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Abstract The arrangement and movement of mitochondria
were quantitatively studied in adult rat cardiomyocytes and in
cultured continuously dividing non beating (NB) HL-1 cells
with differentiated cardiac phenotype. Mitochondria were
stained with MitoTracker® Green and studied by fluorescent
confocal microscopy. High speed scanning (one image every
400 ms) revealed very rapid fluctuation of positions of
fluorescence centers of mitochondria in adult cardiomyocytes.
These fluctuations followed the pattern of random walk
movement within the limits of the internal space of mitochon-
dria, probably due to transitions between condensed and
orthodox configurational states of matrix and inner membrane.
Mitochondrial fusion or fission was seen only in NB HL-1 cells
but not in adult cardiomyocytes. In NB HL-1 cells, mitochon-
dria were arranged as a dense tubular network, in permanent
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fusion, fission and high velocity displacements of ~90 nm/s.
The differences observed in mitochondrial dynamics are related
to specific structural organization and mitochondria-
cytoskeleton interactions in these cells.
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Introduction

Mitochondrial functioning is associated, in many cells, with
dynamic changes in morphology of these organelles, and also
with their movement. The earliest indications of dynamic
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changes in mitochondrial morphology were obtained in the
classical electron microscopic studies by Hackenbrock et al.
(Hackenbrock 1966, 1968a, b) who showed morphological
changes of isolated mitochondria from condensed (contracted
matrix and expanded intracristal compartments) to orthodox
(matrix expanded) configurations during transition from high
(State 3) to low (State 4) respiration rates. Three-dimensional
images of these changes were obtained by electron tomogra-
phy in Mannella’s laboratory (Mannella et al. 1997; Mannella
2001, 2006). Changes in the configuration of mitochondria
related to the functioning of adenine nucleotide translocator
(ANT) can also be easily recorded spectrophotometrically as
changes in the turbidity (optical density) of mitochondrial
suspensions in vitro (Weber and Blair 1970; Stoner and Sirak
1973; Scherer and Klingenberg 1974). In situ studies of
mitochondria initiated by pioneering works by Bereiter-Hahn
(1990) with application of optical methods led to the
discovery of fusion and fission of mitochondria associated
with the formation of a mitochondrial reticulum in some types
of cells (Bereiter-Hahn 1990; Bereiter-Hahn and Voth 1994).
In living cells mitochondrial behavior may be very different
from that of isolated mitochondria in vitro, mostly because of
their interaction with other cellular structures like the
cytoskeleton (Milner et al. 2000), the endo(sarco)plasmic
reticulum (Hajnoczky et al. 2000; Pacher et al. 2000; Rizzuto
et al. 1998; Csordas et al. 2006), and because of the specific
structure, organization and composition of intracellular medi-
um. In the cells in vivo mitochondria are involved in
structurally and functionally organized networks of integrated
energy metabolism (Aon et al. 2007; Dzeja et al. 2007; Saks
et al. 2007; Wallimann et al. 2007). Because of all these
interactions, mitochondria in the cells in vivo acquire new,
system-level properties, which are not predictable on the basis
of in vitro isolated studies (Saks et al. 2007; Weiss et al.
2006). In many types of living cells, rapid fission, fusion and
translocation events lead to continuous remodeling of the
mitochondrial network (Yaffe 1999; Dimmer and Scorrano
2006; Kuznetsov 2007; Chan 2006; Benard and Rossignol
2008; Karbowski and Youle 2003). Mitochondrial organiza-
tion into networks has spurred investigations into how they
communicate with each other (Aon et al. 2007; Saks et al.
2007; Romashko et al. 1998; Skulachev 1990; Skulachev
et al. 2004; McBride et al. 2006). Morphologically, distinct
mitochondria can be arranged by the cytoskeleton into a
regular lattice-like network, as in heart and many other cells
(Aon et al. 2004; Vendelin et al. 2005; Collins et al. 2002) or
form by fusion irregular, filamentous structures, as in neurons
or cancer cells (Dimmer and Scorrano 2006; Karbowski and
Youle 2003; Dedov and Roufogalis 1999). In muscle cells the
mitochondrial intracellular arrangement has been found to be
very regular and to follow the crystal-like pattern of modular
organization (Vendelin et al. 2005; Birkedal et al. 2006).
Modular organization means that mitochondria form very
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regularly arranged units (modules) with surrounding cellular
structures which were called intracellular energetic units,
ICEUs (Saks et al. 2001; Seppet et al. 2001). However, it is
not clear whether mitochondria are completely immobilized
within ICEUs, or whether they can undergo some kind of
dynamic changes similar to those observed by Hackenbrock
et al. (Hackenbrock 1966, 1968a, b) in isolated mitochondria
in vitro. Equally important is to know whether mitochondrial
fusion and fission may occur in muscle cells. Therefore, the
aim of this work was to characterize quantitatively structural
organization, mitochondrial dynamics and movements in two
different types of heart cells: adult cardiomyocytes and non
beating HL-1 (NB HL-1) cells by using confocal microscopy
and newly developed methods of image analysis for
determining the character and the rates of the movements of
mitochondria inside the cells. NB HL-1 cells were chosen as a
reference system because they exhibit characteristics of
differentiated cardiac cells but are structurally and metaboli-
cally very different from adult cardiomyocytes (Anmann et al.
2006; Eimre et al. 2008; Claycomb et al. 1998; Pelloux et al.
2006). The results clearly show that under normal conditions
fusion and fission of mitochondria are not seen in adult
cardiomyocytes, in which, however, mitochondria undergo
very rapid, low amplitude fluctuations, probably as a result of
fast transitions between condensed and orthodox configura-
tional states of matrix and inner membrane due to functioning
of transmembrane metabolite carriers. However, mitochondri-
al fusion and fission are clearly seen in the HL-1 cells where
mitochondria often form dynamic filamentous networks. The
observed differences are related to specific structural organiza-
tion of the cells, probably due to differences in mitochondria-
cytoskeletal organization.

Materials and methods
Cardiomyocytes isolation

Adults cardiomyocytes were isolated as described previously
(Anmann et al. 2006). Wistar male rats (300 g) were
anaesthetized by pentobarbital with the addition of 500 U of
heparin. The heart was quickly excised preserving a part of
aorta and placed into filtered (0.45um) aerated isolation
medium (IM) of the following composition: 117 mM NaCl,
5.7 mM KCl, 44 mM NaHCO3;, 1.5 mM KH,POy, 1.7 mM
MgCl,, 11.7 mM glucose, 11 mM Cr, 20 mM taurine, 10 mM
phosphocreatine, 21.1 mM HEPES, 2 mM pyruvate, pH 7.1
at 25°C. The heart was cannulated and washed with the
acrated IM during 5 min with a flow rate of 15-20 ml/min.
The heart was digested by perfusion with isolation medium,
recirculating in a closed system with a flow rate of 5 ml/min,
containing 1 mg/ml collagenase type II (Roche) and 20-25 uM
of free calcium. The end of the digestion was determined
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following the decreasing of perfusion pressure measured by a
manometer. After the digestion, the heart was washed with the
IM during 2-3 min and placed into IM containing 20 uM free
calcium, 4.7 ug/ml leupeptin, 0.56 mg/ml trypsin inhibitor and
2 mg/ml BSA. It was disrupted mechanically by forceps to
release the cardiomyocytes. The cell suspension was filtered
and transferred into a tube for sedimentation during 3—5 min at
room temperature. Sedimentation with 20 uM free calcium was
repeated twice. Cardiomyocytes were gradually transferred
from isolation medium (with 20 uM free calcium and 2 mg/ml
BSA) into Mitomed (110 mM sucrose, 60 mM K-
lactobionate, 0.5 mM EGTA, 3 mM MgCl,, 0.5 mM
dithiothreitol, 20 mM taurine, 3 mM KH,PO,, 20 mM K-
HEPES, pH 7.1 at 25°C) in three steps. Cardiomyocytes were
washed 3 times with the Mitomed solution. Each time, the
supernatant was removed after cell sedimentation. Isolated cells
were stored at 4°C in the last solution until confocal
microscopy experiments. Isolated cardiomyocytes contained
60-90% of rod-like cells when observed under the microscope.
In all confocal microscopic studies of mitochondrial dynam-
ics, the respiratory substrates (glutamate 5 mM and malate
2 mM) and BSA (2 mg/mL) were added in Mitomed medium.
Permeabilization of cardiomyocytes was carried out by incuba-
tion of cardiomyocytes with saponin (25ug/ml) at room
temperature. For selective proteolysis of cytoskeletal proteins,
trypsin was added to a final concentration of 0.2 mg/ml.

NB HL-1 cells culture

Non beating HL-1 cells (NB HL-1) were cultured as described
previously (Claycomb et al. 1998; Pelloux et al. 2006) at 37°C
under 5% CO2 in fibronectin-gelatin coated slides in
supplemented Claycomb medium (JRH Biosciences) with
10% fetal bovine serum (JRH Biosciences), 100 U/ml
penicillin, 100pg/ml streptomycin (Invitrogen), 2 mM L-
glutamine (Invitrogen), 10uM norepinephrine and 0.3 mM
ascorbic acid (Sigma).

Confocal imaging of mitochondria dynamics in living cells

To monitor the mitochondrial functional state at the level of
the single mitochondrion, images were acquired and
analyzed by fluorescent confocal microscopy.

For mitochondrial imaging (localization) studies, cells
were loaded with 0.2uM mitochondrial specific probe
MitoTracker® Green (Molecular Probes, Eugene, OR) which
becomes fluorescent in lipid environments after binding to
mitochondrial proteins by reacting with free thiol groups of
cysteine residues, and therefore is insensitive to membrane
potential (Presley et al. 2003) (see also the “Results” section).
Before analysis, cardiomyocytes were incubated with probe
at least 2 hours at 4°C in a Heraeus Flexiperm chambers
(Hanau, Germany) and NB HL-1 cells in the chambered

coverglass (Nalge Nunc, Rochester, NY) under standard
incubator conditions (37°C, 5% CO,).

To analyze mitochondrial inner membrane potential, cells
were incubated for 30 min with 50 nM tetramethylrhodamine
methyl ester (TMRM, Sigma), a fluorescent dye that accumu-
lates in mitochondria on the basis of their membrane potential
when added directly to the cell culture medium. In control
experiments dissipation of membrane potential was observed
after addition of SuM antimycin A (Sigma) and 4uM FCCP
(carbonyl cyanide-p-trifluoromethoxyphenyl-hydrazone,
Sigma) (data not shown).

To localize the nucleus in NB HL-1 cells, the cell permeable
nucleic acid probe Hoechst 33342 (DNA bound) was used.

The transmission and fluorescent images were acquired
with an inverted confocal microscope (Leica DM IRE2) with a
63-x water immersion lens. The MitoTracker® Green fluores-
cence was excited with the 488 nm line of an argon laser,
using 510 to 550 nm range for detection of emission. TMRM
fluorescence was measured using 543 nm for excitation
(Helium-Neon laser) and greater than 580 nm for emission.
Hoechst 33342 was excited with UV light at 350 nm and has a
maximal emission at 461 nm.

Table 1 shows the acquisition parameters of time series
images.

Image analysis

Analysis of mitochondrial fluctuations in adult
cardiomyocytes using the gradient clustering algorithm
method

The contents of time series recordings were rotated in order to
align the great axis of the myocardial cell with the horizontal
axis of the image. This rotation operation was applied in order
to give to all image stacks a common reference system such
that the motions can be compared from one series to another.

Image processing approach: Gradient clustering algorithm
The number of mitochondria and the position of their
fluorescence centers, or virtual mass centers, were auto-
matically calculated by a gradient clustering algorithm
(Fukunaga and Hostetler 1975). Basically this algorithm
relies on a physical analogy: here a fluorescent pixel is
considered as a physical object characterized by a couple of

Table 1 Parameters of time series image acquisition in rapid scan
confocal microscopy for cardiomyocytes and NB HL-1 cells

Preparation Image size, Pixel dwell At between
pixels time images

Cardiomyocytes 256%256 3.09 ps/pixel 401 ms

NB HL-1 cells 512x512 3.18 ps/pixel 834 ms
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coordinates x and y (i.e. the initial position on the image grid)
and a weight (or virtual mass) equal to the fluorescence
intensity at this point. The concentration of virtual masses
(fluorescence intensities) in particular regions of the images
(i.e. mitochondria) creates so called “gravitational wells”
attracting the neighbouring points. Actually, the algorithm
calculates local intensity gradients in order to aggregate in an
iterative manner the points belonging to the same mitochon-
drion. After a number of iterations these points will occupy a
single position corresponding to the mass center of the
mitochondrion, which acts as a gravitational attractor.

Explained in a pragmatic way, at the beginning, all of the
pixels of the images with a fluorescence intensity greater than a
fixed threshold are converted into points defined by their
coordinates (X,y) and an associated mass (m) which corre-
sponds to the pixel intensity. On each image, the mass center
within a fixed neighborhood is calculated. After one iteration
step each point is translated toward the nearest mass center,
traveling a fraction of the distance between its initial position
and the mass center. The sum of all the resulting point motions
is calculated and used as a criterion to monitor the clustering
process. The process is iterated until this sum falls under a
preset value for which it is considered that the clustering
process is achieved. To complete the algorithm, a merging
procedure is applied where all the points with the same
coordinates are merged into a unique point, which is considered
as the mass center of a single mitochondrion. Using this
clustering technique and under the hypothesis of an invariant
Point Spread Function, it was possible to obtain the location of
the fluorescence centers with a better accuracy than the actual
optical resolution. The positions of these fluorescence centers
directly depend on the configuration of the inner mitochondrial
membrane to which the fluorescent dye used is fixed.

Complete description of all these calculations is given in
the “Appendix” and additional explanations are available
from Yves Usson at the address yves.usson@imag.fr.

Quantification of mitochondrial fluctuations The trajecto-
ries of the fluorescence centers were plotted as a function of
time and the average scatters parallel to the long axis of the
myocardial cells and to the short axis were calculated for
each mitochondrion.

In order to express the motion behaviour of mitochondrial
fluorescence centers in terms of a random-walk movement
process, similar to Brownian movement of particles [S0-55],
the average squared distances (d°) as a function of lag time ()
were plotted using two models: second order polynomial or
linear. The fitted mean second order polynomial curve
(d*=ar*+bt +c) models the motion behaviour as a combina-
tion of random walk and a translational process. In such a
model the a constant may be assimilated to the apparent
velocity component, and the b constant relates with the
apparent mobility constant D. The apparent mobility constant
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D is analogous to the apparent diffusion constant and was
determined from the slope b of the fitted mean square linear
curve (d*=bt+c). In this expression, the parameter c is related
to the initial coordinates of the mitochondrial centers studied.
For ¢=0 this expression can be reduced to the expression
d’=bt, which may be taken to be equivalent to a general
expression for random-walk mechanism based on the
Einstein-Smoluchowski’s equation (Einstein 1905; von
Smoluchowski 1906) for Brownian movement in two
dimensions, d°=4Dt, which gives the relationship between
diffusion coefficient, D, distance of displacement, d, and
time, t, of this displacement t (Philbert 2006; Islam 2004;
Agutter et al. 1995; 2000). Thus, the apparent mobility
constant D calculated from the slope b of the fitted mean
square linear curve (d*=bt+c) can be used as a quantitative
measure of fluctuations of the fluorescence centers of
mitochondria.

Analysis of mitochondrial motions in NB HL-1 cells
using Image Correlation Spectroscopy (ICS) method

The dynamic behavior of the mitochondrial network
was characterized using Image Correlation Spectroscopy
(Wiseman and Petersen 1999; Wiseman et al. 2005;
Margieantu et al. 2000).

Pre-processing of time series images Two successive pre-
processings were applied to the stack of time series images in
order to, first, compensate for photobleaching, and, second, to
enhance the spatial resolution of the mitochondrial network.
The reason of why it was important to correct for the effect of
photobleaching was that the decrease in fluorescence intensity
throughout the series would create a dominating flow
component as an artefact in the auto-correlation curves.

In order to compensate for photobleaching, the average
fluorescence intensity was calculated for each image in the
time series. Next, a curve of the average intensity versus time
was built and filtered using a wavelet filtering approach in
order to extract the slow component of the curve corre-
sponding to the photobleaching. Using this slow component as
reference, a gain versus time compensation was applied to
each image in order to correct the effect of photobleaching.

Enhancement of the mitochondrial network was performed
using a mathematical morphology filtering. This was obtained
by subtracting the result of a morphological closure (combi-
nation of grey level shrinking and grey level dilation of the
image) from the image. The radius of the structuring kernel for
the morphological closure was set to a value corresponding to
the average width of mitochondrial filaments.

Calculation of autocorrelation curves The autocorrelation
curves were calculated within so-called Regions of Interest
(ROI), which are user defined subsets of the image. The
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shape of such a ROI may be a regular geometric figure
(rectangular, ellipse) or defined by a free hand drawing.

The temporal autocorrelation is a way of revealing the
self-similarities of a signal. It consists of calculating the
intersection of a curve with a time-shifted copy of this
curve, the amount of shift being the lag time 7.

The autocorrelation curve for a ROI containing m pixels
p was caluculated as follows:

f: [(pj-f - ,Ut) ) (pj,t+r - /lt+r)}

1
1 max j:1

G(r) =

M+ Imax =1 He Hyyr

Where G(7) is the autocorrelation function, m is the number
of pixels in the ROI, p;, the fluorescence intensity
measured in the j” pixel in image ¢, j is the index of a
pixel within the ROI, # is the number of image in the time
series, ¢ is the index of an image in the time series, 7 is
autocorrelation lag time, #,,,, is equal to n—7; then u, and
U, are the average intensities in the ROI in images ¢ and
t+, respectively.

Interpretation of the autocorrelation curves The autocorre-
lation curves were interpreted using the non-linear fitting
tool of the xmgrace software (public domain, http://plasma-
gate.weizmann.ac.il/Grace/), which is based on a classical
Levenberg-Marquardt algorithm. The fitting procedure was
supervised and several models were put to test in various
combinations; the final combination was adopted being the
one resulting in the smallest values of x> (chi-square) and
residual error.
The usual models used for curve fitting were:

-1
Sreediffusion : G(t) = {1 + TL} , anomalous diffusion :
D

2

o

G(r) = [1 + (;)a]l andflow: G(z) = e °

A

<1

where 7p is the characteristic diffusion time from which the
mobility (diffusion) constant can be derived, 7, is the
characteristic flow time from which the flow velocity can be
derived, T4 is the characteristic anomalous diffusion time from
which the anomalous diffusion constant can be derived, and «
the anomalousness parameter which is 1 for normal diffusion.

The values of the apparent general mobility constant
equivalent to diffusion constant, and the apparent flow
velocity were obtained using the following formulas of
random walk type movement of particles (Philbert 2006;
Islam 2004; Agutter et al. 1995; 2000): Apparent diffusion
constant: D = %g Apparent flow velocity: v = ot

The parameter » corresponds to the size of measurement
in pixels. The apparent flow velocity v is the generalized

I

resultant velocity of displacement between initial and final
points (see Scheme 1).

Analysis of mitochondrial motions in NB HL-1 cells
using the distance map method

Confocal images of the mitochondrial network stained with
Mitotracker Green FM as described above were analyzed
using Image J software (NIH, Bethesda, MD) as described
before (Pelloux et al. 2005). Raw images were improved by
filtering out the objects smaller than 3 pixels by Fast Fourier
Transformation. Copies of these smoothed images were
filtered with a 7 pixel wide Gaussian filter. Binary images
were made from every grey image by applying a threshold to
eliminate the fluorescence intensity factor. In order to focus
only on mitochondria positions, binary images were then
thinned until forming binary skeletons, which represent
central positions of mitochondria. In the next step, distance
maps Di were computed, which are images of the distance to
the nearest point from the skeleton. In the last step, the
binary skeletons at time i+ 1/, Si+/ was laid over the
distance images Di. In the absence of movement, the pixel
value on the distance map below skeleton is zero. If a
movement occurred between the two images, the pixel value
below the skeleton indicates the distance ran between times i
and i+ /. The average value of the pixel to pixel multipli-
cation of Si+/ and Di quantifies the average displacement
between two successive images. This method gives the real
instantaneous velocity of movement of mitochondrial centers
(see Scheme 1). Thus, the application of two complementary
methods described in the sections 4.2. and 4.3 gives
complete information about dynamic changes of mitochon-
drial positions in the NB HL-1 cells (see Scheme 1).

Results

Mitochondrial organization and dynamics
in adult cardiomyocytes

Organized mitochondria network in adult cardiomyocytes

In cardiomyocytes, the arrangement of mitochondria is
remarkably regular, almost like in a crystal, as shown in
Fig. 1 (Vendelin et al. 2005; Collins et al. 2002; Aon et al.
2003; Birkedal et al. 2006). This fixed mitochondrial
arrangement can easily be shown using a slow speed
recording of confocal images. To see whether mitochondria
undergo any dynamic changes around these fixed positions,
it is necessary to increase the speed of scanning. In our
study, the speed of scanning was increased to achieve the
pixel dwell time close to 3 us and intervals between images
of 400 ms (see Table 1). At this scanning speed, rapid low
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Scheme 1 Principle of analysis of the velocities of mitochondrial
movements in the cells in situ. a The instantaneous average speed of
displacement v; can be calculated using the distance map method,
whereas using Image Correlation Spectroscopy the global speed of
displacement-resultant velocity v, can be calculated (in red). These two

amplitude fluctuations of fluorescence centers in mitochon-
dria was monitored (see Supplementary Material I) using
fluorescent molecules (MitoTracker® Green) bound to
mitochondrial membranes. As the result of the nature of
the calculation procedure to find the fluorescence centers
(see “Materials and Methods™ section), the positions of
these centers depend both on the precise localization of
mitochondria in the cells and on the configuration of their
inner membrane. The trajectories of the fluorescent centers
were plotted to allow visualization of the membrane
dynamics (Fig. 2a) and the average scatter parallel to the
long (Fig. 2b) and short (Fig. 2¢) axis of myocardial cells
were calculated for each mitochondrion. The fluorescence
intensity inside mitochondria was not homogenous and the
position of fluorescence centers' intensity changed in a
rather random manner, similar to a random walk movement
(Fig. 2a). Interestingly, some clustering of the positions in
two distinct areas was observed (Fig. 2a). It was specifi-
cally verified that the results obtained in these experiments
were not artifacts of recordings like effects of Poisson noise
or scanning irregularities. For that the same images series
were recorded with the same parameters using green
fluorescent beads as references. The results show that the
fluctuations of fluorescent centers inside mitochondria are
of higher amplitude than the noise recorded with the beads
(not shown). Some mitochondria had higher movement
amplitudes than others (Figs. 2b and c), corresponding to
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Ot is the time lapse between two suceessive time points p; and p. ;,

# s the number of time points.

methods were applied to analyze mitochondrial movement in HL-1
cells. b, ¢ and d Analysis of the random walk (Brownian) movement at
three consecutive time points of observations. This method was used for
analysis of mitochondrial fluctuations in adult cardiomyocytes

fluorescence reorganization inside mitochondria, and usu-
ally the amplitude of such changes did not exceed 0.2 um
corresponding to ~20 % of a mitochondrion diameter. Very
often, the observed changes were even of much smaller
amplitude. The changes of axial (x) and transversal
coordinates (y) of fluorescence centers of different mito-
chondria revealed that the amplitude of the axial motion
(Fig. 2b) was higher than of the transversal one (Fig. 2c)
reaching, in some cases, 0.6 um. Thus, the motion ampli-
tudes were always inferior to the size of mitochondria
which is around 1um (see Fig. 1).

Figure 3 shows that in adult cardiomyocytes, where
mitochondria have a compact shape and a regular and fixed
intracellular arrangement, in strong association with sarco-
meres, the movement of fluorescence centers are limited
within the range of a mitochondrion’s diameter. Figure 3a
shows the distribution of all fluorescence centers for all
mitochondria in one cell over a 100 s (1 frame/400 ms)
observation period,thus summarizing the mitochondrial
morphodynamic reorganization (see Supplementary Material
II). In Fig. 3a the distribution of fluorescence centers is
superimposed with images obtained by conventional low
speed scanning microscopy (Fig. 1) which shows whole
images of mitochondria and their regular arrangement in
cells. In some mitochondria (as the one in the pink frame),
the movements are very limited whereas in others (as the one
in the blue frame) the movements are much wider (with
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1 2 3 4 £ &

Fig. 1 Fixed and regular arrangement of mitochondria in adult
cardiomyocytes. a Confocal image of mitochondrial arrangement in
adult cardiomyocytes recorded by low speed scanning after incubation
with MitoTracker® Green (in grey) during 1 h in Mitomed solution
(see “Materials and Methods”). b Linear scan of fluorescence intensity
profiles of MitoTracker® Green along the lines drawn on image A
showing regular mitochondria arrangement in adult cardiomyocytes

higher amplitude), but nevertheless not bigger than the size
of a mitochondrion. This suggests that the fluctuations
observed are mostly due to changes in the inner membrane
configuration. In general, the fluorescence centers do not
move from one mitochondrion to another. Thus, Fig. 3a
clearly shows that mitochondria in adult cardiomyocytes
represent distinct and compact entities, staying very regularly
arranged. Their fluorescence centers undergo frequent move-
ments (fluctuations) of very low amplitude restricted to the
internal space of mitochondria. These results are in agree-
ment with the absence of mitochondrial fission and fusion
events in adult cardiomyocytes.

Similar experiments were repeated with cardiomyocytes
permeabilized with saponin and studied in Ca*" -free Mitomed
medium (see “Materials and Methods”) containing 0.5 mM
EGTA and respiratory substrates glutamate and malate but not
ADP or ATP. In this medium, the mitochondrial fluorescence
center movement was always of random walk type but with
somehow smaller amplitudes than in intact non-permeabilized
cells (shown in pink frame in Fig. 3a). These results exclude
the interpretation of the fluctuations observed due to local

changes in Ca®" concentration near mitochondria leading to
sarcomere contraction due to spontaneous local Ca*" release
from sarcoplasmic reticulum, which, however, may influence
the amplitude of the axial movement (blue frames in Fig. 3a).

Quantitative analysis of mitochondrial fluctuations in adult
cardiomyocytes

To quantitatively estimate the observed changes in the position
of fluoresence centers, stacks of images were recorded from
cells during different time intervals at one z plane to visualize
2D movements. The data were then analyzed using the
gradient clustering algorithm method. An approximation of
random-walk movement based on the Einstein-Smoluchowski
theory of diffusion (Philbert 2006; Islam 2004; Agutter et al.
1995; 2000) was applied. This analysis of position changes
in mitochondrial fluorescence centers in sifu was undertaken
because these were clearly of random character (see Fig. 2).
This allowed the determination of quantitative parameters of
these changes, such as the apparent mobility constant D and
the movement velocities (see “Materials and Methods”
section). For that, the average squared distances (d® of
displacement as a function of lag time (t) were plotted to
determine the motion behavior in terms of a random walk
process both for low amplitude fluctuations (Fig. 3b) and
axial movement (Fig. 3c). The procedure of calculation of
displacement distances is described in Scheme 1. Two fitting
models were used depending on whether the fluorescent
centers’ movements have a random walk behavior only for
the very low amplitude fluctuations (Fig. 3d, linear model,
for mitochondria in pink frame in Fig. 3a and in Fig. 3b, and
for mitochondria in permeabilized cardiomyocytes), or a
random walk behavior combined with some orientated
motion of fluorescent centers over larger distances within
mitochondria when recorded for longer time periods (Fig. 3e,
polynomial model of second degree, see mitochondria in
blue frame in Fig. 3a and their amplitudes in Fig. 3c).
Figure 3d shows comparatively the analysis of low amplitude
movement for intact and permeabilized cardiomyocytes. In
the latter case, the fluctuations were of lower amplitude but
with higher rate, showing the influence of metabolites
present in cytoplasm in intact cardiomyocytes, probably
released during permeabilization. The second degree poly-
nomial model can also be used to fit the trajectories of the
fluorescent centers (Fig. 3e) but the second degree term can
be eliminated (Fig. 3b) when no higher movement ampli-
tudes of these centers can be observed.

The calculation of apparent parameters of these random-
walk processes gave values for the apparent mobility constant
D in the range of 1x10"pm?s to 4x10 °um%s and the
apparent velocity V in the range of 8.5x10 7 pm/s to 2.4x
10 *um/s. For mitochondrial fluctuations in permeabilized
cardiomyocytes, the apparent mobility constant was found to
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Fig. 2 a Plot of the trajectories
of the fluorescence centers of
one mitochondrion as a function
of recording time. In these
confocal experiments, a motion
associated with fluorescent
molecules (MitoTracker®
Green) staining the mitochon-
dria membrane is recorded. The
light emitted by a mitochondrion
is not homogenous and the
position of center fluorescence
intensity (mass center) changes
randomly. The trajectories of the
fluorescent centers were plotted
to allow quantitative analysis of
membrane dynamics. Each 006  -004  -D.O2 0 002 004 006
straight line connects the

positions of the fluorescence b 0,6
center of a mitochondrion at two

consecutive time points (see

Scheme 1 and explanations in

the text). b and ¢ Box and 0.4 7
whisker plots of coordinates x
(b) and y (c) of the mass centers T
of 33 different mitochondria
inside one cardiomyocyte. The
changes of axial (x) and
transversal (y) coordinates of

mass centers from different ﬁ T
0,0 4
mitochondria show that the ﬁﬁ E EEEEB E EEE

0.08

0.06

0.04

0,02

-0,02

0,24

X (um)

extent of axial motion (b) is
bigger than the transversal one
(¢). Notwithstanding, the motion -0,2 i} l

amplitudes are always smaller
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Mitochondria 1D
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0.4 T
0,24
€
2
h ﬁ
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be increased to 2.5x10°um%s to 8x10 *um?%s. These It has already been shown before by several authors (Aon et

results show that the composition of intracellular medium al. 2004; Vendelin et al. 2005; Collins et al. 2002; Aon et al.
has a clear effect on the quantitative parameters of mitochon- 2003; Saks et al. 2006; Zorov et al. 2000, 2004) that, in adult
drial dynamics and random walk movement of the fluores-  cardiomyocytes, mitochondria behave as distinct entities and
cence centers. do not form reticular networks. Our results are fully consistent
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Fig. 3 a Visualization of the positions of mitochondrial fluorescent
(mass) centers in a cardiomyocyte over a long time (total duration
100 s) of rapid scanning: movements of fluorescence centers are
limited within internal space of mitochondria. Positions of the ¢
fluorescence centers were stacked as a function of time. These
fluorescence centers (which are assimilated to the center of mitochon-
dria in cardiomyocytes) are shown as small yellow spheres. The
position of fluorescent centers were superimposed with a reference
confocal image of MitoTracker® Green fluorescence (in grey)
showing mitochondrial localization. Note that the fluorescence centers
are observed always within the space inside the mitochondria, but
from mitochondrion to mitochondrion the motion pattern may differ
from very low amplitude motions (pink frame) to wider motions
distributed over significant space but always within the internal space
of a mitochondrion (blue frame). b—e Quantitative analysis of

with these previously published findings. Precise arrangement
of mitochondria can be modified by a controlled proteolytic
treatment of permeabilized cardiomyocytes, showing the role
of the cytoskeleton in the intracellular organization of
mitochondria in adult cardiomyocytes (Vendelin et al. 2005).
Spectacular dynamics of mitochondrial shape changes in
permeabilized cardiomyocytes after addition of 0.2uM
trypsin are shown in the Supplementary Material III as a
movie. There are sudden changes in cardiomyocytes induced
by trypsin: after a delay, very rapid and strong contraction is
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mitochondrial fluctuations. b Plot of the fluorescent center of a given
mitochondrion (corresponding at the red square in the Fig. 4) as a
function of time. The 0, 0 arbitrary coordinates correspond to the
barycenter of all the successive locations of mass centers. For this
mitochondrion, the center seems to be randomly distributed as a
function of time. ¢ Plot of the mass center locations of a second
mitochondrion (corresponding to the blue square in the Fig. 3a) as a
function of time. For this mitochondrion, the mass center locations
seem to cluster in different positions. d Graph of the average squared
distances (dz) as a function of time for mitochondrial movements in
intact cardiomyocytes shown in 3B (black curve), and in mitochondria
in permeabilized cardiomyocytes (red curve). e Graph of average
squared distances (d°) as a function time for the same mitochondrion
as in D. A 2nd order polynomial model was fitted (red curve) to the
measurements

followed by volume increase but the regular arrangement of
mitochondria is lost due to successive destruction of
cytoskeleton components (proteins) responsible for precise
arrangement of mitochondria in the cells. Previously, we
have reported that this disorganization is coupled to a
decrease of K, for exogenous ADP (Kuznetsov et al.
1996; Kay et al. 1997) and thus to a decrease in local
restrictions to ADP diffusion (Saks et al. 2003, 2008;
Vendelin et al. 2004; Vendelin and Birkedal 2008). The
results show that structural modifications of mitochondrial
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arrangement induce functional alterations in normal cardiac
cells. Interestingly, even after trypsin treatment mitochondria
are always of granular form and still, to some extent, in fixed
position. Only at much higher trypsin concentration distinct
mitochondria could be completely released into the medium.
In no case was the fusion of granular mitochondria into
filamentous forms observed in our study.

With the aim of verification of these findings concerning
the absence of mitochondrial fusion in intact cardiomyo-
cytes under normal conditions, we studied the functional/
electrical connectivity of mitochondria.

Disconnectivity of mitochondria in adult cardiomyocytes

To assess the question of whether mitochondrial fusion takes
place in adult cardiomyocytes, we tested the functional/
electrical connectivity of mitochondria in isolated adult rat
cardiomyocytes. Indeed, fusion should lead to the formation of
a mitochondrial reticulum, thus to electrical continuity between
mitochondria (Skulachev 1990, 2001; Skulachev et al. 2004;
Amchenkova et al. 1988; Twig et al. 2006; Petronilli et al.
2001). In this study, the mitochondrial membrane potential
was monitored using very low concentrations of the specific
potentiometric fluorescent probe TMRM, a probe of mito-
chondrial membrane potential. Similarly to TMRE and JC-1,
this dye is widely used for the assessment of mitochondrial
inner membrane potential in various cells using different
fluorescent techniques such as fluorimetry, FACS, and in
particular confocal microscopy (Zorov et al. 2000, 2004;
Petronilli et al. 2001; Floryk and Houstek 1999). In our study,
mitochondrial imaging by MitoTracker® Green was per-
formed simultaneously with imaging of TMRM (Fig. 4).
Therefore, we could distinguish mitochondria with high or
low membrane potential by the intensity of TMRM fluores-
cence signal together with the mitochondrial imaging
performed by MitoTracker® Green staining.

For these co-localization studies, cells were preloaded with
TMRM (50 nM) and with MitoTracker® Green (0.2uM). In
control test experiments, dissipation of membrane potential was
checked after addition of the respiratory inhibitor antimycin A
(5 uM) in combination with the uncoupler FCCP (4 uM), which
always strongly decreased TMRM fluorescence (data not
shown). Under conditions of normally polarized mitochondria,
incubation of cells with TMRM results in its efficient
accumulation within the organelle and strong fluorescent signal
(red fluorescence). However, under stressful conditions (e.g. by
photodynamic ROS production during laser irradiation),
mitochondria may lose their membrane potential due to
permeability transition (opening of permeability transition
pore) (Zorov et al. 2000). In this case, as shown in Fig. 4,
the collapse of membrane potential of distinct mitochondria is
detected as a strong decrease in TMRM fluorescence,
revealing green spots of only MitoTracker® Green labeled
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Fig. 4 Demonstration of the absence of inter-mitochondrial connec-
tivity in cardiomyocytes. Simultaneous image analysis of mitochon-
dria by MitoTracker® Green (green fluorescence) and mitochondrial
inner membrane potential with TMRM (red fluorescence, for details
see “Materials and Methods”) in adult rat cardiomyocyte. Represen-
tative merged image of MitoTracker® Green and TMRM fluorescence
shows normally energized and fully depolarized neighboring mito-
chondria (indicated by arrows), which is consistent with the absence
of electrical connectivity among them

mitochondria. The latter indicates the existence of mitochon-
drial neighbours exhibiting different energization status.
Notably, these results also confirm that MitoTracker® Green
labels all mitochondria independently of their inner membrane
potential (Presley et al. 2003). Therefore, the rapid, low
amplitude mitochondrial fluctuations observed above can not
be related to the oscillations of the membrane potential
described in some reports (Cortassa et al. 2004; Hattori et al.
2005). Our results point out that cardiac mitochondria are
probably not electrically connected, since distinct individual
mitochondria can be depolarized by photo-oxidative stress.
This finding confirms that mitochondria within adult
cardiomyocytes are electrically unconnected, under normal,
non-pathological conditions. These results will also be
consistent with differential functional properties among
mitochondria within the network (Collins et al. 2002; Collins
and Bootman 2003; Kuznetsov et al. 2006) but, at the same
time, being metabolically synchronized during excitation/
contraction cycles. It has been shown before (Aon et al.
2003, 2006, 2007) that in cardiomyocytes mitochondria form
a regular network where they are connected by chemical
messengers through diffusion. Under physiological condi-
tions, diffusion of reactive oxygen species (ROS) is likely to
be effective in the micrometer range among local neighbor-
ing mitochondria.
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Mitochondrial motions in NB HL-1 cells

Filamentous organization of the mitochondrial network
in NB HL-1 cells

HL-1 cells were chosen as a reference system for this study
because they possess the phenotype of differentiated cardiac
cells (Claycomb et al. 1998; Pelloux et al. 2006; White et al.
2006) but they widely differ structurally and metabolically
from adult cardiomyocytes. Unlike primary adult cardiac
cells, in non-beating (NB) HL-1 cells the creatine effect on
respiration was almost absent due to down-regulation of
creatine kinase activity. Also, the sensitivity of mitochondrial
respiration to exogenous ADP was rather high, close to that
of isolated mitochondria, confirming their functional dissim-
ilarity (Anmann et al. 2006; Eimre et al. 2008). This can be
related to differences in mitochondrial intracellular organiza-
tion. Indeed, mitochondria in HL-1 cells are very dynamic,
undergoing continual fission and fusion events (Figs. 5 and 6)
usually forming long and rapidly moving filamentous
structures and highly branched networks (see Fig. 6 and
Supplementary Material IV).

Analysis of mitochondrial dynamics in NB HL-1 cells

To quantitatively estimate the rapid mitochondrial move-
ments in NB HL-1 cells, confocal imaging of cells was

Fig. 5 Enhanced confocal
images of the mitochondrial
network in NB HL-1 cells.
Mitochondria were stained with
MitoTracker® Green (in white).
In details b, ¢, d and e,
modifications of mitochondria
network as a function of time

t are depicted. Indeed,
mitochondria are very dynamic
undergoing continual fission and
fusion events usually forming
long and rapidly moving
filament-like structures

performed at different time intervals on one z plane and
analyzed using both image correlation spectroscopy, and
the distance map methods.

Analysis of mitochondrial network dynamics in HL-1 NB
cells using the image correlation spectroscopy (ICS)
method 1f the molecules or particles are mobile, information
about mobility can be retrieved by recording a stack of images
(assuming that acquisition rate and therefore time resolution is
high enough). This approach permits to produce cellular maps
of molecular densities, interactions, diffusion rates, and the net
direction and magnitude of non-random, concerted molecular
movement (Wiseman and Petersen 1999; Wiseman et al.
2005; Margieantu et al. 2000). The local normal or
anomalous apparent mobility constants (or velocities) can
be determined by fitting temporal autocorrelation functions,
averaged over the relevant regions (Fig. 7a). The models of
anomalous diffusion and flow appear to be well adapted to
characterize the motions of the mitochondrial network in NB
HL-1 cells. Indeed, these models are coherent with the
mitochondria environment in NB HL-1 cells. The anomalous
diffusion model corresponds to a medium with obstacles while
the transport (flow) model corresponds to a cytoskeleton-
guided mitochondrial movement (Fig. 7b). The validity of the
fitting model chosen was confirmed by the high correlation
coefficient obtained (= 0.994 with an error RMS=0.00468).
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10 um

Fig. 6 a Visualization of mitochondrial reticular network with
MitoTracker® Green (in green) and the nucleus using Hoechst
33342 (in blue) in HL-1 cells. b Visualization of fragmented
mitochondria network in HL-1 NB cells. Confocal images of
mitochondria fluorescence stained with MitoTracker® Green

The values of the apparent mobility constant D (5.6
10°-7.9x10 > um?/s) and the apparent flow velocity V
(2x10 *um/s) were calculated. For NB HL-1 cells, when
mitochondria were fragmented (Fig. 6), D was ~1.2x
10 *um?%s, and V=6x10"*pm/s. These results show that
fragmented mitochondria move faster than non-fragmented
mitochondria.

Comparing with the values for adult cardiomyocytes
(Fig. 2), the mobility constant is higher in NB HL-1 cells
than the one characterizing mitochondrial fluctuations in
cardiomyocytes. These results are consistent with the
higher degree of freedom of mitochondria in NB HL-1
cells due to the lack of sarcomeres.

@ Springer

Quantification of mitochondrial movements using the
distance map method The distance map method (Fig. 8)
was used to analyze image series of mitochondrial networks
to determine the average rates of instantaneous movements
of the whole network of a cell or a part of it. Figure 9 shows
the results of the average rates of movement of the
mitochondrial network (30 experiments). Using this method,
the average movement rate value in NB HL-1 cells is 95+
18 nm/s (Fig. 9). Interestingly, these rates are the same order
of magnitude as those measured recently in hyppocampal
neurons by an optical flow method (Gerencser and Nicholls
2008). These high velocity motions were never seen in adult
cardiomyocytes.
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Fig. 7 a ICS analysis of mitochondrial motion in NB-HL-1 cells. This
ICS approach and models like anomalous diffusion and flow were
used for characterization of the motion behavior of the mitochondrial
network in NB HL-1 cells. Experimental autocorrelation curve (black)
and fitted model (red). X-axis: autocorrelation lag time (logarithmic
scale), y-axis: fluorescence autocorrelation amount (arbitrary unit). b
ICS analysis of mitochondrial motion in ten independent series of NB
HL-1 cells. The faster the curve plunges (curves red and black), the
more the resulting global velocity of the cell motion impacts upon the
autocorrelation function. x-axis: autocorrelation lag time (logarithmic
scale), y-axis : fluorescence autocorrelation amount (arbitrary unit)
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Fig. 8 Schematic representation
of the distance map method for
mitochondrial velocity measure-
ment. a and b Details from
confocal images of mitochon-
dria fluorescence at time i and
i+1 (image size: 10um). ¢ and
d Binary images corresponding
respectively to images a and b.
e and f Skeleton images
corresponding to images ¢ and
d. g Map of the distances from
the skeleton at time i. h Result
of the multiplication of images f
and g that is projection of
skeleton at time i+1 on distance
map at time i. The intensity of
each pixel in image H corre-
sponds to the distance in pixels
ran by mitochondria between
times i and i+1

Discussion

The results of this work show comparatively in adult
cardiomyocytes and in NB HL-1 cells the quantitative
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Fig. 9 Average velocity of mitochondrial movements in NB HL-1
cells using the distance map method. Data obtained from 30
independent experiments and plotted as a function of the the zoom
used for image acquisition. Note that the average velocity is
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characteristics of mitochondrial dynamics. In adult cardio-
myocytes mitochondria are arranged very regularly in fixed
positions by cytoskeletal proteins, as it has been already
shown (Vendelin et al. 2005). The novel observation of this
work is that, in adult cardiomyocytes under normal
conditions, mitochondria, while remaining in rather fixed
positions, undergo rapid, low amplitude fluctuations in the
positions of their fluorescence centers within the range of
less than a mitochondrion’s diameter (~20%). The position
of fluorescence centers of a dye bound to the mitochondrial
inner membrane analyzed in this work depend both on the
precise localization of mitochondria in cells, and on the
configuration of their inner membrane (see “Materials and
Methods” and “Results” sections). Therefore, the rapid, low
amplitude, changes in the position of fluorescent centers
may reflect frequent and continuous transitions in the
configuration of the cristae in the inner mitochondrial
membrane.

Oscillatory phenomena have been very well known in
bioenergetics for a long period of time. First observations of
heart mitochondrial oscillations were made in Chance’s
laboratory (Chance and Yoshioka 1966), and oscillations of
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fluxes of divalent ions across mitochondrial membranes have
been observed in several laboratories (Evtodienko 2000).
Loew and collaborators were among the first to apply high
resolution quantitative three dimensional microscopy to
determine the distribution of potentiometric fluorescent
probes between mitochondria and cytoplasm inside living
cells (Loew 1993). They observed frequent fluctuations of
membrane potential in mitochondria within a 12 mV range
around a mean value of 150 mV. Similar spontaneous
depolarizations of mitochondria (mitochondrial flickering)
were observed by monitoring TMRE responses in smooth
muscle cells (O’Reilly et al. 2003). Spontaneous membrane
potential fluctuations were also observed in isolated mito-
chondria (Vergun et al. 2003). By using relative dispersional
analysis and power spectral analysis of time series from two
photon microscopy of heart cells loaded with TMRM, high-
frequency, low-amplitude oscillations in mitochondrial mem-
brane potential were revealed (Aon et al. 2006; Cortassa et
al. 2003). The self-sustained and highly coordinated oscil-
lations in membrane potential observed under pathophysio-
logical conditions of oxidative stress (Aon et al. 2003, 2006)
could be reproduced in a computational model of ROS-
induced ROS release (Cortassa et al. 2003; Aon et al. 2006).
Under “physiological” conditions, mitochondrial membrane
potential fluctuates at high frequency within a restricted
amplitude range, implying depolarization of only microvolts
to a few millivolts (Loew 1993; Vergun et al. 2003).
Oxidative stress may thus elicit low-frequency, high-
amplitude oscillations that characterize the “pathophysiolog-
ical” response. Very recently, by using the mitochondrial
matrix-targeted superoxide indicator, Wang et al. showed the
existence of superoxide flashes in individual mitochondria
(Wang et al. 2008).

In many of these studies, several fluorescent dyes were
visualized by confocal microscopy for mitochondrial localiza-
tion, the most common of them being TMRM or TMRE. These
probes accumulate in mitochondria depending on mitochon-
drial inner membrane potential when added directly to the cell
culture medium. In our studies, to distinguish mitochondrial
volume from membrane potential oscillations we used Mito-
Tracker® Green which accumulates in the lipid environment of
mitochondria, and is insensitive to membrane potential (see
Fig. 4). Rapid random walk-type fluctuations of the fluores-
cent centers restricted to the size of a mitochondrion likely
reflect condensed to orthodox transitions in mitochondrial
configuration (Hackenbrock 1966, 1968a, b; Mannella 2001,
2006). A random walk-type mechanism means that the
observed fluctuations may be related to probabilities of the
independent events within the inner mitochondrial membrane.
It was shown in several laboratories (Weber and Blair 1970;
Stoner and Sirak 1973; Scherer and Klingenberg 1974) that
ligand binding to metabolite carriers in the mitochondrial
inner membrane results in structural rearrangements as
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measured by changes in absorbance. Binding of ADP to
adenine nucleotide translocase (ANT) results in contraction of
mitochondrial matrix whereas bongkrekate binding provokes
matrix expansion. This was explained by changes of carrier
localization during ligand binding and metabolite transport
across the inner mitochondrial membrane (Weber and Blair
1970; Stoner and Sirak 1973; Scherer and Klingenberg 1974;
Klingenberg 2007, 2008). This assumption is illustrated by
Scheme 2a which shows a possible connection between
changes in position of fluorescence centers as they relate to
transitions from condensed to orthodox configuration. Mito-
chondrial volume fluctuations due to changes from orthodox
to condensed configuration during State 4—State 3 transitions
correspond to 10-15% volume change for either swelling or
contraction, and occur associated with 4050 mV changes in
membrane potential.

Interestingly, in permeabilized cardiomyocytes in Mitomed
solution without external ADP and ATP (only intramitochon-
drial nucleotides were present), the amplitude of fluctuations
were smaller but the mobility constant was higher than in intact
cardiomyocytes when ATP and ADP were present in cytoplasm
(see Fig. 3). The important but rather difficult task for further
investigations is to find out how the frequency of fluctuations
of mitochondrial fluorescence centers depends upon their
functional state (e.g. rate of oxidative phosphorylation,
membrane potential, redox state, etc). Further analysis of time
series is also needed seeking for long-term correlations not
only in the temporal but also in the frequency domain (i.e.
after Fourier Transform of the time series) to fully describe the
dynamics of mitochondrial volume fluctuations and under-
stand their mechanism.

Scheme 2b illustrates the other principal finding of this
study. Only in continuously dividing NB HL-1 cells
mitochondria undergo rapid fusion-fission with formation of
filamentous reticular structures, characterized by high veloc-
ity displacements of mitochondria within the intracellular
milieu. In NB HL-1 cells, mitochondria can move very
rapidly and theoretically within one minute may displace over
a distance exceeding 6 times their diameter (Scheme 2b). In
cardiomyocytes, mitochondrial dynamics is limited to
changes within intramitochondrial space (Scheme 2b). Thus,
in cells with the same cardiac phenotype, mitochondrial
fusion and fission can be seen only in cancerous continuously
dividing HL-1 cells with altered ultrastructure and energy
metabolism (Anmann et al. 2006; Eimre et al. 2008; Pelloux
et al. 2006) but not in normal adult cardiomyocytes with
crystal-like arrangement of mitochondria, where mitochon-
drial dynamics is limited to the small-amplitude configuration
changes of their inner membrane. Many recent works have
shown that mitochondrial fusion and fission are potentially
important for cell differentiation and pathophysiology (Yaffe
1999; Dimmer and Scorrano 2006; Kuznetsov 2007; Chan
2006; Chen et al. 2005; Benard and Rossignol 2008;
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Scheme 2 a Schematic presentation of configurational changes of the
mitochondrial inner membrane that may explain the random walk type
fluctuations of mitochondrial fluorescence centers. Cristac in the
orthodox state (matrix expanded) tend to be tubes or short flat
lamellae with one or two junctions in the peripheral region of the inner
membrane. Condensed mitochondria (matrix compacted) have larger
internal compartments with multiple tubular connections to the
peripheral region and to each other. b The scheme illustrates the

Karbowski and Youle 2003; Twig et al. 2008a, b). In all these
studies, fusion and fission have been carried out mostly in
yeast or various cultured cells (easy to grow and use in
confocal microscopic studies), when cells are actively
dividing. Most mitochondrial imaging studies were per-
formed on tumor-derived cells (e.g. HeLa cells), which may
have abnormal bioenergetic properties with possible con-
sequences also for mitochondrial dynamics. Probably for this
reason, the general conclusion has been made that fusion and
fission phenomena are characteristic and necessary for the
normal function of mitochondria (Dimmer and Scorrano
2006; Benard and Rossignol 2008; Twig et al. 2008a, b). This
general and rather enthusiastic conclusion is, however, not
justified for all cell types. In our study, using fast imaging
techniques and specific fluorescent probes, we analyzed the
dynamics of mitochondria in cardiomyocytes isolated from
adult rat hearts and found no evidence for fusion or fission in
non-dividing adult cardiomyocytes during our time scale of
observations. It has been directly shown by using matrix-
targeted, photoactivatable green fluorescent protein that all
areas of a single mitochondrial network are invariably

difference in the dynamics and movement of mitochondria in NB HL-
1 cells. Mitochondria can move with a velocity enough to displace
over a distance exceeding six times their diameter. This is a simplified
schematic for the purpose of illustration since the mitochondrial
movement in cells may not be linear in just one direction. In adult
cardiomyocytes mitochondrial dynamics is limited to the configura-
tional changes of their inner membrane

equipotential (Twig et al. 2006). Therefore, if mitochondria
would be fused in cardiomyocytes, local depolarization
should immediately depolarize all the mitochondrial reticu-
lum, in contradiction with many experimental observations
(Aon et al. 2003, 2004, 2006; Collins et al. 2002; Collins and
Bootman 2003; Zorov et al. 2000, 2004; Vendelin et al. 2005)
(see also Fig. 4).

These results show, in agreement with early work (Aon et al.
2003, 2004, 2006; Collins et al. 2002; Collins and Bootman
2003; Zorov et al. 2000, 2004; Vendelin et al. 2005) that
fusion and fission are not necessary for normal functioning of
mitochondria of all cell types, and for cardiac cell energetics
in particular. This conclusion is in agreement with all
experimental evidence obtained during the last 50 years of
research in bioenergetics. During these five decades, all
laboratories of bioenergetics have successfully isolated mito-
chondria from heart, liver, skeletal muscle, brain etc. in
perfectly granular shape functionally intact and well preserved
outer and inner membranes (Hackenbrock 1966, 1968a, b;
Mannella 2001, 2006) including Krebs cycle substrates and
NADH in the matrix. If mitochondria were in the cells in

@ Springer



210

J Bioenerg Biomembr (2009) 41:195-214

fused state (Twig et al. 2008a,b), rapid homogenization of
tissue should disrupt all mitochondrial membranes and release
Krebs cycle substrates from the matrix. In this case, isolated
mitochondria should represent only membrane fragments not
able to use Krebs cycle-linked substrates such as pyruvate or
glutamate-malate, but capable to directly oxidize NADH. This
is never the case if isolation is performed carefully (Hack-
enbrock 1966, 1968a, b; Mannella 2001, 2006; Rasmussen et
al. 2004). Instead, all experimental evidence shows that
localization of distinct mitochondria and their regular arrange-
ment in muscle cells are controlled by the cytoskeleton
(Milner et al. 2000; Saks et al. 1995, 2007; Appaix et al.
2003; Heggeness et al. 1978; Ball and Singer 1982;
Capetenaki 2002; Anesti and Scorrano 2006). In cardiomyo-
cytes, mitochondria form a regular network connected by
diffusion of chemical messengers such as ROS between
neighboring mitochondria (Aon et al. 2003, 2006, 2007). The
contraction process needs a very precise structural organiza-
tion of sarcomeres and muscle cells (Fukuda et al. 2001;
Gordon et al. 2000, 2001; Saks et al. 2006, 2007). Changes in
the lattice spacing between acto-myosin filaments in sarco-
meres due to alteration of titin orientation are the basis of
sarcomere length-dependent activation and the Frank-Straling
law (Fukuda et al. 2001; Saks et al. 2006). Mitochondria in
muscle cells are in fixed positions determined by their
interactions with the cytoskeleton, the sarcoplasmic (Milner
et al. 2000) and endo(sarco)plasmic reticulum (Hajnoczky et
al. 2000; Pacher et al. 2000; Rizzuto et al. 1998; Appaix et al.
2003; Csordas et al. 2006; Saks et al. 1995, 2007). The
cytoskeleton plays an important role for mitochondrial and
cell morphology and motility, intracellular traffic, and mitosis
(Vale 2003; Vale et al. 1996). Very recently, Rostovtseva et al.
(2008) have shown the ability of tubulin to bind directly to the
VDAC channel on the outer membrane, controlling the
permeability of this channel (Rostovtseva and Bezrukov
2008; Rostovtseva et al. 2008). These interactions are thought
to be responsible for mitochondrial regular arrangements into
unitary structures (energetic modules, ICEUs) (Saks et al.
2001, 2006, 2007, Seppet et al. 2001; Weiss et al. 2000).
These regularly arranged distinct mitochondria localized at the
level of A-band of sarcomeres can be easily seen both by
electron microscopy (see Fig. 3 in Sommer and Jennings,
1986) and by confocal microscopy (Vendelin et al. 2005;
Birkedal et al. 2006). It is not yet completely clear though
which components of the cytoskeleton, and to which extent,
they are responsible for the regular, modular, arrangement of
mitochondria in cardiomyocytes.

Regular arrangement of mitochondria into modular
structures (ICEUs) serves an important purpose for survival
of heart cells under stressful conditions. Under these
circumstances, depolarization and functional damage of
separate mitochondria (see Fig. 4) would not result in
complete breakdown of cell energetics, since contractile
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function of the heart will still be maintained by other
energetic units which continue to function in a well
synchronized manner. The mechanism of this synchroniza-
tion is still not precisely known and is under active studies
in several laboratories (Aon et al. 2007). The differences in
the morphodynamics between both mitochondrial network
morphologies analyzed in the present work, may not
depend only on the type of mitochondria-cytoskeleton
interactions but also on signaling properties (e.g. calcium-,
ROS-, cAMP-mediated). On the contrary, fusion of mito-
chondria in heart cells is a clear sign of pathogenesis and
cell death. As early as 1969, Sun et al. using electron
microscopy showed that hypoxia resulted in the formation
of giant mitochondria likely due to fusion in perfused hearts
(Sun et al. 1969). This conclusion was recently confirmed
by Shen et al. (2007) who showed that mitofusin-2, MFN-2
—is a major determinant of oxidative stress-mediated
cardiomyocyte apoptosis (Shen et al. 2007).

In the future, it would be interesting to find out how
cytoskeletal proteins, which are responsible for modular
organization of mitochondria in adult mammalian cells,
interact with proteins responsible for mitochondrial fusion
during cardiogenesis, e.g. during formation of adult cardiac
cells from stem cells (Chung et al. 2007, 2008).
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Appendix

Quantitative image analysis of mitochondrial fluctuations
within adult cadiomyocytes

Our analysis relies on an iterative gradient clustering
algorithm developed for statistics by Fukunaga (Fukunaga
and Hostetler 1975) and also referred to in the literature as
the mean shift algorithm. Let us consider the image as a
collection of pixels p which are defined by a couple of
coordinates x,y associated with a fluorescence intensity w,
also considered as a weight. From this image, we construct
a list of points L that will be submitted to the gradient
clustering algorithm. In order to reduce the amount of
calculations, only those pixels with intensity level greater
than a given threshold ¢ are selected.
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Let L a set of points p, L = {p|(x,y)w > t} and ¢ the size
of L, (x,y) are the coordinates initialized by the pixel location
on the image grid.

Let us denote pf.‘ , the i point of set L at iteration k ,

Let us consider Gf.‘ a subset of L containing the points g*
located in the neighborhood of p*: G¥ = {g*|dist(p¥, g") <
d} where dist is the Euclidian distance between p¥, g dan
arbitrary distance threshold and » the size of set G~.

Let us calculate the position m* of the local center of
mass of subset G, such that: m* =377 (w;gf / > (w)
with X7 sum from j=1 fo j=n.

Let us denote A, the local weight gradient vector at
point pf.‘ such that:

Ak:mk—pf-‘

Then we can calculate the new position of point p* at the
next iteration by moving it in direction of the local center of
mass m": pit! = pF +aA* 0 < o < 1, where the shift
coefficient « is empirically set for fast convergence and A*
is the local gradient vector at iteration k.

Between each iteration step we calculate a total motion
criterion as:

=30l

The iteration processed is stopped as soon as 7% becomes
smaller than a minimal motion criterion indicating that
convergence is reached.

The final step consists in merging the point p; using a
distance criterion, for instance when they cluster within the
size of a pixel of the image grid. Then these clustered
points are replaced by their center of gravity.

The important parameters to set for this algorithm are the
neighborhood criterion, d, and the shift coefficient, a.
There values will impact on the speed and stability of the
convergence. Also d must be carefully chosen because the
final number of clusters depends on it. Thus a realistic, and
object guided choice of d is required. In our case, d was
chosen as half of the width of a mitochondrion, making it
possible to depict a maximum of two clusters per visible
mitochondrion.
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