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838 Research Article

Introduction
Mitochondria were discovered in the late 19th century and
were described as a collection of granules forming threads
inside the cell (Benda, 1898). This view was confirmed by
electron-microscopic observations of tissue, cultured cells and
rat diaphragm muscle that revealed the existence of a
mitochondrial network (mt-network) (Lewis and Lewis, 1914),
also known as mitochondrial reticulum (Bakeeva et al., 1978;
Poliakova et al., 1983). The central role of mitochondria in
cellular energy production was demonstrated by the discovery
of the respiratory chain and by the first investigations of
oxidative phosphorylation (OXPHOS) (Chance and Williams,
1956; Mitchell, 1961). However, the importance of mt-network
integrity was not evaluated in these important functional
studies. Likewise, most bioenergetic studies were performed
on isolated mitochondria from rat liver or muscle that do not
maintain network continuity after fractionation procedures. By
contrast, it has become clear that the mitochondrion exists in
living human cells as a large tubular assembly, extending
throughout the cytosol (Amchenkova et al., 1988) and in close
contact with the nucleus, the endoplasmic reticulum
(Szabadkai et al., 2003), the Golgi network and the
cytoskeleton (Anesti and Scorrano, 2006). Mt-networks are
very dynamic with typical conformations shifting between a
fragmented state and a tubular continuum (De Vos et al., 2005;
Margineantu et al., 2002). Currently, it is believed that the

overall shape of the mitochondrion is controlled by the balance
between fusion and fission events that are mediated by specific
proteins (Hollenbeck and Saxton, 2005; Youle and Karbowski,
2005). However, it remains difficult to study the determinants
of mitochondrial structural changes because organelle profiles
are known to be impacted by a number of causes, ranging from
physiology to pathology (Chan, 2006; Griparic and van der
Bliek, 2001). Accordingly, mitochondria participate in a
variety of cellular processes, indicating that the control of their
dynamic shape is probably multifactorial and their impact on
cell activity very diverse.

There is growing evidence of a close relationship between
energy production and mt-network organization. For instance,
the pioneering observations of Hackenbrock (Hackenbrock,
1966; Hackenbrock, 1968; Hackenbrock et al., 1971) revealed
a rapid and reversible change of the mitochondrion from the
so-called ‘orthodox’ to ‘condensed’ conformations upon
activation of ATP synthesis. This was confirmed recently in
living cells at the level of the mt-network with the thinning and
branching of its tubules upon alternating cellular energy
substrates from glycolytic to more oxidative forms (Jakobs et
al., 2003; Meeusen et al., 2004; Rossignol et al., 2004). By
contrast, fragmentation of the mt-network has been observed
in fibroblasts from patients with alterations of mitochondrial
energy production caused by genetic defects in respiratory-
chain subunits (Capaldi et al., 2004; Koopman et al., 2005).

Mitochondria form a dynamic network, and it remains
unclear how the alternate configurations interact with
bioenergetics properties. The metabolic signals that link
mitochondrial structure to its functional states have not
been fully characterized. In this report, we analyze the
bidirectional relationships between mitochondrial
morphology and function in living human cells. First, we
determined the effect of mitochondrial fission on energy
production by using small interfering RNA (siRNA)
targeting DRP1, which revealed the importance of
membrane fluidity on the control of bioenergetics. Second,
we followed the effect of rotenone, a specific inhibitor of
respiratory chain complex I, which causes large structural
perturbations, once a threshold was reached. Last, we

followed changes in the mitochondrial network
configuration in human cells that had been treated with
modulators of oxidative phosphorylation, and in fibroblasts
from two patients with mitochondrial disease where the
respiratory rate, �� and the generation of reactive oxygen
species (ROS) were measured. Our data demonstrate that
the relationship between mitochondrial network
organization and bioenergetics is bidirectional, and we
provide a model for analyzing the metabolic signals
involved in this crosstalk.

Key words: Mitochondrial network, Fission, DRP1, Oxidative
phosphorylation, Threshold effect
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839Bioenergetic control of the mitochondrial network organization

The opposite is also true, because pathological mutations in
genes responsible for mitochondrial fusion or fission have been
associated with alterations in the organization of the mt-
network and with the inhibition of energy metabolism (Amati-
Bonneau et al., 2005; Pich et al., 2005).

However, it is yet unclear whether the variable forms of the
mt-networks are associated with different bioenergetic
properties and whether alterations between configurations can
be dictated by specific variations in mitochondrial energy
production. The role of mitochondrial transmembrane electric
potential (��) is also uncertain because fragmentation of the
mt-network was observed in situations where it was abolished
(Ishihara et al., 2003; Legros et al., 2002; Lyamzaev et al.,
2004; Meeusen et al., 2004; Meeusen and Nunnari, 2005),
increased (De Vos et al., 2005; Gilkerson et al., 2000; Zoratti
et al., 1982), or decreased (Brand et al., 1994; De Vos et al.,
2005; Lyamzaev et al., 2004). Alternatively, the role of
intracellular ATP concentration could be important because the
depletion of NTPs by apyrase was observed to abolish fusion
events, leading to fragmentation of the mt-network (Meeusen
et al., 2004). In addition, variations of mitochondrial energy
states are associated with variable levels of free radicals
generated by the respiratory chain (Jezek and Hlavata, 2005)
that have also been suggested as possible modulators of mt-
network organization (Koopman et al., 2005; Pletjushkina et
al., 2006). Hence, the relationships between mt-network
organization and the state of energy production must be
considered in a multi-parameter analysis where ��,
respiration and reactive oxygen species (ROS) generation are
measured.

Here, we analyzed the crosstalk between mitochondrial
bioenergetics and organelle-network organization by
combining three different approaches. First, we determined the
bioenergetic features of HeLa cells impaired in mt-network
fission using small interfering RNA (siRNA) targeting DRP1.
Second, we characterized changes in mt-network organization
following treatment of MRC5 fibroblasts with rotenone, a
specific inhibitor of the respiratory chain complex I. Last, we
followed changes of mt-network configuration in human
primary cell lines treated with different modulators of
OXPHOS and also in cells taken from two patients with
mitochondrial diseases. On the basis of our data, we suggest a
model where the flux-force relationship of mitochondrial
OXPHOS can explain changes in mt-network organization.

Results
RNAi of DRP1 induces alterations in the mt-network
organization of HeLa cells
HeLa cells in which DRP1 was silenced by RNAi, presented
abnormal branching and excessive budding of the mt-network
compared with wild-type cells, or in cells in which siRNA was
not induced (Fig. 1A-C). Downregulation of DRP1 was
verified by western blotting, showing a decrease in the levels
of DRP1 expression (84±11% normalized to porin), compared
with cells without siRNA induction (Fig. 1D). In these cells,
we did not observe a change in the expression levels of porin
or respiratory chain complex IV (subunit Va) (Fig. 1D). HeLa
cells containing siRNA targeting DRP1 showed a slower rate
of proliferation in glucose medium, in comparison with non-
induced and control cells (Table 1). In glucose-deprived
medium, these cells were unable to proliferate, and died after

three days, in contrast with the controls. This suggests that in
cells where DRP1 was downregulated the OXPHOS system is
inefficient. 

Mitochondrial energy production is impaired in HeLa
cells lacking DRP1
To look more closely at the effect DRP1-targeting RNAi has
on the functioning of mitochondrial OXPHOS, we measured
native cellular respiration as well as respiration in the presence
of atractyloside (adenine-nucleotide-translocator inhibitor) and
oligomycin (F1F0-ATP-synthase inhibitor) (Fig. 2A). The
results show a significantly lower rate of endogenous
respiration in cells where DRP1 levels were decreased, as
compared to not-induced and wild-type cells (P<0.05). The
respiratory rate measured in non-phosphorylating conditions,
i.e. pseudo state 4 (Fig. 2B), was only slightly decreased, albeit
significantly (P<0.05). As a consequence, the degree of
endogenous coupling, represented by the ratio of the
endogenous respiratory rate, to that measured in presence of
atractyloside and oligomycin was lower (P<0.05) in cells
containing siRNA targeting DRP1 (1.22±0.34) compared with
not-induced (2.03±0.57) or wild-type (1.98±0.43) cells. This
suggested that there is a reduced rate of mitochondrial ATP
synthesis in cells containing siRNA targeting DRP1.
Accordingly, measurement of the rate of mitochondrial ATP

Fig. 1. Silencing of DRP1 in HeLa cells results in alterations of the
mt-network morphology. (A-C) mt-network organization was
observed in (A) wild-type HeLa cells, and (B) non-induced and (C)
induced HeLa cells carrying the tet-inducible siRNA vector. Notice
the budding of mt-network around the nucleus and the long, poorly
ramified, tubules in C. Bars, 10 �m. (D) Western blots performed
with 10 �g of cell-lysate proteins obtained from these cells.
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synthesis in permeabilized cells, using pyruvate-malate and
ADP as substrates, revealed a strong deficiency (P<0.05) in
HeLa cells containing siRNA targeting DRP1 compared with
wild-type and not-induced cells (Fig. 2B). The respective rates
of ATP synthesis are reported in Table 1.

Membrane properties and respiratory chain activity are
impaired in mitochondria isolated from HeLa cells
lacking DRP1
Isolated mitochondria from HeLa cells lacking DRP1
presented with a slower rate of state-4 and state-3 respirations
(Table 1). We also observed a significant decrease in
complex-IV activity when determined in situ on intact
mitochondria respiring on ascorbate–N,N,N�,N�-tetramethyl-p-
phenylenediamine (TMPD) (Fig. 3A). However, there was no
difference in the ex-situ, activity of this complex, when
measured spectrophotometrically, between cells lacking DRP1,
not-induced cells or wild-type cells (Fig. 3B). The total amount
of cytochrome c in the isolated mitochondria from these cells
was also the same (Fig. 3C). However, we observed significant
differences in the properties of mitochondrial membranes
isolated from each cell type. Indeed, there was a large reduction
of DPH anisotropy (increased membrane fluidity) in
mitochondria isolated from HeLa cells containing siRNA
targeting DRP1 (P<0.05) compared with not-induced and wild-
type cells (Fig. 3D).

Inhibition of complex I by rotenone alters cellular
metabolic capacity
After 4 hours of incubation with 1-5 ng/ml rotenone, we
observed no significant change in cell viability (P<0.05) when
compared with control cells (Fig. 4A); however, above 5 ng/ml,
cell viability started to decrease rapidly. In those cells, we
verified the inhibitory effect of rotenone on isolated activity of
complex I, endogenous respiratory rate and cell proliferation
(Fig. 4B). We found a rotenone-concentration-dependent
decrease in complex I activity that was slightly attenuated at
the level of cellular respiration and even more reduced at the
level of cell proliferation. The representation of cell growth as
a function of respiratory-rate inhibition revealed the existence
of a threshold effect (Fig. 4C). This indicates that cell growth
can remain quasi-normal even though mitochondrial
respiration is inhibited up to 40%. Above that threshold, cell
proliferation declines rapidly (Fig. 4C).

Inhibition of complex I by rotenone alters mt-network
organization
Cells treated with 4-6 ng/ml rotenone for 4 hours showed a
dramatic change in mt-network morphology characterized by

Journal of Cell Science 120 (5)

vesicularization of the tubules and the appearance of numerous
donut-like interdigitations (Fig. 4Dii). This was observed for a
high proportion of cells (85±12%). Higher doses of rotenone,
between 6 ng/ml and 10 ng/ml, induced mt-network
fragmentation that appeared as a collection of stacked large
rings (Fig. 4Diii). This configuration remained stable for 2-3
hours. In cells incubated with 10 ng/ml rotenone, the mt-
network was fully fragmented and was constituted of numerous
brightly fluorescent rings. However, at a rotenone level of

Table 1. Bioenergetic parameters determined on entire cells or isolated mitochondria
WT NI I

DT in galactose medium (hours) 41±5 47±6 –
DT in glucose medium (hours) 24±4 22±3 35±6*
Rate of mitochondrial ATP synthesis in permeabilized cells 16.08±4 12.96±3 5.1±1*

(nmol ATP/minute/106 cells)
Isolated mitochondrial respiratory rate at state 4 (ng atom O/minute/mg) 8.05±0.61 9.17±0.34 2.87±0.14*
Isolated mitochondrial respiratory rate at state 3 (ng atom O/minute/mg) 21.87±0.11 23.12±0.54 5.44±0.30*

WT, wild-type; NI, non-induced; I, induced HeLa cells. Values are means ± s.d.
*P<0.05, statistically significant change compared with NI HeLa cells.

Fig. 2. Mitochondrial energetics is altered in HeLa cells where DRP1
levels were decreased. (A) Cellular endogenous respiration (black
bars) was for wild-type (WT), not-induced (NI) or induced (I) HeLa
cells cultured in galactose medium. The rate of respiration under
non-phosphorylating conditions (gray bars) was obtained in cells
incubated with oligomycin and atractyloside. (B) The rate of
mitochondrial ATP synthesis was measured by bioluminometry for
permeabilized cells with 10 mM pyruvate-malate and 2 mM ADP as
substrates for wild-type (�), not-induced (�) or induced (�) HeLa
cells, and wild-type HeLa cells incubated with oligomycin and
atractyloside (�). Results in A and B are given as the mean ± s.d.,
n=3; *P<0.05, statistically significant change compared with the NI
cells.
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841Bioenergetic control of the mitochondrial network organization

above 10 ng/ml these vesicles were observed to disrupt, and
the matrix GFP began to diffuse in the cytosol.

Inhibition of complex I by rotenone triggers a decrease
in ��, an increase in matrix redox potential, and an
increase in cytosolic ROS concentration
The effect of rotenone treatment (4 hours; variable
concentration) on mitochondrial �� was measured in MRC5
fibroblasts grown in galactose medium (Fig. 5A). We observed
a reduction in ��, as indicated by a decrease in the JC1
red:green fluorescence ratio. However, it could not be inhibited
more than 40% of the control value, even at rotenone
concentrations >8 ng/ml, which were able to inhibit cell
respiration to more than 85%. In our study, we also measured
the effect of rotenone treatment on the steady-state level of
cytosolic H2O2 by using the fluorescent probe H2-DCFDA.
However, it revealed no difference in ROS concentration in
MRC5 fibroblasts treated with less than 9 ng/ml rotenone (Fig.
5B); above 9 ng/ml, the generation of radical species was
increased significantly (P>0.05). We conducted the same
analysis at the level of the mitochondrion, by using MitoSOX-
Red, a fluorescent probe that reacts with mitochondrial
superoxide. The results presented in Fig. 6B show a pattern of
mt-ROS generation in response to the different OXPHOS
effectors that is similar to that observed in the cytosol. Last of
all, we measured the redox potential of the mitochondrial
matrix by using ratiometric redox-sensitive GFP. It revealed
alterations in matrix redox potential towards more reduced
values in cell treated with rotenone (Fig. 5C).

‘Flux-force-structure’ model of mt-network organization
To elucidate the consequences of changes in bioenergetic
parameters on mt-network organization, we used different
effectors of OXPHOS, including carbonyl cyanide 3-
chlorophenylhydrazone (CCCP, an uncoupler of OXPHOS),
rotenone (complex-I inhibitor), atractyloside and oligomycin.
On MRC5 cells grown in galactose medium and treated with
these different compounds at various concentrations, we
measured changes in the mitochondrial ��, the respiratory
rate (JO2), cytosolic ROS and mt-network organization. The
results are presented in a flux-force-structure diagram (Fig.
6A), which shows that changes in �� and JO2 are not
proportional. Treatment with CCCP induces an increase in cell
respiration and a strong decrease in �� (down to 30% of
the control value) associated with fragmentation of the mt-
network (Fig. 6Ab,c). However, no change in cytosolic or
mitochondrial ROS concentration was observed compared with
controls (Fig. 6Cb,c). Treatment with rotenone led to a strong
and rapid decrease in JO2 that was associated with a decrease

in ��, which was down to 72% of control values. This was
followed by progressive budding of the mt-network and the
formation of ring-like structures (referred to as donuts), which
turned into pure vesicles in cells treated with high doses of
rotenone (Fig. 6Cd-f). A significant increase in ROS
concentration was measured in cells treated with high doses of
rotenone, but no change was observed at rotenone

Fig. 3. Mitochondrial membrane fluidity is increased in HeLa cells
with decreased DRP1 levels. (A) Mitochondrial respiratory rate
measured in the presence of ascorbate-TMPD in wild-type (WT),
not-induced (NI) or induced (I) HeLa cells. (B) Isolated activity of
complex IV measured by spectrophotometry in the same cells.
(C) The total content in cytochrome c determined by recording
difference absorbance spectra. (D) DPH anisotropy measured in
isolated mitochondria by fluorometry. The data indicate an increase
in organelle membrane fluidity when DRP1 was silenced by RNAi.
Results are given as the mean ± s.d., n=3; *P<0.05, statistically
significant change compared with the NI cells.
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concentrations below 12 ng/ml (d-f in Fig. 6A-C). Conversely,
the treatment of MRC5 with oligomycin induced an increase
in ��, associated with a decrease in cell respiration to levels
comparable with pseudo-state-4 values. In this case, the mt-
network became fragmented (Fig. 6B) and an augmented
cytosolic ROS concentration was measured (Fig. 6B). Similar
results were obtained with atractyloside (data not shown). In
MRC5 cells grown in glucose medium, we found a slightly
lower rate of endogenous respiration, a higher �� and a slight
decrease in ROS concentration compared with control cells
grown in galactose medium (Fig. 6Aa�).

The mt-network of fibroblasts taken from either a patient
carrying a complex-I defect (cell line B002, Fig. 6Ci) or a
patient with multiple-respiratory-chain deficit (cell line F006,
Fig. 6Cj), revealed important differences in mitochondrial
morphology. The respiratory-chain-deficit cell line contained a
mt-network that appeared more fragmented but was composed
of numerous stacked vesicles that mimicked tubules. The
complex-I-deficient cell line contained shorter mitochondrial
tubules and many mitochondria with punctate dots. Both cell
types were unable to grow in galactose medium and were
deficient in their rate of respiration compared with controls.
The values of endogenous respiratory rate and mitochondrial
membrane potential measured in these cells were used to
position these two cell lines on a diagram (Fig. 6A), which
shows that the complex-I-deficient cell line has a slightly
reduced �� (83±04% of the control) and a more decreased
respiration (48±06% of the control). The other cell line with
the multiple-respiratory-chain deficit showed a more dramatic
biochemical defect, with even smaller �� (71±07% of the
control) and respiration (22±03% of the control). Last, the
induction of apoptosis in MRC5 cells with staurosporin led to
the complete fragmentation of the mt-network (Fig. 6Ck). No
change in ROS concentration was measured (Fig. 6B). Fine
differences in mitochondrial ultrastructure can be observed,
following the treatment with rotenone (Fig. 6C1) or CCCP
(Fig. 6C2) compared with an untreated control (Fig. 6C3).

Discussion
The aim of this work was to study the interactions between
mitochondrial energy production and the structural
organization of the organelle. First, we analyzed cells in which
the mt-network was deprived of the ability to fragment by
suppressing DRP1 by RNAi. It resulted in extensive budding
and elongation of the mt-nework, as described by other authors
(Karbowski et al., 2004; Lee et al., 2004; Smirnova et al.,
1998). This particular configuration was previously associated
with a reduction in sensitivity to apoptosis inducers (Lee et al.,
2004). In our study, it was associated with a strong inhibition
of mitochondrial energy production, as demonstrated by the
incapacity to grow in glucose-deprived medium (Robinson,
1996). It is important to notice that the mt-network of DRP1-
depleted cells is different from that of control cells, even
though their overall configuration appears mostly tubular. In
DRP1-depleted cells, abnormal connectivity and a large
number of budding areas were shown, which suggested a
perturbation of mitochondrial dynamics. This was confirmed
by the observation of increased mitochondrial membrane
fluidity. The biochemical investigation of OXPHOS function
in DRP1-depleted cells further revealed a reduction in the
endogenous rate of coupled respiration, without a reduction of

Fig. 4. Effect of rotenone treatment on MRC5 fibroblasts. (A) Cell
viability in cells treated with different rotenone concentrations for 4
hours. (B) Rotenone titration curve of mitochondrial complex-I
activity (�), cellular endogenous respiration (�), and cell
proliferation (�), expressed as percent of untreated control.
(C) Inhibition of cell respiration and proliferation in galactose
medium, expressed as percent of untreated control. Notice the
threshold effect. (D) Morphological changes of the mt-network in
cells treated with increasing rotenone concentrations. i, 0 ng/ml; ii,
3 ng/ml; iii, 6 ng/ml. Results are given as the mean ± s.d., n=3;
*P<0.05, statistically significant change compared with the not
induced.
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843Bioenergetic control of the mitochondrial network organization

that measured at pseudo-state-4. Accordingly, measurement of
mitochondrial ADP phosphorylation in these cells when
permeabilized with digitonin – where the delivery of substrates
is not limiting – revealed a strong reduction of mitochondrial
ATP synthesis. This suggests that a perturbation in the
molecular machinery for ATP synthesis in HeLa cells where
DRP1 levels are decreased, and can be explained by the

observed perturbation of mitochondrial membrane fluidity.
Accordingly, there was also a significant inhibition of
complex-IV activity when measured in situ (polarography),
compared with ex situ (spectrophotometry). These two assays
reflect the membrane-dependent or membrane-independent
activity of cytochrome c oxidase (COX), respectively. Previous
studies have demonstrated a strong dependency of the F1F0-
ATP-synthase activity on membrane fluidity (Aleardi et al.,
2005; Ellis et al., 2005; Solaini et al., 1984) and a close
association with cristae morphology (Paumard et al., 2002).
Interestingly, recent analyses have indicated that DRP1
participates in the modeling of mitochondrial cristae, and its
absence can disturb their organization (Germain et al., 2005).
Here, we observed normal expression levels of COX and porin,
suggesting that DRP1 suppression by RNAi had no impact on
mitochondrial protein expression and insertion. It can be
concluded from our data that mitochondrial fission is essential
for normal OXPHOS function. Other groups reported the
disruption of mitochondrial fission and observed the
impairment of mitochondrial ATP production (Chen et al.,
2005). It has also been demonstrated that mutations affecting
the function of mitofusins are responsible for the Charcot-
Marie-Tooth disease (Pich et al., 2005). Hence, it can be
concluded that perturbation of mt-network dynamics, via
fusion or fission disruption, is likely to induce the impairment
of mitochondrial energy production.

In the second part of our work, we looked at the impact of
OXPHOS inhibition on mt-network organization. It has
previously been shown that cells taken from patients with a
mitochondrial disease often present an alteration of mt-
network morphology (Capaldi et al., 2004; Griparic and van
der Bliek, 2001; Koopman et al., 2005). To mimick this
situation, we used an inhibitor of respiratory chain complex I,
at doses where it functions specifically (Barrientos and
Moraes, 1999). Primary MRC5 human fibroblasts grown in
galactose medium were treated for 4 hours with increasing
doses of rotenone. This led to important changes in mt-network
organization in cells treated with rotenone at 4-6 ng/ml. The
tubules were no longer linear but circular, forming ring-like
structures we called donuts. This phenomenon of
circularization occurred at rotenone concentrations that
inhibited the respiratory rate by about 40%, and when which
cell proliferation just started to decline. This coincides with the
threshold above which cells die rapidly when mitochondrial
respiration is further inhibited. This threshold of cell resistance
towards an OXPHOS defect is likely to be higher under
physiological conditions, where glucose availability does not
limit the production of ATP by glycolysis. Accordingly, we
observed that, in a glucose medium, the rotenone concentration
had to be increased to induce mt-network rearrangements (data
not shown). The threshold for cell growth inhibition by
rotenone was also higher in glucose medium compared with
galactose medium (Barrientos and Moraes, 1999), suggesting
that intracellular ATP concentration is an important parameter
for the control of mt-network organization. These changes in
mt-network morphology were rapid (within 4 hours), and the
formation of donuts can be regarded as a direct consequence
of impaired OXPHOS function or as a new, compensatory,
mechanism (Rossignol et al., 2003). In cells treated with higher
concentrations of rotenone (>6 ng/ml), the network fragmented
further, and the donuts transformed into vesicles. This

Fig. 5. Effect of rotenone treatment on mitochondrial ��, cytosolic
ROS and matrix redox potential. (A) Determination of �� in MRC5
cells treated with increasing concentrations of rotenone, measured
with the JC1 probe and expressed as the ratio of red to green
fluorescence. (B) Determination of the cytosolic ROS concentration
by fluorescence intensity of the H2-DCFDA probe, expressed as the
percentage of control value. Results are given as the mean ± s.d.,
n=3. (C) Measurement of the redox potential of the mitochondrial
matrix in MRC5 cells treated with increasing rotenone
concentrations, measured with redox-GFP and expressed as the
percentage of the fluorescence intensity (emission ratio of 511 nm,
excitation set at 400 nm and 480 nm) measured in control cells (not
shown). *P<0.05, statistically significant change compared with the
control.
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Fig. 6. Mitochondrial flux-force-structure diagram. (A-C) The energy state was modulated in living cells grown in a galactose medium (a), by three
different means, which include: OXPHOS uncoupling with CCCP (b,c), respiratory chain inhibition with rotenone (d-f) and inhibition of
mitochondrial ATP synthesis with oligomycin (g,h). All chemicals were added to the culture medium and incubated at 37°C. Rotenone was used
for 4 hours at 2.4, 3.4 (d), 6.9 (e), 9.6 and 12 ng/ml (f). CCCP was used for 30 minutes at 5 and 10 �M (b), and 15 and 20 �M (c). Oligomycin was
used at 0.1 and 0.2 ng/ml (g), and 0.5 ng/ml (h) for 3 hours. Staurosporin was used at 1 �M for 6 hours (k). Results for cells grown in glucose
medium are also shown (a�). (A) Diagram showing the variation of mitochondrial respiration as a function of ��, expressed as a percentage of the
control value and measured on MRC5 cells grown in galactose. (B) ROS steady-state level measured in the cytosol (black bars) or the
mitochondrion (gray bars). Letters refer to the experimental conditions described in A. (C) mt-network organization observed in the above
described situations labeled a-k. Also shown is the mt-network organization of cells taken from patients with (i) a severe complex-I defect and (j)
multiple respiratory-chain deficiency. These cells lines are also positioned on the diagram shown in A, according to their bioenergetic coordinates.
Fragmentation of the mt-network was also observed in MRC5 cells treated for 6 hours with staurosporin 1 �M (k). In addition, we discovered the
details of mitochondrial ultrastructure in cells treated with rotenone (1) and CCCP (2), compared with the control (3).
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845Bioenergetic control of the mitochondrial network organization

fragmentation could reflect the induction of apoptosis, possibly
triggered by the observed increase in ROS concentration, the
drastic reduction of ATP concentration or the significant drop
in ��. Thus, it cannot be excluded that fragmentation
observed at these late time-points was the start of apoptotic cell
degradation. Moreover, this phenomenon can occur rapidly, as
observed for CV1 cells incubated for 45 minutes with rotenone
(De Vos et al., 2005). However, in that study, the authors did
not observe the self-circularization of the tubules, and the mt-
network appeared fully fragmented. This may be explained by
the high concentration of rotenone used in this study (25 �M)
compared with the one we used (15 nM), as well as differences
in cell type and species (simian versus human) or culture
medium composition (glucose versus galactose). This could
suggest that circularization is a sign of metabolic stress in
living cells, whereas fragmentation indicates more an
irreversible engagement to cell death.

In the third part of our study, we looked more closely at the
relationships between ��, mitochondrial ATP synthesis and
mt-network organization. Recent studies on the mechanisms of
mitochondrial fusion, fission and its linkage to cytoskeletal
elements have not evaluated the importance of bioenergetics
on its regulation. Moreover, different studies on the implication
of mitochondrial �� in the control of mt-morphogenesis have
been conflicting. For instance, it has been proposed that
depolarization of �� triggers reversible mt-network
fragmentation. This has been observed in various cell types that
were incubated in the presence of uncouplers such as CCCP,
DNP or FCCP (Ishihara et al., 2003; Legros et al., 2002;
Lyamzaev et al., 2004; Meeusen et al., 2004; Meeusen and
Nunnari, 2005). Moreover, �0 cells exhibit a lower ��
compared with clonal controls (Appleby et al., 1999; Loiseau
et al., 2002) that also contain mitochondria and that form a
fragmented network organization (Gilkerson et al., 2000). By
contrast, the use of oligomycin, a specific inhibitor of the F1F0-
ATP synthase or hydroxycinamic acid, an inhibitor of the
phosphate carrier, also lead to mt-network fragmentation (De
Vos et al., 2005). However, in this case there was
hyperpolarization of ��, and a return to state-4 respiration
(Chance and Williams, 1956; Zoratti et al., 1982). Furthermore,
the addition of CCCP was seen to diminish the extent of
fragmentation induced by oligomycin (De Vos et al., 2005),
supporting the view that a high �� triggers fragmentation.
Accordingly, fragmentation of the mt-network is also induced
by cyclosporine A, an inhibitor of the mPTP, which can cause
an increase in �� (Desagher and Martinou, 2000; Frank et al.,
2001). Other studies have demonstrated that inhibition of
respiratory chain complex I and complex III by various
inhibitors can lead to mt-network fragmentation (De Vos et al.,
2005; Lyamzaev et al., 2004). In this case, it is thought that
fragmentation occurs through �� depolarization (Brand et al.,
1994). Furthermore, it has been shown that CCCP induces
fragmentation more efficiently in the presence of a respiratory-
chain inhibitor (De Vos et al., 2005). Hence, fragmentation of
the mt-network appears to occur in situations where �� is
either abolished, increased or decreased. Moreover,
experiments using uncoupler of OXPHOS often lacks
simultaneous measurements of bioenergetic function and also
ROS generation, which does not permit conclusions to be
drawn about their impact on mitochondrial structure. These
compounds have a very narrow window of active

concentrations exemplified by the bell-shaped titration curves
seen when observing mitochondrial respiration of living cells
treated with these compounds (Desquiret et al., 2006). Another
pitfall with previous studies concerns the use of tumor-derived
cell lines grown in high-glucose medium that essentially derive
ATP from glycolysis (Reitzer et al., 1979) and whose OXPHOS
system is not very efficient (Pedersen, 1978; Rossignol et al.,
2004). Worse yet, it is known that OXPHOS can work in a
reverse mode, with the ATP produced by glycolysis being
hydrolysed by F1F0-ATP synthase, causing �� to be
maintained without activity of the respiratory chain, as
demonstrated in Rho0 cells (Chevrollier et al., 2005; Loiseau
et al., 2002). For these reasons, we used a model of non-tumor-
derived primary fibroblasts grown in a culture medium that
forced the the cells to derive energy actively by the OXPHOS-
linked glutaminolytic pathway (Rossignol et al., 2004).

To elucidate the possible bioenergetic control of mt-network
organization, we modulated OXPHOS function in three
different ways that include (1) respiratory-chain inhibition with
rotenone, (2) OXPHOS uncoupling with CCCP and (3)
inhibition of mitochondrial ATP synthesis with oligomycin or
atractyloside. We observed that even though mitochondrial
respiration was fully inhibited, 60% of the endogenous
mitochondrial membrane potential still remained. This
indicates that a large fraction of �� can be maintained by ions
other than protons pumped by the respiratory chain. Similar
observations were reported by other authors (Barrientos and
Moraes, 1999; Loiseau et al., 2002). This compensatory
phenomenon occured only in cells treated with rotenone,
because the use of CCCP allowed a large part of the ��
(around 70%) to dissipate, suggesting that the majority was
protonic in origin. Last, the addition of oligomycin induced an
increase in �� of about 20%, as compared with endogenous
conditions, with a corresponding reduction in respiratory rate
of about 50%. This indicates that in galactose medium,
respiration was coupled and the cells were resting in a
metabolic state between state 4 and state 3.

The diagram shown in Fig. 6 visualizes the effect of
OXPHOS modulators on different bioenergetic parameters and
their repercussion on mitochondrial morphology. For instance,
rotenone treatment induced a small perturbation of ��, but
caused a large reduction in respiratory rate and a decrease in
consecutive ATP synthesis. This suggests that the circular
structure of the mt-tubules depends more on ATP deprivation
than on membrane depolarization. Moreover, it was suggested
that ROS do not participate in this phenomenon because their
production does not increase until high doses of rotenone were
administered, conditions that induced complete mt-network
fragmentation and loss of vesicles. In our study, the application
of CCCP showed that �� must be reduced to levels below 35%
before the fragmentation process is observed to initiate.
Separation of mt-vesicles was induced when the �� value was
below 60% of controls. However, this fragmentation might also
be caused by the concomitant decrease in ATP synthesis
triggered by uncoupling. Accordingly, in our study, the
inhibition of ATP synthesis by oligomycin also triggered mt-
network fragmentation. In this case, �� is maintained, so that
intracellular ATP deprivation is the best candidate for the
promotion of mt-network metabolic fragmentation. This is
consistent with observations of mt-fusion inhibition by
apyrase, which can also lead to mt-network fragmentation
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(Meeusen et al., 2004). The role of ROS in the fine-tuning of
mt-network morphology is less evident. In our study, the
increase in mitochondrial and cytosolic ROS concentration was
only observed in cells treated with the highest concentrations
of rotenone or oligomycin, and this was associated with rapid
and massive fragmentation. This might suggest that changes in
ATP concentration intervene early in the mediation of mt-
network reorganization, whereas ROS might play a role the
initiation of fragmentation under critical conditions. In our
study, the two cell lines isolated from patients with a severe
respiratory-chain deficiency showed abnormal organization of
the mt-network. However, it is impossible to distinguish
between the direct energy-dependent changes and the potential
adaptative phenomena, which might explain why the respective
position of these two cell lines on the flux-force-structure
diagram cannot predict the shape of the organelle. Hence, more
patient cell lines need to be analyzed to evaluate the importance
of these adaptations.

Our observations raise important questions about the
mechanisms controlling mt-network organization upon
physiological changes, or even pathological alterations, of
energy metabolism. For instance, fragmentation could result
from the inhibition of fusion or the activation of fission, but
these mechanisms are not clearly understood. Concerning
fusion, it was demonstrated that fragmentation occurs when
mitofusins are repressed (Chen et al., 2005). Recent
developments indicate that Mfn2 GTPase activity is dependent
of Bcl2 family members, so that the control mitochondrial
morphogenesis might depend both on apoptosis and energy
metabolism (Karbowski et al., 2006). Fragmentation can result
from OPA1 processing in response to OXPHOS impairment
(Ishihara et al., 2006). Again, this is evidence of a link between
energetics and apoptosis, because OPA1 plays a role in
controlling the availability of cytochrome c prior to its release
(Cipolat et al., 2006; Frezza et al., 2006). Concerning mt-
fission, changes in OXPHOS activity might interfere with the
recruitment of DRP1 (Lee et al., 2004). Another important step
in the control of mitochondrial morphogenesis exists at the
level of mitochondrial lipid transformation (Choi et al., 2006;
Steenbergen et al., 2005). To conclude, our results demonstrate
that the relationship between mitochondrial form and function
are bidirectional. They involve different properties of the mt-
network, which can be regarded as a physical connector
between energetics and apoptosis.

Materials and Methods
Chemicals
All chemicals used for mitochondrial preparations, enzymologic and polarographic
studies were purchased from Sigma-Aldrich. Chemicals for western blot
experiments were purchased from Biorad. Antibodies were obtained from
Mitosciences or Santa Cruz Biotechnologies. Fluorescent probes were obtained
from Invitrogen.

Cell types
HeLa and MRC5 cells were obtained from ATCC. The muscle fibroblasts were
taken from two different patients with a mitochondrial disease and prepared in our
laboratory, in collaboration with the Hospitals of Bordeaux (CHU Pellegrin –
University Teaching Hospital, and Centre de Reference sur les maladies
mitochondriales – Reference Centre for Mitochondrial Diseases). These cells were
not transformed, and seeded on collagen-coated tissue culture dishes. The first cell
line, B002 was generated from cells of a patient with a severe complex-I deficiency.
The second cell line, F006, was generated from cells of a patient with multiple
OXPHOS deficits caused by a deletion in mtDNA. Control fibroblasts were obtained
from individuals originally screened for a mitochondrial disease that presented no
defect in OXPHOS.

Cell culture conditions
The glucose medium consisted of high-glucose Dulbecco’s modified Eagle’s
medium (DMEM) GIBCO containing 25 mM glucose, supplemented with 10% fetal
calf serum (Hyclone), 100 U/ml penicilin, and 100 U/ml streptomycin. The
galactose medium consisted of DMEM without glucose (GIBCO), supplemented
with 10 mM galactose, 2 mM glutamine (4 mM final concentration ), 10 mM Hepes,
1 mM sodium pyruvate, and 10% fetal calf serum-dialyzed (Hyclone). All cells were
kept in a 10% CO2 atmosphere at 37° C. Cell proliferation studies were carried out
by plating 1.5�104 cells on 10-cm dishes (Corning) containing 20 ml of glucose-
or galactose-medium. Cells were harvested by trypsinization and counted daily.

RNA interference
Downregulation of Drp1 levels in HeLa cells was achieved by RNA interference
(RNAi) using a vector-based small-hairpin RNA (shRNA) approach (Brummelkamp
et al., 2002). The target sequence was 5�-GCAGAAGAATGGGGTAAAT-3� (NT
330-349, accession no. NM012063). The specificity of this sequence was confirmed
by BLAST searches. Synthetic forward and reverse 64-nucleotide oligonucleotides
(Microsynth, Switzerland) were designed, annealed and inserted into the
BglII–HindIII sites of pSUPER-RETRO mammalian expression vector as
previously described (Brummelkamp et al., 2002). The recombinant vectors
expressed a 19-bp or 20-bp, 9-nucleotide stem-loop RNA structure specifically
targeting different regions of the Drp1 transcript. To control for the potential side
effects of transfecting cells with the pSUPER-RETRO vectors and expressing
shRNA, all control cells were transfected with firefly luciferase-targeted shRNA-
expressing pSUPER-RETRO vector (sequence 5�-CGTACGCGGAATACTTCGA-
3�) as described in previously (Elbashir et al., 2001). The siRNA expression was
induced in vivo by addition of 0.5 µg tetracycline for 24 hours. Tetracycline
regulation in PSUPER-RETRO vectors is based on its binding to the Tet repressor
and derepression of the promoter controlling expression of the gene of interest. In
our case, the shRNA is expressed and cleaved into siRNA in the cell. These are
small RNA fragments of 22-24 bp that recognise existing cellular RNA and bind to
it forming a dsRNA, which activates RNAi. This leads to the destruction of the
target mRNA, DRP1.

Cell transfection
Cells were plated 45 minutes before transfection and transfected using the calcium
phosphate co-precipitation method (Jordan and Wurm, 2004). Twenty-four hours
after transfection, the cells were washed once for 5 minutes with TBS and grown
in fresh medium supplemented with 3 �g/ml puromycin (Calbiochem) for 24 hours
to select for the transfected cells. The cultures were then washed with PBS and
incubated in fresh growth medium until the start of the experiment. The maximal
DRP1 downregulation was obtained 96 hours after transfection.

Cell viability
To determine the extent of cell death induced by rotenone treatment, we used the
Live/Dead cell viability assay kit (Invitrogen), according the manufacturer’s
recommendations. The analysis was performed by fluorescence measurements on
96 well plates containing 10,000 cells per well. The results were expressed as the
ratio of dead cells (red fluorescence) versus the total of living and dead cells (red
and green fluorescence). For each condition a series of 12 different wells was
analyzed, and the results expressed as the mean ± s.d.

Subcellular fractionation
Mitochondrial preparation was performed using digitonin, according the procedure
described by Trounce et al. (Trounce et al., 1996), with modifications. Cells were
grown in 150-mm2 dishes, trypsinised (0.25%), centrifugated (1000 g, 10 minutes)
and resuspended in 1 ml of ice-cold buffer I (210 mM mannitol, 70 mM sucrose, 5
mM HEPES, 1 mM EGTA, 0.5% BSA). Digitonin was added to reach a final
concentration of 1 mM, and cells were incubated 15 minutes on ice. Cell
permeabilization was verified under the microscope using Trypan Blue. They were
centrifugated (625 g, 5 minutes) to remove digitonin, and the pellet was resuspended
in 10 ml buffer I for homogenization in a glass potter on ice (40 gentle strikes).
Again, cell membrane disruption was verified under the microscope. and cells were
centrifuged (625 g, 5 minutes) and the supernatant was kept on ice before another
centrifugation step (10,000 g, 20 minutes). The pellet of mitochondria was
resuspended in buffer I. Typically, approximately 1 mg of mitochondrial proteins
per 106 cells were recovered.

Measurement of mitochondrial membrane fluidity
Changes in the mitochondrial membrane fluidity were reported by measuring
fluorescence anisotropy changes of the lipophilic probe 1,6-diphenyl-1,3,5-
hexatriene (DPH). To incorporate the probe into the mitochondrial membrane, 0.2
mg/ml of mitochondria were incubated with DPH (4 �M final) for 20 minutes at
25°C in the dark. Fluorescence anisotropy (r) was measured at 30°C on a SAFAS
genius spectro-fluoromiter, using excitation and emission wavelengths of 360 nm
and 450 nm, respectively. The fluorescence anisotropy was calculated from emission
intensities through a polarizer whose polarization axis was oriented parallel (IVV)
and perpendicular (IVH) to the vertical polarization of excitation light. These

Jo
ur

na
l o

f C
el

l S
ci

en
ce



847Bioenergetic control of the mitochondrial network organization

intensities were corrected against light diffusion measured on mitochondria without
DPH as explained by Aleardi et al. (Aleardi et al., 2005).

Fluorescence microscopy
Cells were transfected with a mitochondrial targeted GFP as described by Rossignol
et al. (Rossignol et al., 2004). The consecutive analysis of mitochondrial
morphology was performed on living cells at 37°C, on a Nikon E 200 microscope,
using a 60�, 1.4 N.A water-immersion objective. Series of images were acquired
using a CoHu digital camera (1028�1022), driven by Visiolab 2000 Software.
Excitation was set at 480 nm and emission recorded at 511 nm.

Measurement of mitochondrial transmembrane electric
potential, matrix redox potential and ROS cytosolic or
mitochondrial concentration
Cells were trypsinized, counted and incubated in presence of the various OXPHOS
modulators in galactose medium. Different probes were used for measuring the
relative mitochondrial membrane potential (JC1 and TMRM, Invitrogen). Changes
in cytosolic ROS levels were monitored using the H2-DCFDA probe (Invitrogen),
whereas MitoSox red (Invitrogen) was used to detect mitochondrial ROS generation.
These probes were added in the cell suspension, and incubated for 30 minutes at
37°C, according to the manufacturer’s protocol. Cells were washed in PBS and
fluorescence was measured at steady-state, in galactose medium with or without the
desired reagents, on a spectrofluorometer (SAFAS). For the redox GFP,
measurements were performed as described by Rossignol et al. (Rossignol et al.,
2004).

Western blotting
Cell lysis was performed on ice using 0.4% lauryl-maltoside for 30 minutes.
Samples were diluted into a SDS-PAGE tricine sample buffer (Bio-Rad) containing
2% �-mercaptoethanol, incubated for 30 minutes at 37°C and separated on a 10-
22% SDS-PAGE gradient mini-gel (Bio-Rad) at 150 V. Proteins were transferred
electrophoretically to 0.45-�m polyvinylidine difluoride (PVDF) membranes for 2
hours at 100 mA in CAPS buffer (3.3 g CAPS, 1.5 L 10% methanol, pH 11) on ice.
Membranes were blocked overnight in 5% milk-PBS with 0.02% azide, and
incubated for 3 hours with the primary antibodies purchased from Mitosciences.
The anti-porin antibody was purchased from Calbiochem. After three washes with
PBS-0.05% Tween 20, the membranes were incubated for 2 hours with horseradish-
peroxidase-conjugated goat anti-mouse antibody (Bio-Rad) diluted in milk-PBS
(5%). This secondary antibody was detected using the chemiluminescent ECL
PlusTM reagent (Amersham). The signal was quantified by densitometric analysis
using Image J (NIH) sofware.

Determination of complex-I activity
Cells grown in galactose medium were harvested and centrifuged. The pellet was
frozen in liquid nitrogen and thawed at room temperature to allow membrane
disruption. The activity of complex I was measured on 40 �g of proteins/ml in the
presence of various concentrations of rotenone, by spectrophotometry as detailed in
Benard et al. (Benard et al., 2006).

Respiration measurements
Mitochondrial oxygen consumption was monitored at 30°C in a 1-ml
thermostatically controlled chamber equipped with a Clark oxygen electrode (Oxy
1, Hansatech). When human cells were analyzed, the respiratory buffer consisted
of the galactose medium used for cell proliferation studies. For isolated
mitochondria, the respiration buffer was prepared as follows: 75 mM mannitol, 25
mM sucrose, 10 mM KCl, 10 mM Tris Phosphate, 10 mM Tris-HCl pH 7.4, 50 �M
EDTA and substrates (10 mM pyruvate, 10 mM malate). The mitochondrial
concentration used for respiration measurements was 1 mg/ml, and state 3 was
obtained by the addition of 2 mM ADP. Respiration rates were expressed in ng atom
O/minute/mg protein.

Complex IV activity assays
Two methods were used to determine cytochrome c oxidase activity. The ex situ
method was done spectrophotometrically by monitoring the oxidation of
cytochrome c at 550 nm at 30°C. The exctinction coefficient was 18.5 mM–1 cm–1.
In the second method (in situ), we monitored cytochrome c oxidase activity by
polarography using 3 mM ascorbate and 0.5 mM TMPD (as an electron donor
system) with rotenone and antimycin.

ATP synthesis determination
Mitochondrial ATP synthesis was carried out on digitonin-permeabilized cells as
described by Ouhabi et al. (Ouhabi et al., 1998). Steady-state ATP synthesis was
initiated by adding 2 mM ADP and was recorded for 2 minutes as follows: every
30 seconds after ADP addition 10-�l aliquots were taken, quenched in 100 �l
DMSO and diluted in 5 ml of ice-cold distilled water. For each collected sample,
the quantity of ATP was measured using bioluminescence in a Luminoskan using
the ATP monitoring reagent (ATP Bioluminescence Assay Kit HS II) from

Boehringer Mannheim. Standardization was performed with known quantities of
ATP provided with the kit (5, 10, 15, 20, 25 pmoles) and measured in parallel. The
rate of ATP synthesis was calculated using linear regression. Rates were expressed
in nmol ATP/minute/106 cells.

Determination of cytochrome c content 
Cytochrome c content was determined by spectrophotometry on mitochondria
isolated from HeLa cells (wild type, not-induced and induced) by performing redox
difference cytochrome spectra as described in (Benard et al., 2006).

Statistical analysis
All the data presented in this study correspond to the mean value of n experiments
± s.e.m., with n	3. Comparison of the data obtained from isolated muscle and liver
mitochondria were performed with the Student’s t-test, using Excel software
(Microsoft). Two sets of data were considered statistically different when P<0.05.
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