PNS) was further centrifuged at 10 000 ×

g for 30 min at 4 °C and the resulting pellet contained both heavy and light mitochondrial

fractions. The pellet was washed twice at 10 000 × g for 30 min at 4 °C. The post-

mitochondrial supernatant was centrifuged at 55 000 r.p.m. for 2 h with TLA-100 to obtain a

microsomal pellet and a cytosolic fraction. Equal amounts of mitochondria, microsomes and

cytosolic fraction were separated on 12% polyacrylamide gel, blotted onto a nitrocellulose

membrane (Perkin Elmer) and probed with anti-Drp1 anti-COX-IV, anti GAPDH Abs.50

Detection of the interaction between Fis1 and Drp1 by co-immunoprecipitation

To test for a Drp1–Fis1 interaction in intact cells, in view of the reversible nature of such an

interaction, myogenic precursor cells were subjected to chemical cross-linking. The
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cleavable, homo-bifunctional cross-linker dithiobis (succinimidylpropionate) (DSP; Pierce,

Rockford, IL, USA) was diluted to a final concentration of 1.0 mM in PBS and added to the

cultured cells. After incubation for 1 h at room temperature, cross-linking was stopped by

addition of Tris HCl (pH 7.7) to a final concentration of 20 mM. The cells were lysed with a

lysis buffer containing 20 mM Tris HCl, 150 mM NaCl, 10 mM EGTA, 10% glycerol and

1% Triton X-100 (pH 7.4) and immunoprecipitation was performed using anti-Fis1 Abs and

protein-A–Sepharose (GE Healthcare, Chalfont, St Giles, UK) for 16 h at 4 °C. The samples

were washed three times in lysis buffer and boiled in SDS sample buffer containing 5% 2-

mercaptoethanol to cleave the cross-linking. The samples were run on 15% polyacrylamide

gels and subjected to western blot analysis using anti-Drp1, anti-Fis1 Abs (Enzo Life

Science, Farmingdale, NY, USA). The specificity of the interaction between the two

proteins and of the binding to the beads was verified in a control immunoprecipitation

experiment using an anti-calnexin Ab (Genetex Inc.), followed by immunoblotting with anti

Drp1 or Fis1 Abs.

Assay for GTPase activity

Cells were suspended in 400 μl of homogenization buffer containing 0.22 M mannitol, 0.07

M sucrose, the protease inhibitor cocktail and 10 mM HEPES-KOH (pH 7.4) and

homogenized with 10 strokes using a syringe equipped with a 27-gauge needle. The PNS

was recovered by centrifugation at 1500 r.p.m. for 5 min and 300 μl were diluted in a

reaction buffer (homogenization buffer containing 50 mM Tris-HCl, 150 mM NaCl, 1 mM

MgOAc2, 1 mM dithiothreitol, the protease inhibitor cocktail and 1% digitonin (pH 7.5)).

The cleared lysate was incubated with 30 μl GTP-agarose beads (Sigma) at 30 °C for 1 h.

The beads were washed three times in the same buffer. The proteins were resolved by SDS-

PAGE and analyzed by immunoblotting using anti-Drp1 Abs.51

Measurement of Ca2+ concentrations

Cells grown on 13-mm-diameter round glass coverslips at 50% confluence were co-

transfected with cytosolic or mitochondrial aequorin.52 Aequorin reconstitution,

measurement and calibration were performed in a Krebs Ringer HEPES buffer containing 1

mM Ca2+ (pH 7.4). All measurements were performed in this buffer.52

Measurement of mitochondrial membrane potential

Cells were seeded onto 24-mm-diameter round glass coverslips and the mitochondrial

membrane potential was measured on the basis of the accumulation of TMRM (Molecular

Probes Invitrogen) as described by Angelin et al.17 Cells were rinsed once and then

incubated in serum-free Hank’s buffered salt solution supplemented with 1.6 μM
cyclosporine-H to minimize variability in the extent of mitochondrial loading using

potentiometric probes, and loaded with 10 nM TMRM for 30 min. Oligomycin at 1 μg/ml

was added during time lapse as indicated in the figures and, at the end of each experiment,

mitochondria were fully depolarized by addition of 4 μM of the protonophore carbonyl

cyanide p-trifluoromethoxy phenylhydrazone (FCCP). Cellular fluorescence images were

acquired using the epifluorescence-based IN Cell Analyzer 1000 microscope system (GE

Healthcare) equipped with a high-resolution CCD camera, fast laser-based confocal auto-

focus and optical Z-sectioning with Opti-Grid. Images were analyzed using the IN Cell

Investigator Software for automated analysis of cellular images. Sequential digital images

were acquired every 1 min and the average fluorescence intensity of all relevant regions was

recorded and stored for subsequent analysis.17
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Measurement of ATP formation

ATP concentration was determined using the luciferinluciferase method.53 Briefly, cells

were resuspended in buffer-A (150 mM KCl, 25 mM Tris-HCl, 2 mM EDTA, 0.1% BSA,

10 mM potassium phosphate and 0.1 mM MgCl (pH 7.4)) and incubated for 1 min with 50

μg/ml digitonin at room temperature with gentle agitation. They were then washed by

adding 1 ml of buffer-A and pelletted at 1000 × g. The cell pellets were resuspended in 160

μl of buffer-A and plated in 96 wells in triplicate. The samples were treated with 30 μl of a

mix containing 1 mM malate, 1 mM pyruvate, 0.1 mM ADP (Sigma), 10 μl buffer-B

(containing 0.8 mM luciferin and 20 mg/ml luciferase in 0.5 M Tris-acetate (pH 7.75)) and

either 1 μg/ml oligomycin or 100 μM iodoacetate or 4 mM fluoride to assess OXPHOS ATP

and glycolytic ATP, respectively. ATP was measured using a GloMax luminometer

(Promega, Madison, WI, USA).

Tests for respiratory chain defects were essentially performed as described by Robinson.54

In brief, digitonin-permeabilized cells were incubated at 37 °C for 15 min in a buffer

containing 0.25 M sucrose, 20 mM MOPS, 1 mM EDTA, 5 mM inorganic phosphate, 0.1%

fatty acid-free BSA and 1 mM ADP (pH 7.4), and supplemented with the following specific

substrates and inhibitors of the respiratory chain complexes: 1 mM pyruvate and 5 mM

malate, or 5 mM glutamate and 5 mM malate (complex-I); 1 μM rotenone and 10 mM

succinate (complex-II); 10 μg/ml antimycin-A, 0.1 mM N,N,N’-N’-tetramethyl-p-

phenylenediamine and 2 mM ascorbate (complex-IV).

Analysis of phosphorylation of Drp1

Myogenic precursor cells were transfected with pcDNA3-Drp1-myc and its control empty

vector. After 24 h, the myogenic precursor cells were differentiated for 6 h, incubated in

serum-free medium and labeled with 0.5 mCi/ml [32P]orthophosphate (8500–9120 Ci/mmol;

PerkinElmer Life Science) for 3.5 h in the presence of 100 μM 3-isobutyl-1-methylxanthine.

To determine the role of NO directly, cells were incubated in serum-free medium containing

0.5 mCi/ml [32P]orthophosphate for 3 h and treated with 30 μM DETA-NO, 1 μM KT5823,

1 mM 8Br cGMP, 1 μM ODQ and 2 μM BAY41-2272 for 1.5 h, in the presence of 100 μM
3-isobutyl-1-methylxanthine. The cells were lysed in a radio-immunoprecipitation buffer

supplemented with a protease inhibitor mixture (Sigma) and a phosphatase inhibitor mixture

(Sigma). Myc-Drp1 was immunoprecipitated using an anti-Myc monoclonal Ab (9E10)

immobilized on agarose beads (Invitrogen). The immunoprecipitates were resolved by SDS-

PAGE and 32P-labeled Drp1 was visualized by autoradiography using Amersham Hyperfilm

MP (GE Healthcare).

High-resolution respirometry

The respiration rate of the myogenic precursor cells transfected with pEYFP-N1 Drp1 K38A

or the empty vector, differentiated for 6 h and treated with ODQ for 1 h, was measured using

two-channel titration injection respirometers (Oroboros, Instruments Oroboros, Innsbruck,

Austria)55 at 37 °C in a buffer containing 0.5 mM EGTA, 3 mM MgCl2 60 mM K-

lactobionate, 20 mM taurine, 10 mM KH2PO4, 20 mM HEPES, 110 mM sucrose and 1 g/l

bovine serum albumin. Before each experiment the medium was equilibrated with air in the

oxygraph chambers at 37 °C until a stable signal was obtained for oxygen calibration. The

medium was then replaced by the aerated cell suspensions previously counted and the

chambers were closed at a volume of 2 ml by insertion of gas-tight stoppers. The cell

suspension was stirred continuously in the respirometer chamber at 460–600 r.p.m. the

DatLab software (Oroboros Instruments) was used for data acquisition (1 s time intervals)

and analysis, which includes online calculation of the time derivative of oxygen

concentration and correction for instrumental background oxygen flux.55 The respiratory

effect of cytochrome c was used as a test for plasma membrane integrity and mitochondrial
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function.55 After steady-state respiratory flux recording, titration was performed using

oligomycin (1 μg/ml) followed by uncoupling of oxidative phosphorylation by stepwise

titration of FCCP up to optimum concentrations in the range of 2.5 to 4 μM. Finally,

respiration was inhibited by sequential addition of 0.5 μM rotenone and 2.5 μM antimycin-

A. All data were normalized to citrate synthase activity.

Statistical analysis

The results are expressed as means±S.E.M. Statistical analysis was performed using a two-

tailed t-test for unpaired variables. The asterisks and crosses in the figures refer to statistical

probabilities, measured under the various experimental conditions as detailed in the figure

legends. Statistical probability values of <0.05 were considered significant.
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Figure 1.

NO regulates myogenesis and mitochondrial network formation through cGMP. Myogenic

precursor cells transfected with the red fluorescent mitochondrial protein mitoDsRed were

treated with L-NAME, ODQ or vehicle (C) and differentiated by serum withdrawal for up to

12 h. (a) Mitochondrial morphology detected by transient transfection with mitoDsRed;

nuclei are stained for Myo-D (blue) to distinguish myogenic cells from possible

contaminating cells. Bar: 10 μm. (b) Expression of the differentiation markers Mef-2A,

Myo-D, myogenin and sarcomeric myosin (MyHC) as detected by western blot analysis. (c)

Expression of the mitochondrial proteins mitofusins (Mfn)-1 and 2, Opa1, Drp1, cytochrome

c (CytC) and cytochrome c oxidase subunit-IV (COX-IV). Calnexin (Clx) was used as a

loading control in the experiments in panels b and c. (d) NOS activity measured as the

conversion of L-[3H]-arginine into L-[3H]-citrulline. The inset shows the levels of expression

of nNOS during myogenic differentiation. Clx was used as a loading control. (e) Generation

of cGMP. The images are from one of four independent reproducible experiments; the

graphs represent the values±S.E.M. (n = 4)
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Figure 2.

Inhibition of myogenesis and mitochondrial network formation by NO removal are not due

to toxic effects. Myogenic precursor cells were treated with L-NAME, ODQ or vehicle (C)

and differentiated by serum withdrawal for up to 72 h, during which time the rate of

spontaneous apoptosis was measured. (a) Phosphatidylserine exposure to the plasma

membrane in 7AAD-excluding cells. (b) The number of trypan blue-excluding cells. (c)

Expression of procaspase-9 and its cleaved form, and of cleaved caspase-3. The images are

from one of three independent reproducible experiments; the graphs represent the values

±S.E.M. (n = 3)
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Figure 3.

NO and cGMP regulate mitochondrial dynamics. (a) Myogenic precursor cells were co-

transfected with vectors coding for mitoDsRed and cytosolic YFP (pEN1YFP) and

differentiated. L-NAME, ODQ or vehicle (C) was added after 6 h of differentiation and

mitochondrial morphology was examined by time-lapse microscopy at the indicated time

points. The images are representative of three independent reproducible experiments. Bar:

10 μm. (b, c) Myogenic precursor cells were transfected with the mitoDsRed-coding vector

and differentiated. Six hours later cells were treated with L-NAME, ODQ, DETA-NO, 8Br-

cGMP or vehicle (C) in various combinations as indicated, fixed and examined after 50 min.

The red and blue colors in panel b show staining of mitoDsRed and an anti-MyoD Ab,

respectively. Bar: 10 μm. (c) Fifteen random fields per sample were acquired and the

fragmentation index was established using the imagetool 3.0 software. The dimension

ranges for fragmented and elongated were 1.20 μm ± 0.2 and >3.50 μm, respectively. The

asterisks show the statistical probability versus C, crosses versus L-NAME and circles versus

ODQ (P<0.001)
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Figure 4.

NO and cGMP stimulate myogenesis through inhibition of mitochondrial fission. (a, b)

Myogenic precursor cells were transfected with the vector coding for either mitoGFP

(green) or mitoDsRed (red), mixed, differentiated for 6 h and exposed for 1 h to L-NAME,

ODQ, DETA-NO, 8Br-cGMP or vehicle (C) as indicated. Plasma membrane fusion was

induced by addition of PEG 1500 and mitochondrial fusion events were quantified after 2, 4

and 6 h in the heteropolykaryons by measuring the fraction of mitochondria simultaneously

positive for both mtGFP and mitoDsRed (colocalization index %; n = 3). Bar: 10 μM. (c)

Myogenic precursor cells were transfected with vectors coding for the cytosolic marker

pEYFP-N1 (green) or the dominant-negative Drp1, pEYFP-N1-DRPK38A, and

differentiated in the presence of L-NAME and ODQ. Mitochondrial morphology was

assessed after 6 h. Bar: 10 μM. (d) Expression of the myogenic differentiation markers

Mef-2A, MyoD, myogenin and sarcomeric myosin (MyHC) was determined by western

blotting in myogenic precursors transfected with either the empty pCDNA3 vector or the

dominant-negative Drp1 (pcDNA3-Drp1 K38A) at the indicated time points. The result of

one out of three reproducible experiments is shown
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Figure 5.

NO and cGMP control the activity and localization of Drp1. Myogenic precursor cells were

differentiated for 6 h and treated for 1 h with L-NAME, ODQ, DETA-NO, 8Br-cGMP or

vehicle (C), added as indicated. (a) Cells were fractionated and the mitochondrial (MT),

microsomal (MI) and cytosolic (CI) fractions were examined for Drp1 content by western

blotting, using GAPDH and COX-IV as loading controls for cytosolic and mitochondrial

proteins, respectively. The results shown in the images are representative of five

reproducible experiments, which are quantified in the corresponding graphs. (b) Co-

immunoprecipitation of Drp1 with Fis1 was performed using the an anti-Fis1 Ab for

immunoprecipitation (IP). The amount of co-immunoprecipitated Drp1 was determined by

immunoblotting (IB) using a specific anti-Drp1 Ab. As control the amount of Fis1

immunoprecipitated was also checked by IB. As a further control for specificity we checked

the absence of co-immunoprecipitation of Drp1 with calnexin. (c) Drp1 GTPase activity was

measured in pull-down experiments using GTP-conjugated beads. The representative images

shown in panels b and c are from four independent reproducible experiments. The graphs

below each image report the densitometric values±S.E.M. of the relevant band from the four

experiments. In all panels, the asterisks, crosses and circles show statistical probability

(P<0.001), calculated versus C, L-NAME and ODQ, respectively
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Figure 6.

NO/cGMP triggers G-kinase-dependent phosphorylation of Drp1. (a) Myc-Drp1 was

immunoprecipitated from [32P]orthophosphate-labeled proliferating or differentiating

myogenic precursor cells. The immunoprecipitates were resolved by SDS-PAGE and 32P-

labeled-Myc-Drp1 was visualized by autoradiography. (b) Myc-Drp1 was

immunoprecipitated from [32P]orthophosphate-labeled myogenic precursor cells treated

with DETA-NO, 8Br cGMP with or without KT5823 and ODQ, respectively, or

BAY41-2272. The immunoprecipitates were resolved by SDS-PAGE and 32P-labeled-Myc-

Drp1 was visualized by autoradiography
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Figure 7.

The bioenergetic consequences of regulation of fission by NO and cGMP. Myogenic

precursor cells were transfected with pEYFP-N1 or pEYFP-N1-Drp1 K38A, differentiated

(diff) or allowed to proliferate (pro) for 6 h, and treated as specified. (a) The cells were

loaded with the mitochondrial potentiometric dye TMRM and the mitochondrial membrane

potential was measured 1 h after treatment with the vehicle (C) or ODQ. The arrows indicate

addition of oligomycin (O; 1 μg/ml) and FCCP (4 μM). (b, c) The cells were loaded with

luciferin-luciferase and the ATP generated through oxidative phosphorylation (b) or

glycolysis (c) was measured after addition of the vehicle or ODQ. (d, e) Respiratory

function was measured using a high-sensitivity respirometer. The values shown are for total,

oligomycin-resistant, maximal (uncoupled) and residual oxygen consumption (ROC), as

well as for the ratio of oligomycin-resistant to maximal (oligomycin resistant/M) and

coupled (total minus oligomycin resistant) to maximal (C/M). (f) Activity of the

mitochondrial respiratory complexes measured as in panel a assessing ATP generation in

cells respiring on pyruvate–malate (P + M) or glutamate–malate (G + M) (complex-I),

succinate–rotenone (S + Rot) (complex-II) TMPD–ascorbate–antimycin-A (T + A + AntA)

(complex-IV). The panels show values ± S.E.M. (n = 4). The double (P<0.01) and triple

(P<0.001) asterisks, and the crosses show statistical probability versus control and ODQ,

respectively
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Figure 8.

NO/cGMP protect from H2O2-induced apoptosis through inhibition of Drp1. Myogenic

precursor cells were transfected with pcDNA3-Drp1-myc or pcDNA3-Drp1 K38A-myc and

differentiated for 6 h. The cells were then exposed to H2O2 or vehicle in the presence or

absence of L-NAME or ODQ. (a) Phosphatidylserine exposure to the plasma membrane in

7AAD-excluding cells. (b) The number of trypan blue-excluding cells. The panels show

values±S.E.M. (n = 4). The asterisks and the crosses show significant differences (P<0.001)

from the control of L-NAME or ODQ-treated cells expressing pcDNA-myc, and of the

pCDNA3-Drp1 K38A-expressing cells from the cells expressing the empty vector,

respectively
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